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PREFACE
ARRANGEMENT OF THE THESIS
The following outline provides the reader with an overview of the arrangement of the thesis:
Chapter 1: This chapter briefly explored the global and local burden of HIV, introducing the
background and problem statement of the study, followed by the research rationale, aims, research
questions and objectives of the study. The chapter concludedheigignificance, the value of the
study and the arrangement of the thesis.
Chapter 2: This chapter provides an overview of existing literature on HIV/AIDS, antiretroviral drugs,
i nfl ammation and tenofovirds properties.
Chapter 3: Outlines the material and methods used in the research study, followed by a detailed
description of the study design, techniques and procedures used during the research project.
Chapter 4: This chapter presents the core findings of this study derived from methods.
Chapter 5: The discussion provides theerpretation and description of the significance of the
research findings considering what is already known about tenofovir and its mechanism in liver
inflammation.
Chapter 6: Finally, chapter 6 presents the study conclusions and recommendations for future research
areas. This chapter also includes limitations for the study.

Lastly, references and appendices are incorporated at the end of the thesis.

Vi
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ABSTRACT

INTRODUCTION: Since the introduction of antiretroviral (ARV) drugsl996, the life expectancy

of HIV-infected individuals has been nearly comparable to that of-wivifected individuals.
However, increasing evidence shothat antiretroviral therapy (ART)s associated witlincreased
metabolic disorders, systemic inflammati@md hepatotoxicity. Tenofovir induces oxidative stress
via mitochondrial DNA polymerase inhibition in HepGells at chronic exposure. Althoughvitro
andin vivo studies have been performed to determine the effect of tenofovir on the inflalpmato

response, the inflammatory effect of this antiretroviral drug in liver cells still needs elucidation.

AIM: This study aimed to investigate tenofovirstentialpro- and antiinflammatory properties in

HepG human liver cells at different time frames.

METHODOLOGY: HepG cells were treated with tenofovir (1.2 uM) ov&thand120h pro- and
antrinflammatory cytokines levels were assessed using a SimpleStep human ELISA kit specific to
each analyte (46, IL-1 b, -U ,N-E0).LProtein expression oflgF-HUB p 6 5-HuB (NG5 HUB [,
and | HWBU was WestérrehlottingnAeqdantitative polymerase chain reaction assessed

the mMRNA expression diF-o B p &n8l k B U

RESULTS:Tenofovir significantly increased {6 and 10 leveldNF-2 B p BIFNA expression and

NF-o Bp 6-BlF-o Bbp 6 5 -laenBdU ppr ot ei n expression. Additio
16 | evld BriRNAnerpression aR4h were observed. After 120 tenofovirtreated cells
showedincreasep-NFFe Bp 65 and | aBU protein expression.
IL-6 and 1L-10 levels,NF-a B p &nfll o BnBNA expression and N§ Bp 6 5 -lasnBdU ppr ot e

expression were observed.

CONCLUSION:The study demonstrated that tenofovir elevated theigfldimmatory cytokines at
acute exposure.Tenofovir increasedpro-inflammatory cytokines and downregulated anti

inflammatory cytokinest chronic exposuref tenofovirin HepG human liver cells. The knowledge
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obtained from tenofowvimduced inflammatory changes can provide valuable information regarding

tenofovirds clinical use.

KEYWORDS: Tenofovir, HepGcell line, ART, HIV/AIDS, inflammatory properties

XXi



CHAPTER 1: ORIENTATION OF THE STUDY

1.1INTRODUCTION

Globally, theHuman Immunodeficiency VirugilV) had a sustained negative impact on health since

the report of the first cases in 1981 (Pant and Singh, 2018; Bosh et al.,2021). HIV catzpdred
Immunodeficiency Syndrom@&IDS), occurring at a later stage of infection (Stevenson et al., 2020).
The immune system is affected by viral infections, increasing the risk of other diseases and infections,
such as renal dysfunction, liver disease, and cardiovascular dip&se et al., 2019). In 2020, an
estimated 37.7 million individuals lived wittlVV worldwide. This includes children, with 1.5 million

newly infected people and a mortality rate of 680 000 from AtBI&ted causes worldwide (WHO,
2021). The global HIV prevalence in adults is 0.8%, with approximately 7.1 mitidimiduals

unaware of their HIVpositive status (UNAIDS, 2020).

South Africa (SA) is largely affected by HIV/AIDS (UNAIDS, 2020). In 2020, approximately 7.7
million peoplewere HIV -positive with a prevalence rate of up to 20.4% (UNAIDS, 2020). This
prevalence increases among gay men, transgender women, sex workers, and drug addicts (Stevensol
et al., 2020). Figuré. 1 illustratesthe number of new HIV infections and deaths in SA (Marcus and
MacDonell, 2020)The graph illustrates a declining trend of HIV infections since 1996. The decrease
was followed by a sharp dené in HIV death observed from 20@ubsequently, the number of HIV

deaths is lower than HIV new infectiomaganingmore people living with HIV. This restlfrom

introducing antiretroviral therapy in 1996 and its wide use starting in 2005 (Trickey et al., 2017).
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Figure 1.1: Line graph showingnew HIV infections and related deaths in the South African

population (Marcus and MacDonell, 2020)

The introduction of antiretroviral (ARV) drugs is one of the most noticeable sigpsogfess in
HIV/AIDS control (Schwetz and Fauci, 2019). In the 1980s, an AIDS diagnosis typically resulted in
a lyear life expectancyNIAID, 2020. Today, with the combination of antiretroviral drug
treatments, HIWpositive individuals can have a normal life expectancy (Smiley et al., 2021).
However, longterm usage of antiretroviral drugs is associated with many adverse ,efiatttsas
mitochondrial toxicity, hepatotoxicity, and lactic acidosis (Calza et al., 2017). According to UNAIDS
(2021), the affadability of a high generic combination of drugs such as
tenofovir/lamivudine/dolutegravir (TLD) can help achieve the98®5 strategy. This strategy was
introduced in 2014 to diagnose 95% of Hp@sitive people and aimed to suppress viral |edth
95%o0f patients receiving antiretroviral drugs by 2086day, 84% of HI\positive people have been

diagnosed, and only 90% are virally suppressed (UNAIDS, 2021).

Among HIV-infected patients, liver disease is the most commonrAiDS-related cause of death
(Morrison et al., 2019). The liver is the primary site of antiretroviral drug metabolism through the
cytochrome P450 system (McMillan et al., 2018). Chronic use of antiretroviral drugs is associated
with mitochondrial toxicity causop liver damage (Margolis et al., 2014; van Welzen et al., 2019).
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Nucleotide reverse transcriptase inhibitors (NRTIs) cause mitochondrial toxicity by inhibiting
mitochondrial DNA polymerase gamma (PofSmith et al., 2017)This inhibition reduces oxidative
phosphorylation in the electron transport chain resulting in oxidative stress (Ganta and Chaubey,

2019).

Tenofovir is a NRTI drug used with lamivudine and dolutegravir (Venter et al., 2@19judy by

Nagiah and colleagues in 2015 has shown that tenofovir induces oxidative stress in human hepatoma
(HepG) liver cells, compared to other regimens (Nagiah et al., 2015). Lingappan (2018) found that
oxidative stress affects N& Brelated activities. Nf& Bs a transcription factor activated in response

to external stimuli, regulating piiaflammatory genes (Liu et al., 2017).

Antiretroviral therapy causes liver toxicity as one of its most serious side effects (Bordes et al., 2020).
Several studies have been performed to determine tenofovir's cytotoxic effect; however,
inflammatory response in liver celisill needs to bdully elucidated (Nagiah et al., 2015; Zhang et

al ., 15; Vidal et al ., 2006). Therefore, i n th
investigated at different time exposuresasgessing preand antiinflammatory markers in HepG

human livercells. This study also focused on the role of oxidative stress on inflammatory mediators

of the NF & Bsignalling pathway.



1.2 PROBLEM STATEMENT

A major problem linked to the successful application of antiretroviral therapy irpid$itive people
is liver disease (Ganesan et al., 2018). Tenofovir is one of the ARV drugs used d&e fiegfimen
known to suppress HIV viral load successfuliowever jts clinical application is limited by a lack
of understanding of its inflammatory response in human liver ¢a¥lsr toxicity has been linked to
long-term use of highly active antiretroviral therapy (HAARBaynes et al., 2017)hus,the need

for antiretroviral agents that are safer and more effective.

South Africahas 84.6% of HI\(positive peoplewith 70.7% on ART (Marinda et al., 2020). Chronic
antiretroviral therapy is linked to increased metabolic disorders such as metabolic syndrome,
dyslipidemia, and systemic inflammation (Calza et al., 2017). Furthermore, a study by Bakasis and
Androutsakos(202]). identified liver dysfunctionwhich is usually related to the inflammatory
mechanism and pharmacological impact of ART (Bakasis and Androutsakos., 2021). While these
complications are common in the general population,siieSaharanAfrica population has a

prevalence rate afeatts related to livediseasef 2.5(Spearman, 2033

Tenofovir is the preferred drug in the NRTI clakdss deemed a safer alternative to treat HIV/AIDS

and hepatitis B. On the other hand, tenofovir has been shown to cause mitochondrial structural
changes and dysfunction while retaining mtDNA levels in the kidneys, resulting in nephropathy
(Zanger and Schwal2013) angdin the liver, elevaing mitochondrial reactive oxygen species

(MtROS) induction resulting in hepatotoxicity (Abraham et al., 2013).



1.3 RESEARCH RATIONALE

The Southern African HIV Clinicians Society guidelines recommend the combination of tenofovir
with dolutegravir and lamivudine as a fitste regimen (SAHCS, 2012). Tenofovir is regarded as a
potentdrug for HIV treatment; however, recently, it has been associated with many adverse effects
such as lactic acidosis, hepatic steatosis, and liver cirrhosis (Wassner et al., 2020). According to
Nagiah et al. (2015), tenofovir induces oxidative stress via mitochondrial DNA polymerase inhibition
in HepG cells. Enhanced generation of reactive oxygen species can activate-th&ditfhalling

pat hway through the | HB ki netab2020f. NHé B9an imporgntt e x ¢
pro-inflammatory traneription factor that plays a significant role in oxidative stiesksiced
inflammation. Following its activation, it can increase the transcription of various genes and
subsequently regulate inflammation. Based on the above information, tenofovir eihitytetoxic

effect via induced mitochondrial dysfunction; however, its effect on liver inflammation is yet to be
determined. Therefore, the overall goal of this study was to broaden the understanding of the
inflammatory properties of tenofovir by invegditing its effect on Hepsxells. Investigating the
inflammatory properties of tenofovir in acute and chronic exposure can provide physiologically
relevant insight, supplement available information on tenofovir and inform targeted therapeutic

intervention.



1.4. AIM OF THE STUDY

The study aimed to determine tenofovir's potentiat pral antiinflammatory properties in HepG

human liver cells at different time exposures.

1.5 RESEARCH QUESTIONS

This study aimed to answer the following reseaygbstions:

1.5.1 How does tenofovir affegiro- and antiinflammatory cytokines in Hepfzells?

1.5.2 Which inflammatory proteins will be expressed after exposure to tenofovir in +-eh&?

153 WilltheNFe B signal |l i ng p aéexposumeyo tdnefovirimHep@els?2l af t e
1.6. OBJECTIVES OF THE STUDY

From the research questions, the following objectives were identified:

1.6.1 To quantify pre and antiinflammatory cytokine levels (H6, IL-1 b, -0 ,N-#0) lafter

exposure to tenofovir in HepGuman liver cells.

1.6.2 To measure inflammatory mRNANE-HUB p &n81 HBfdllowing exposure to tenofovir in

HepG human liver cells.

1.6.3 To determine the protein expression ofthedNB s i gnal | iNFgUBp & GHUB/ Al (

p65,pl HBU, and | HWBU) after 2lmmgntvergellss t o tenofovi



1.7. METHODOLOGY

This study followed an experimental research design.imwmitro assessment of prand anti
inflammatory markers was done after exposure of H&els to tenofovir. Treatment with tenofovir
and untreated controle/as conducted over two time periods, acute (24h) and chronic (120h)
exposure. Proand antiinflammatory cytokines were assessed using a SimpleStep human ELISA kit
specific to each analyte ({6, IL-1 b, -0 ,NH0).LProtein expression of the NFBsignaling
pathway was determined with Western Blot. A quantitative polymerase chain rezstessethe
mRNA expression ofNF-e B p @rl s Bl The knowledge obtained from tenofeiduced

i nfl ammatory changes can provi declimcalse.abl e i nf
1.8. SIGNIFICANCE AND VALUE OF THE STUDY
1.8.1 Significance

This study contributes to scientific knowledg
cel | i nfl ammatory response. Understanding te
advanced tools to gain insight into pemd antiinflammatory gtokines profiles. Comprehension of

tenofovirés possible effect on ieautidatedhimmdrugo ry c

acute and chronic response mechanism
1.8.2 Value

The value of this study is to provide a scientific basis for treatment management, reducing the chances
of developing liver inflammation. The lack of informatioantributingto understanding the effects

of tenofovir on inflammatiofustifies the initiation of the present study. This study aims to broaden

the understanding of the inflammatory properties of tenofovir in Heells. Therefore, allowing

proactive measurde betaken in the prevention of liver inflammation.



1.10 CONCLUSION

Chapter 1 provided an orientation to this study entitled: An investigation into the inflammatory
properties of tenofovir in HepGhuman liver cells. It briefly introducethe problem statement,
research rationale aradims researchguestions and objectives of the study. It also provided a brief

overview of the significance and value of the study



CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

Chapter 2 provides an overview of existing literatoméd | V/ Al DS, antiretrovi

properties,its association with inflammation anis effect on the liver. Furthermore, available

literature regarding antiretroviral effects on Hep@man liver cell models will be discussed.

In this study, literature searches were conducted using several search engine&sodgfeaSchblar,

PubMed, Science direct, UFS electronic journals, EBSCO welsandle Cihome.

2.2 HUMAN IMMUNODEFICIENCY VIRUS / ACQUIRED IMMUNODEFICIENCY
SYNDROME

2.2.1 BACKGROUND

Acquired Immunodeficiency Syndrome (AIDS) was first described in 1981 (CD@; XS&ene
2007). After several years, the causative lentivirus that emerged Bsit@n Immunodeficiency
Virus-1 (HIV-1) was identified. However, HIM and HI\/2 originated fromthe Simian

Immunodeficiency Viruses (SIVs) of primates (Sharp and Hahn, 2011). Thusl Eid HI\-2 had

a zoonotic derivation budre currently spread from human to human (Sharp and Hahn, 2011). The

r

transmission of the SIVs to humans remains a mystery. Still, it is suspected that it may have occurred

during the hunting of the printes by indigenous people from Central and Western Africa (Schneider,

2021). Medical specialists apprehend that HIV has become a worldwide pathogen capable of

manifesting in almost every organ, causing severe illnesses, especially in the advanced Is¢age of t

disease (Alonzo and Reynolds, 1995).



2.2.2 Classification oHuman Immunodeficiency Virus

The two main types of HIV viruses, HIY and HI\:2, belong to the family of Retroviruses in the
genus of Lentiviruses (Sharp and Hahn, 20Hb)wever, the disease appearances are similar (Eastro
Nallar et al., 2012). Retroviruses are associated with autoimmune diseases, malignancies, and

immunodeficiency syndromes (Blattner, 1989).

HIV -1 has been classified into four subtypes: major (M), new (N), outlier (O), and putatieacP)
subtype represents an independent transmission of SIV into humans (Sharp et al., 2001). However,
the major (M) group is the predominant subtype of HIV, with more than 90% of HIV/AIDS cases
resultant from HIV1 (Spira et al., 2003). HA2 shows moledar heterogeneity with five subtypes,

A to E, with Subtype A and B viruses considered epidemic (Gao et al., T9®IHIV-1 strain is
observed globally and hasgh virulence, while the HIA2 strain is confined to areas of West Africa

and has inadequate virulence (Serra et al., 2021).

2.2.3 Transmission of HIV/AIDS

HIV can be transmitted in two ways, hamédigrizontal and vertical transmission (Tagaddas, 2020).
In horizontal transmission, the virus is transmitted from one individual to another via unprotected
sex, contaminated blood, and sharing of needles (Shamsi, 2019). Vertical transmission refers to

mothe-to-child transmission through childbirth and breastfeeding (Edwards et al., 2006).

2.2.4 The HIV replication cycle and the immune response

The HIV genome comprises two identical singteanded RNA molecules encased within the inner

core of the virus (Figure 2.1). The outer phospholipid bilayer consists of constituents that are
significant for the virus?o0 < vialerdvaopd glycoprotenl20 d i s
(gp120) is visibleon the surface of HIV. This envelopgp12Q interacts with the host cell receptors

on normal healthy cells such as CD4+ lymphocytes, macrophagesionocytes (Paoletti et al.,

10



2019). Qycoprotein120 is equivalent to gp41, the envelope transmembrane viral protein necessary

for viral-cell membrane fusion (Finzi et al., 2010).

Glycoprotein 120 interact with the CD4+ receptors through chemokine receptor CCR5 (macrophage
trophic) and CXCR4 (fcell-trophic); these coeceptors allow cell binding and entry of the virus
(Shearer, 1998). HIV viral infection impairs cellular functiocsaractesed by a decline in CD4+

cell count. This decline increases susceptibility to opportunistic, viral, bacterial, protozoa and fungal
infections Gadiget al., 2@8). This immune deficiency is known as AIDS (Gallo and Montagnier,

2003). Figure 2.below illustrats the structure of HIV and its essential parts for viral replication.

Lipid Membrane

Matrix

Reverse Transcriptase

Figure 2.1: Structure of the Human Immunodeficiency Virus (HIV) (Dawany, 2010

The HIV replication cycle can be divided into six stages, summased in Figure 2.2 and discussed

below:

1. Binding and FusionThe initial stage of the replication cycle begins with virus particles

adhering to a CD4+ receptor and withrezeptors on the surface of a CD44yimphocyte.
The virus merges with the host celideasing its RNA into the host cell cytoplasm (Sperber,

2021).
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Reverse TranscriptiolThe enzyme reverse transcriptase is crucial for converting the-single

stranded RNA to doublstranded DNA. This conversion of RNA to DNA allows HIV to

combine with the cell's genetic material (Shcherbatova et al., 2020).

Integration The integrase enzyme integrates newly formed viral DNA into the host cell's
nucleus, forming a provirus that can be activated to produce viral proteins (Anderson and

Maldarelli, 2018).

Transcription:The process of copying information from a DNA strand into a new shorter
strand of RNA called messenger RNA (mMRNA). The mRNA issatilias a blueprint to

synthesise long chains of HIV proteins (Sperber, 2021).

Assembly The newly produced HIV proteins and RNA translocates into thés celiface and

assemble into immature HIV (Shcherbatova et al., 2020).

Budding The newly assembled immature HIV pushes itself out of the host CD4+ cell. The
protease enzyme breaks up long protein chains in the immature virus creating the mature
infectious virus. The new copies of HIV can now infect other CD4+ cells (Shcherbatdyva et

2020).
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Figure 2.2: The HIV replication cycle (NIAID, 2018)

2.2.5 Management techniques for HIV/AIDS

Medical scientists and clinical practitioners continue searching for an HIV vaccine, treatment, and
cure (Pitman et al., 2018)reatment with antiretroviral drugs can control HIV, but there is no cure
for it. Developingnew medications and treatment strategies has greatly improved HIV infection
management over the past decélkeng et al., 20)5The use of combination antiretroviral therapy
(cART) generally resulted in effective control of HIV viremiamaintained the increase in CD4+ T

cell numbers. Bth HIV-1 and HI\A2 lead to AIDS in affected individuglsherefore disease
monitoring includes CD4+ cell count, while treatment includes antiretroviral drugs (Volberding et

al., 2004).
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According toChibawareet al. (2019)i HI V/ AI DS has struck regions,
unusual ways. With the introduction of antiretroviral drugs, people living with HIV (PLHIV) have a

much bettepr ognosi s. 0

In the 1980s, HIV/AIDS mortality rose steadily and peaked in 1995 (Tagaddas, 2020). This disease
weakens the bodydés i mmune system making it
investigating the HIV mechanisms of action and its replication cyléretroviral therapy was

introduced in 1996, giving HI\positive individuals a bettgrognosis.

2.3 ANTIRETROVIRAL DRUGS

Antiretroviral (ARV) drugs are used to treat HIV (WHO, 2014). Antiretroviral therapy (ART) has
reduced HIVtassociated morbidity and mortality (Calza et al., 2017). The primary aim of ARV drugs
is to provide a better quality of life for HRgositive individuals by restoring immunologic functions
and viral suppression. These ARV drugs inhibit different phases of the HIV replicationtbyge;

they are classified into six classes.

2.3.1 Classes of antiretroviral drug therapy

Over 30 treatment regimens (Taldd) areclassified into six different classes according to their
molecular mechanisms and resistance profiles (Lu et al., 2018). The mechanism of action of each
drug type differs (Tabl.1). Generally, drugs from two or sometimes three classes are combined to
ensure the necessary efficacy (Calza et al., 2017). However, the antiretroviral drug classes share a
common goal: to prevent the virus from replicating alldw the immune systeno produce more

CD4+ T cells (Calzat al., 2017). Tabl2.1 below summases classes of HIV treatment regimens.
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Table 2.1: HIV treatment regimens(compiled by theesearcher, S Vazi

Class of Antiretroviral Antiretroviral Mechanism of action References
drugs drugs
Nucleoside reverse - Tenofovir Reverse transcriptase Gulick, 2003
transcriptase inhibitors o o
(NRTISs) - Lamivudine Inhibition

- Stavudine
Nor-nucleoside reverse - Efavirenz Reverse transcriptase De Clercqg, 1995
transcriptase inhibitors o o
(NNRTIs) - Nevirapine Inhibition

- Etravirine
Protease inhibitors (PIs) - Saquinavir Protease inhibition De Clercq, 1995

- Tipranavir
Fusioninhibitors (FIs) - Aplaviroc Fusion inhibition of HIV to Gulick, 2003

) CD4+ T cells

- Ibalizumab
Co-receptor inhibitors - Maraviroc Block the virus from binding to De Clercq, 1995
(CRIs) o the coreceptor

- Vicriviroc
Integrase inhibitors (INIs' - Dolutegravir Inhibit viral DNA strand transfer Lataillade and

_ Kozal, 2006
- Raltegravir

HIV treatment regimens, as mentioned in Tehle have different mechanisms of action. After the
drug has been introduced into viral DNA, nucleoside reverse transcriptase inhibitors (ARVs that
induce viral DNA termination are classified as class 1) block reverse transcription by inducing chain
terminaton (Table2.1) (Sahin, 2020). When reverse transcriptase joins viral DNA, the NRTIs that
lack the 3‘OH group function as chain terminators (Edagwa et al., 2017). NRTIs are activated
intracellularly by phosphotransferases and nucleoside kinases intiiverfaen (Holec et al., 2017).
Drugs commonly used in this class include tenofovir, which is used in combination with lamivudine

(3TC) and dolutegravir (DTG) to suppress HIV effectively (Pau and George, 2014).

The shape of the catalytic site of reverse transcriptase is altered byucleonside reverse

transcriptase inhibitors (ARVs that directly target enzyme reverse transcriptase classified as Class 2
15



drugs) through direct inhibition (Tab®l) (Edagwa et al., 2017). Two subunits (p66 and p51) form

a heterodimer called HIV reverse transcriptase (Sahin, 2020RTIs bind the p66 subunih a
hydrophobic pocket away from the enzymective site (Fletcher et al., 2020). Due to the-non
competitive binding, the enzyme undergoes a conformational change, altering the active site and

restricting its activity (Edagwa et al., 2017).

TheClass 3 drugs (ARVs targeting protease enzyme), Protease inhibitors (PIs), are the most effective
antrHIV drugs but are associated with many adverse effects such as gastrointestinal (diarrhoea and
vomiting) and metabolic complications (dyslipidemia andiiinsresistance) (Nagiah et al., 2015).

Pls are intended to suppress viral proteases at the later stage of viral replication and maturation.
During viral maturation, protease separates Gag andRehgolypeptide precursors (Pau and
George, 2014). Theahibition of the enzyme prohibits a mature infectious virus from developing (Pau

and George, 2014).

For Class 4 drugs (ARVs that target glycoprotein 41), the fusion process of the viral life cycle is
dependent on the communication of two areas of the gp41 transmembrane protein heptad repeat 1
and 2 (HR1 and HR2) (Mzoughi et al., 2019). Combining these twdfsmesults in a hairpin
structure that pushes the cell membrane toward the viral membrane (Mzoughi et al., 2019). Fusion
inhibitors imitate one of these domains and stop intramolecular interaction from occurring.
Fortunately, these drugs also make tirus more susceptible to agp4l antibodies by prolonging

the virugs exposure during fusion (Nagiah et al., 2015).

Co-receptor inhibitors (ARVs that target glycoprotein 120 are classified as Class 5 drugs) act as
allosteric viral entry inhibitors (Shamsabadi, 2014). Areceptor, CCRS5, is activated by gp120
during viral replication to initiate fusion (Nagiah et aD,18). CCR5 antagonists are small molecules

that bind to the hydrophobic pockets between the receptors (Shamsabadi, 2014). These small
molecules alter the CCRS5 rece@conformation, rendering it unrecogatle to the virus (Hashemi,

2019).
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Class 6 drugs (ARVs that target an enzyme integrase), Integrase inhibitors (IN) process the 3' end of
viral DNA and aid in the viral DNA strand joining to host DNA (Nagiah et al., 2015). Integrase
inhibitors are the most recent advancement in ARV theri@pyngs et al., 2018). Integrase inhibitors

bind to the complex formed by viral RNA and Integrase to prevent viral DNA strand transfer (Nagiah
et al., 2015). Integrase inhibitors have a mbtating pharmacophore, allowing them to interact with

magnesium io cofactorswhich isessential for Integrase function (Sahin, 2020).

A few regimenswith appropriate antiretroviral strength are currently availatdasisting of three or

four antiretroviral drugs (Eggleton and Nagalli, 2020). In 2018, the combination of terofovir
lamivudineefavirenz (TLE) was introduced as the filise regimen for HI\/1 treatment (Kouanfack

et al., 2019). Nevertheless, TLE has a low genetic barrier to drug resistance (Raffi et al., 2014).
Therefore, the South African National Department of Health replaced TLE with teriofovir

lamivudinég dolutegravir (TLD, a fixeddose combination (Mendelsohn and Ritchwood, 2020).

2.3.2 Tenofoviii lamivudinei dolutegravir, a fixed-dose combination therapy

Tenofoviii lamivudiné dolutegravir (TLD) is a fixeedlose combination of antiretroviral medication
used to treat HIV/AIDS (Mendelsohn and Ritchwood, 2020). It is a combination of two NRTIs
(tenofovir and lamivudine) and one PI (dolutegravir) (Eggleton arghiNa2020). In October 2019,

the South African National Department of Health introduced TLD (Mendelsohn and Ritchwood,
2020). The TLD treatment is proven to provide effective viral suppression and a high genetic barrier
to resistance compared to othemtmnation therapy (Umar et al., 2020). Detailed information on

each drug is given belaw
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2.3.2.1 Lamivudine

Lamivudine belongs to NRTIs class, inhibiting viral DNA synthesis through DNA chain termination
(Max and Sherer, 2000). Inactive 3TC is phosphorylated by nucleoside kinase into active lamivudine
triphosphate (3TEP) (Taylor et al., 2020). The 3TTP compées for the viral binding site with
endogenous triphosphate. Lamivudine is welikrated in combination with other antiretroviral drugs

in HIV-infected individuals (Dumitrescu et al., 2020). Figure 2.3 below illustthie chemical

structure of lamivudie.

OH

Figure 2.3: Chemical structure of lamivudine (Matta et al., 2012)

Lamivudine is a monothioacetal that consists of cytosine having a (2R &$iroxymethyl}1,3-
oxathiolan5-yl moiety in the first carbon (Sohrabi and Zarkesh, 2014; Reis et al., 2020). The 3TC
TP inhibit HIV-1 and HI\A2 reverse transcriptase enzyme attjvtherefore it is essential for

HIV/AIDS and hepatitis B treatment (Taylor et al., 2020).
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2.3.2.2 Dolutegravir

Dolutegravir(DTG) is an orally bioavailable integrase strand transfer inhibitor (Mohan et al., 2021).
DTG hinders the activity of the integrase enzyme by binding to its active site. The integrase enzyme
catalyses the integration of viral DNA into chromosomal DNA, resuitingral replication (Kandel

and Walmsley, 2015). DTG is metabolised in the liver by uridinedifgiosphe
glucuronosyltransferase and cytochrome P450. DTG is atalethted ARV drug which has fewer

side effects when compared to Efavirenz and other ARM = (Fantauzzi and Mezzaroma, 2014).

Figure 2.4depictsthe chemical structure of dolutegravir.

seodves

Figure 2.4: Chemical structure of dolutegravir (Han et al., 2020)

Dolutegravir is a monocarboxylic acid amide and an organic heterocyclic compound with a sodium
moiety (Zamora et al., 2019). DTG inhibits the active site of the integrase enzyme, which catalyses
the integration of viral DNA into chromosomal DNA, inducingaV replication (Kandel and

Walmsley, 2015).
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2.3.2.3 Tenofovir

Tenofovir is an adenosine acyclic nucleotide analogue used along with other HIV therapeutic agents
(Hoofnagle, 2013). Tenofovir blocks reverse transcriptase, an enzyme needed for viral replication
(Holec et al., 2017). The reduced viral replication imptsHIV viral load. In 2001, tenofovir was
approved in the United States of America (USA) (Ustianowski and Arends, 2015), followed by SA

in 2004 (Williams et al., 2011).

Tenofovir must be phosphorylated to become pharmacologically active in two steps (Fletcher et al.,
2020). First, tenofovir is phosphorylated into tenofovir monophosphate by an enzyme adenylate
kinase and then phosphorylated to active tenofdyhosphatéHamlin et al., 2019). In competition
with the natural substrate 5N triphoslpdvaasee, t
transcriptase and terminates the DNA chain after its incorporation into the DNA strand (Holec et al.,
2017). Althowgh tenofovir has been demonstrated to be effective in treating HIV, there is still more
to be understoodegardingits inflammatory properties. Figure 2.5 illustratee chemical structure

of tenofovir.

Figure 2.5: Chemical structure of tenofovir (Grigsby et al., 2010)

As illustrated in Figure 2.5, tenofovir is a methyl phosphonic acid having the methyl hydrogen
substituted by a [(2R)-(6-amino9H-purin-9-yl) propan2-yl] oxy group (Grigsby et al., 2010).

Tenofovir inhibit HIV-1 and HI\A2 reverse transcriptase enzyméaty; therefore it is important
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for HIV/AIDS treatment (Holec et al., 2017). Several studee& s ed tenofovizsz bs t
cells and foundnitochondral DNA (mtDNA) depletion which causes mitochondrial toxicity and

possible inflammation (Nagiah et al., 2015).

2.33. The effect of tenofovir on inflammation

Hoofnagle recommended antiretroviral treatment with nucleoside analogue tenofovir to patients with
hepatitis to reduce liver disease progression (Hoofnagle, 2013). Tenofovir suppresses the synthesis
of interleukin (IL)}8, an inflammatory cytokine, duringkular stress or damage in HIV patients with

liver disease (Deng et al., 2018). Interleukin {8)s a potent chemoattractant for neutrophils and
contributes to acute hepatitis (Kaspar and Sterling, 2017). In addition, the drug raises the levels of IL
12, thus responding to other infectious pathogens, and maintaining low levelsl0f flreventing

the body from inhibiting the immune response (Dayakar et al., 2019).

Different studies have been carried out in different modeish as peripheral blood mononuclear

cells PBMCs)andmousecells, investigating the inflammatory properties of tenofovir (Figure 2.6)
(Olojede et al., 2022 astilloMancilla et al, 2015; Biswas et al., 2014Melchjorsen et al., 2011).

These studies formulated the same conclusion that tenofanégulates pranflammatory cytokines

and downregulate antin f | ammat ory cytokines in acute and
mechani sm of action is not fully wunderstood i

effects on inflammaty properties.
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Figure 2.6: Tenofovirodés effects on i ffcompiledhmat o

by the researcher, S Vazi

2.34 Effect of antiretroviral drugs

The prevalence of opportunistic infections due to immune suppression has declinedgoditivée

patients on HAART, remarkably reducing mortality. However, the chronic nature of thEl&nti
treatment has seen the emergence of-teny side effects rangg from low intolerance to life
threatening effects (Edagwa et al., 2QWvith NRTI-associated mitochondrial dysfunction remgt

in lactic acidosis, pancreatitis, peripheral neuropathies, and liver toxicity (Holec et al., 2017).

A study by Macias and colleagues found that {@rgn usage of HAART is associated with hepatic
steatosis (Macias et al., 2017). Nassir 28115 further explained hepatic steatosis as a disorder in
which the liver forms triacylglyceretontaining vacuoles due to excessive lipid retention and
disrupted lipid metabolism (Nassir et al., 2015). Consistently, several researchers found that NRTIs
inducehepatic steatosis through mitochondrial toxicity, disrupting lipid metab@isthpromoting

inflammation Macias et al., 2017; Nagiah et al., 2015; Nassir et al., 2015).
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Overall, effective antiretroviral therapy is the most significant intervention in averting opportunistic
infections in an HIVpositive patient. However, antiretroviral drugs are associated with several side
effects arising during their metabolism (Thet &ndtientong, 2020). The liver is a key organ required

for the normal homeostasis and metabolism of drugs (Zanger and Schwab, 2013).

2.4 ANATOMY AND PHYSIOLOGY OF THE LIVER

The liver weighs approximately 1.36 to 1.59 kilograms, which makes it one of the largest internal
solid organgZhang et al., 2020). The human liver is positioned in the right upper quadrant of the
abdomen, receiving oxygenated blood from the heart via the hepatic artery (Yang, 2021).
Furthermore, the liver receives deoxygenated blood from the hepatic portabweamog newly
absorbed nutrients, drugs, and toxins from the gastrointestinal tract (Yang, 2021). The most
significant role of the liver ighe detoxification of harmful substances, chemicals, and metabolic
waste products (Hall and AC, 2015). Additionally, the liver functions as an exocrine and endocrine
organ. In exocrine function, the liver secretes bile, which contains waste products, oblolaste

bile acids essential for intestinal absorption and digestion. The endocrine function entails large
amounts of secreted serum factors, including aloumin and protein components of lipoproteins (Zhang

et al., 2020).

Approximately 80% of the liver comprises hepatocytes, whietiormthe main roles of the liver.
Hepatocytes are organised into plates and are parted by sinusoids (Kuntz and Kuntz, 2006). The
sinusoids are connected by endothelial cells and macrophages called Kupffer cells and separated from
hepatocytes by the space oEBe responsible for vitamin A storage (Abdulrasool and Briggs, 2018).
The thin layer between sinusoids and the basal surface of the hepatosyte thel exchange of
substances between thieod and the liver cells (Szafranska et al., 2021). The hepatic portal vein and
hepatic artery supply the liver with blood, while the hepatic vein drains the liver. Through this
arrangement, the liver can control blood flow from the gastrointestinalamacpancreas to the rest

of the body (Abdulrasool and Briggs, 2018).
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The liver is an essential organ with many functjonsluding the metabolism of key nutrients such
as carbohydrates, proteins, and lipids (Zhang et al., 2020). Additionally, it is responsible for the
detoxification of harmful substances such as drugs and toxins (Costanzo, 2018). Figure 2.7sllustrate

both the anterior and posterior view of the human liver.

Right lobe Caudate lobe  Bare area

Left lobe a

Falciform
ligament

Porta hepatis:
Hepatic portal vein
Gallbladder Proper hepatic artery/

A

Roiivd Common hepatic duct Right lobe
ligament Quadrate lobe
Gallbladder

Figure 2.7: Anatomy of the human liver (Mahadevan, 2020)

2.4.1 Metabolism of tenofovir

In the liver, drugs are metabolised primaf#ymazrooet al.,2017), which occurs via the cytochrome
P450 (CYP450) enzyme located in the endoplasmic reticulum (ER) (Zanger and Schwab, 2013).
However, tenofovir is not metabsdid through the CYP450 system (Chittick et al., 2006). Tenofovir

is commercially accessible as a{ohug, tenofovir disoproxil fumarate (TDF) (Fletcher et al., 2020).
After oral intake, TDF is quickly converted to tenofovir in the intestinal walls enttrengell through

its transprters (Cressey et al., 2020).

Intracellularly, tenofovir is phosphorylated by adenylate kinases and subsequently phosphorylated by
nucleoside diphosphate kinases into its active form, teneflipitosphate (Hamlin et al., 2019).
Tenofovirdiphosphate is an analogue of deoxyadenesidaphosphate (dATP), a regular substrate

for DNA polymerase (Holec et al., 2017). Tenofovir diphosphate terminates the viral DNA chain
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elongation by competing with dATP to be incorporated into viral DNA (FernaRderandez et al.,
2011). Tenofovir is excreted by the kidneys via glomerular filtration and tubular secretion (James et

al., 2012).

2.4.2 Antiretroviral drugs effect on the liver

In treating HI\tpositive patients, NRT longterm usage is associated with hepatic toxicity (Fletcher

et al., 2020). Findings from preclinical and clinib@lsed studies have also linked ART with
hepatotoxicity, which is influenced by oxidative stress (Elias et al., 2013). Hepatotoxicitgi®fu
impairment triggered by exposure to drugs, alcohol and environmental toxicants (Paniagua and

Amariles, 207%).

The tenofovir drug has been associated with severe lactic acidosis and hepatic steatosis (Wassner et
al., 2020). The possible mechanism behind tenofovir causing the latter complicati@ishghition

of mitochondri al DNA (mt DNA) polymerase gamma

2.4.3 ART-induced mitochondrial toxicity

Nucleoside reverse transcriptase inhibitamsfrequently usd antiretroviral drugs as a backbone for
first-line treatment regimens (Edagwa et al., 2017). A study by Sahin in 2020 subgestRTIH
interaction with DNA Polymerase gamma (Po)  rsia sviddnt mitochondrial dysfunctioMost

NRTIs can act as substrates for-8ol di st ur bi ng mt DNA synthesi s,
oxidative phosphorylation, and ROS overproduction (Ahmed et al., 2018). These modifications result
in changes in nucleotide phosphorylation and mitochondriat &ff@cts on mitochatrial respiration

(Bl as Garcza et al ., 2010) . Tenofovir has bee
and adenosine nucleotide translocator in isolated mitochondria. This inhibition results in
mitochondrial dysfunction through ROS overprotion and inhibition of the electron transport chain

(Ahmed et al., 2018; Feeney et al., 2012).
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In 2019,Zhang and colleagueteterminedthat mitochondrial dysfunction results in damage and
depletion of mtDNAandthe release of mtDNA (Zhang et al., 2019). The mtDNA molecule encodes
13 polypeptides of the oxidative phosphorylation system (Mustafa et al., 2020). MtDNA lesions could
aggravate mitochondrial oxidative stredsmaginghepatocytes (Zhang et al., 2019). Due to the
damage of hepatocytes, mtDNA leaves the confines of mitochondria to the cytoplasm. The circulating
MtDNA act as damagassociateanolecular patterns (DAMPS) to stimulate the Tlide receptor 9

(TLR9) and inflammasomes, promoting inflammation (Xuan et al., 2020).

Antiretroviral drugs are generaliypetabolsed through cytochrome P450 enzyme actietgept for
tenofovir. The tenofovir is metabedid by intracellular enzymes adenylate kinases and nucleoside
diphosphate kinases into active tenofovir diphosphate. However, tenofovir is associated with
hepatotoxicityby inhibiting mt DNA p ol y me r a<lting & mR®OS. [The )ntROS

damages the hepatocyteleasingntDNA, which promotes inflammation.

2.5. INFLAMMATION

According toLonardo et al. (2021)iver inflammationsubstantially negatively impadtV -positive
patients receiving ART. Chen et al. (2018) defined liver inflammation as a reaction that occurs when
a foreign substance attacks the liver cell. Liver inflammation results from hepatotoxicity through
exposure to substances such as dietarglsogents, toxic chemicals, and drugs (Singh et al., 2016).
ART-induced hepatotoxicity aggravates liver disease by activating an inflammatory response

(Ganesan et al., 2018).

2.5.1 Liver inflammation linked to tenofovir

The liver highly deperlon mi t ochondr i a t driphosplat (ATRwhighdise n 0 s i
crucial for biosynthetic pathways (Spinelli and Haigis, 2018). Various studies $lsstsad
tenofovirés mitochondri al toxicity found tha

damage through mtDNA depletion (Nagiah et al., 2015; Abraham et al., 2013). The damaged
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hepatocytes release mtDNA into the extracellular environment and circulation (Zhang et al., 2019).
As mentioned in the previous section, cytosolic mtDNA acts as DAMP, activating TLR9 and
inflammasomes resulting in liver inflammation (Xuan et al., 2020 uwariatios in the duration

of inflammatory processes, inflammation has two categories (Deng et al., 2018). Inflammation is
acute or chronic (Deng et al., 2018), and acute inflammation is the first rapid response to a dangerous
stimulus(Kany et al., B19). Chronic inflammation refers to longrm tissue damage and repair,

often associated with fibrosis. Cell regeneration is achieved by releasing inflammatory cytokines such

as interleukinl @ndtumour necrosis factealpha (TNFU) ( Kany et al ., 2019)
2.5.2. Regulation othe inflammatory response

The inflammation process involves a seriesezfctions which protect the host from infections and
tissue damage (Zhang and Sun, 2015). These reactions include recruiting immune cells and plasma
proteins to the inflammation site (Liu et al., 2017). Generally, inflammation is beneficial to the host
and can be resolved promptly; however, deregulated inflammation is linked with chronic tissue
damage, resulting in acute or chronic inflammatory diseases (Kany et al., 2019).-8hBNFfp at hway

inducespro-inflammatory gene expression (Liu et al., 2017).
253.NFeB signalling pathway

NFFeB is a significant transcription factor reg
2017). The NFe B f a omplisgsfive members: p50, p52, p65 (RelA), andRel and RelB
proteins, which facilitate the transcription of specific genes (Nagel et al., 2014). The p65 is a REL
associated protein involved in N\B  h et er o di ramdmucldao transkdatioo and is

typically activated during the inflammatory response (Ghosh and Hayden, 2012).

Mitochondrial ROS generation occurs at the electron transport chain during oxidative
phosphorylation (Zhao et al., 2019). The generated ROS can activate-th&8NFs i gnal | i ng

(Figure 2.8). NFe Bis a transcription factor that regulates the function of the innate and adaptive
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immune system, which mediates the inflammatory response by expression of proinflammatory genes
(Giuliani et al., 2018; Liu et al., 2017). In addition, fdFB=xpressemflammatory cytokines that are

key components in immune response regulations (Liu et al., 2017).

Inflammatory stimuli

NF-«Bp65 k NF-KB subunit
NF-kB complex . NF-kBp65

ST= B
&

o :
Gb @D TNF-q, IL-16, IL-6 and IL-8
Degraded IkB NF-kBp65

Figure 28:NFe B si gnal | i ng adagted fromfMbrgamanmd ttiu, 2001 (

As illustrated in Figure 2.8, increased generation of ROS acts as an inflammatory stimulus. The

i ncrease in ROS |l eads to the phosphorylation
results in the di s8Boc iTdtd osldcaesfintolthe Bucléus, aativatiNg-
specific genes for promflammatory cytokines. Elevated pmoflammatory cytokines are necessary

for acute inflammation and the retention of chronic inflammatory responses. Thes#gmmnatory

cytokines also mediatenflammation as a response to infection and injury. Furthermore, pro
inflammatory cytokines k1 b a nd) T N F e dgmadfornNaFforward feed loop in response to

the activation of NFo B . The tr ans earBi,p tristgauekpesssen of severaNgro

inflammatory genes and helfp coordinate an inflammatory response (Dorrington and Fraser, 2019).
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2.5.4. Inflammatory cytokines

Cytokines are proteins thate importanin controlling other immune system cells and blood cells
(Zzhang and Bansal, 2020). Inflammatory cytokines play a role in introducing the inflammatory
response and controlling the host defence against pathogens mediating the innate immune response
(Chen etal., 2018).Two categories of inflammatory cytokines (Table Z&ist: pro-inflammatory
cytokinesand antiinflammatory cytokines. Prmmflammatory cytokinesre involved in initiating the
inflammatory response.nlcontrast, antinflammatory cytokines regulate the grdlammatory

cytokine response. Table 2.2 below categgsriinflammatory cytokines that are quantified in this

study.

Table 2.2: Examples of pre and anti-inflammatory cytokines (compiled by the researcher, S Vjazi

Pro-inflammatory cytokines Anti -inflammatory cytokines
Interleukin 1b Interleukin 10
Tumournecrosis factealpha Interleukin 6

Inflammatory cytokines regulate the hizsstiefence against pathogens mediating the innate immune
response (Gulati et al., 2016). As a result, the levels of inflammatory cytokines naturally produced by
CD4+ T cells during HIV infection are expected to decrease. Inflammatory mechanisms are present
in acute and chronic liver diseases, with increased expression of varieasmgrantinflammatory

cytokines in the liver (Hernaez et al., 2017).

Kupffer cellsare essential tthe immune response by releasing inflammatory cytokines (Zhang and
Bansal, 2020). Inflammatory cytokines play a significant role in triggering the inflammatory response

and controlling host defence against pathogens through the innate immune systeat &Ch2018).
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In antiretroviraltreated HIV infection, cytokines play a role in chemical signalling pathways that

control cell growth, tissue repair, immune response, and inflammation (Kany et al., 2019).

2.6. Antiretroviral drug investigations in HepGz liver cell model

HepG cells, a human hepatoma, is commonly used in liver metabolism studies and toxicity of drugs
(Xuan et al., 2016). Scientists have conducted numerous studies on antiretroviral drugs using HepG
cells and found that tenofovir, lamivudine, and dolutegravir fidese combination exhibited the
lowest cytotoxic effect compared to other NRTIs (WHO, 2018). In 2017, Paemanee and colleagues
found that mitochondrial dysfunction is linked to the inductdrapoptosis of Hepgxcells treated

with Nevirapine (Paenmee et al., 2017). Tunicamycin and thapsigargin, both oxidative stress
inducers, caused a significant increasd-iiproblast growthfactor 21 (FGF21) protein release in
HepG cells treated with ART (Moure et al., 2018). In human hepatic cell lines, NNRTIs and PI
groups have been identified for the first time as causing disturbances in the FGF21/KLB system
(Moure et al., 2018). Nagiah et al. (2015) found that tenofovir, stagudid zidovudine exhibited
mitochondrial toxicity and oxidative stress, espdgiat chronic (5 days) exposure in Hep¢ells.

Tenofovir caused mitochondrial dysfunction without lowering the levels of mitochondrial DNA.

In conclusion, tenofovir is scientifically proven to inhibit HiVand HI\:2 reverse transcriptase
enzyme activity. However, it is associated with many adverse effexts as lactic acidosis, hepatic
steatosis and mitochondrial toxicity (Wassner et al., 2020). Tenofovir is found to exhibit
mitochondrial toxicity and induce oxidative stress. Oxidative stress indirectly induces inflammation
throughthe activation of the N B signalling pathway. Currentl

tenof ovi r aysactivityifh Human Hep&naman liver cells.
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2.7.CONCLUSION

This chapter aimed to summagi the literature and recent finding on antiretroviral therapy,
specifically tenofovir, the drug of interest and its possible influence on liver inflammation. The review
explored the research gap i n tenof dhatitandgfovir pr o p
induces ROS, which activatesthe-dFB s i g n a | | Thisistudymlaotinestigateenofovid s

influence on preand antinflammatory markers.
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CHAPTER 3: MATERIALS AND METHODS

3.1 INTRODUCTION
This chaptepresents the research design, materials, and methods used in the study. A quantitative
research desigriFigure 3.1) was followed to address the research questions mentioned in Chapter 1.

Furthermore, this chapter provides ardepth description and justification of the methods used.

3.2 RESEARCH DESIGN

This study followed ain vitro experimental research design. The researcher created an experimental
and a control grouplhis study treated the experimental gravih tenofovir and the control group

with regular complete culture media (CCM) fthand120h After that,pro- and antiinflammatory

markers were quantified. The Enzymeked Immunosorbent Assay (ELISA), quantitative
polymerase chain reaction (QPCR) and Western blot techniques were employed. The experimental
techniques were carried out in tBepartment of Basic Medical Sciences and Human Molecular
Biology Unit laboratories. Figure 3.1 represents a schematic overview of the research design and

methodology that was followed
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6, IL-1B, TNF-a, IL-10) using
ELISA kit.

2. Cells were used to measure
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3. Cells were used to
determine mRNA expression
(NF-kB-p65 and IkBa) using
gqPCR technique.

Figure 3.1: Schematic representation of the research design of the stu@pmpiled by the researcher, S Vazi
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3.3 MATERIALS

HepG cells were obtained from the University of KwaZulu Natal (UKZN) (Durban, SA). Cell culture
reagents were purchased from ThermoFisher Scientific (Johannesburg, SA). Tenofovir (SML1795
SMG) was purchased from Sigin#sdrich (St. Louis, MO). The Enzymknked immunosorbent
assay (ELISA) kits were purchased from Sigdldrich (Johannesburg, SA). Antibodies used for
the Western blot were obtained from Cell Signaling Technology, Inc (Beverly, MA) Wéstern

blot reagents and buffers were purchased fromR&d,SA. The iScript¥ cDNA synthesis kit and

IQ™ SYBR® green Supermix were purchased from-Riad, SAAIl other reagents and consumables

were purchased from Merck (Darmstadt, Germany).

3.4 RESEARCH METHODS

3.4.1 CELL CULTURE

3.4.1.1Introduction

Cell culture is the process of growing cells under a controlled environment (Haycock, Ridgs.

cells are used in biochemical, cytogenetic and molecular laboraforiegagnostic and research
studies (Langdon, 2010). Therefore, cell culture provides a platform to investigate cell biology,
biochemistry, physiology and metabolism. Cells cultured in the laboratory can be classified into three
categories: Primary, trarsimed, and selfenewing. Primary cells are isolated directly from living
tissue (Gordon and Amini, 202Mransformed cells are transferred genetic material from one cell to
anoter or genetically altered in order to change a recipient cell's gefRanganiban et al., 2013).
Selfrenewing cells are stem cells that divide, maintaining an undifferentiated state. For this study,
the HepG cell line was used. The Hep@ell line is derived from the liver tissue of a-y&arold
Caucasian male with differentiated hepatocellular carcinoma (Donato et al., 2015) detp@re

commonly used for drug metabolism and hepatotoxicity studies (Negoro et al., 2021).
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3.4.1.2 Protocol

The HepG cell line was obtained from UKZN and stored-8)°C. The frozervial was thawed at

37°C using a bead bath (Bslock™, DB200/3). The thawed cell line was-saspended inside a
sterile hood (Labtech) into a tissue culture flask 75€Hi5) parent flask followed by the addition

of 10 ml of prewarmed complete culture media (CCM) to the culture flask. The CCM was prepared
by supplementing Minimum Essential Medium (MEM) (gibco, 2534308) with 10% foetal bovine
serum (1050@64), 1% L-glutamine (2503@24) and 1% penicillirstreptomycin (1514Q022).
Thereafter, the cells were placed in an incubator (Heal ForeenCbator, HFZ40) with conditions

for optimal cell growth achieved with 5% G@nd 95% relative humidity at 37°C. Followi@ghof
incubation, cells were viewed under the lighterted microscope (Bi&mart Scientific, 10109371)

for health, attachment and confluency. The CCM was changed as required. Before adding a new
CCM, 5 ml of Phosphate buffered saline (PBS) (gibco, 2235064) was usedhtdheaslls three

times. Thereafter, 10 ml of fresh pnarmed CCM was added, placed in the incubator (Heal Force
CO2 incubator, HFZ40), and monitored for growth. Once the Hep® were 80% confluent, the

T75 parent flask was trypsinised with 2 ml trypsin (cat no. 28880). After that, cells were counted

using trypan blue (MKBW2465) in a TC 20 Automated Cell Counter (Bi®ad). Following cell

count, cells were seeded at the appropriate density into four T25 flasks and subjected to treatment

once the cells were 80% confluent.

3.4.2 EXPERIMENTAL TREATMENT

A 1.436 mg of tenofovir powder was dissolved in 5 ml of dimethyl sulfoxide (DMSO) to make a 1
mM stock solution. A volume of BL was required to make 1.2 uM of tenofovir plasma concentration
(Nagiah et al., 2015; Venhoff et al., 2007). Acute-dag @4h) and chronic fiveday (20h time
duration treatments and untreated controls were conducted. A fresh cell culture medium containing

tenofovir was replenished for the chronic fiday (L20h treatment after 48h (Nagiah et al., 2015).

3.5 DATA COLLECTION
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3.5.1 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

3.5.1.1 Introduction

ELISA technique is used to quantify the levels of a target protein in a sample (Ma et al., 2011). The
samples used in ELISAs include plasma, serum, cell lysate, saliva, urine and cell culture supernatants
(Shah and Maghsoudlou 2016). The ELISA principledased on an antigen and antibody interaction.

The first step involved antibody coating on a polystyrene plate. The second stagdiveysamples

to the wells to be captured by the antibodies. The third step reglétectingan antibodyantigen
reactionthat wasvisualised using enzymes linked to antibodies such as horseradish peroxidase (HRP)

(Sakamoto et al., 2018).

3.5.1.2 Properties of ELISA

This technique utilises an antibody to determine and quantify the presence of the target antigen in
biological samples. The target antigen is captured directly (labelled primary antibody) or indirectly
(labelled secondary antibody). There are four typeEldSAs: direct, indirect, competitive and
sandwich ELISA. For this study, sandwich ELISA was used. This assay measures the antigen using
a capture antibody and detects the antibaaliygen complexes with a detection antibody linked to an
enzyme. Detectiomvolves assessing conjugated enzyme activity via incubation with the substrate

to generate measurable luminescence. The produced colour is measured, and the colour intensity is
directly proportional to sample concentration. The data is analysed to ohetéh@ concentration of

the target molecule in the samples. This study measured levels of released extracel!latear @nd

inflammatory cytokines at different time exposures.

3.5.13 Preparation of reagents

All the reagents were equilibrated to room temperature before use. The following reagents were
prepared aseeded on the day of the experimdiite 1X Wash buffer PT was prepared by combining

5 ml of Wash Buffer 10X with 45 ml of deionised watEhe 10X Capture antibody was prepared by
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re-suspending the lyophilised capture antibody with indicated volume of the Sample Diluent NS in
thevial; The antibody cocktail was prepared by combining B0D®f Capture antibody and 30Qp

of Detectorantibody with 2.4 ml antibody diluent 5Bl, followed by gentle mixing

3.5.14 Sample preparation

Following thetreatment period, the supernatant was collected from the treatment flasks. After that,
the supernatant was centrifuged at 2000 x g for 10 minutes using a centrifuge (Hermle, Z 32 HK) and

stored at2 0 until experimentation.

3.5.15 Preparation of standards

The standard stock solution was prepared by reconstituting the targeted protein using the volume of
sample diluent indicated on thiml. After that eight eppendorfs were labelled from 1 to 8. Following

the manufacturés guidelines, an appropriate volume was added to each eppendorf. The prepared
stock standard was used to complete a serial dilution of 8 concentrations. Eppendorf 8 had no protein

and was used as a blank control. Figure 3.2 illustrates the serial disgioes method.

Figure 3.2: Serial dilutions (@adapted from the manufactureré guidelines (ab185986))

3.5.16 Protocol

The pre and antiinflammatory cytokine levels (H6, IL-1 b, -O ,N-E0) were quantified using
SimpleStep human ELISA Kits (ab178013), (ab214025), (ab181421), and (ab185986), respectively.
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A volume of 50 [L of sample and standard was added to appropriate wells, followed bly 60D p
antibody cocktail. The plate was sealed and incubatedrferhourat room temperature on a plate
shaker (Bid Smart Scientific, DIAB, SKO110B) set at 400 rpm. Following incubation, the wells
were washed thrice with 35Qjof 1X Wash Buffer PT. The plate was blotted against a paper towel
to remove excess |liquid dur i ng offrdiramethylbenzidine wa s
(TMB) Substrate was added to each walplate skaker (Bid Smart Scientific, DIAB, SK0110B)

was used to incubate the plate for 10 mingtest at 400 r p m. Folafsgopi ng
solution was added to each well and mixed on a shBkarSmart Scientific, DIAB, SK0110B)

for 1 minute. The absorbance was read within 15 minutes at 450 nm on an ELISA plate reader
GloMax™ Discovery (Promega, DTE15M5X-F-W6), and data were expressed as Optical Density
(OD). In order to generate a standard curve, the mean absorbance of the standard samjitsdva
against the concentration of proteingxis) measured in pg/mlhe equation (y = mx + c¢) of the

standard curve was used to determine the protein concentration of the sample.
3.5.2 DETERMINATION OF PROTEIN EXPRESSION (WESTERN BLOT)
3.5. 2.1PROTEIN ISOLATION

3.5.2.1.1 Introduction

Protein isolation from cultured cells is the initial step for many biochemical and analytical techniques,
such asWestern blotting. The protein was isolated from Hegpélls using a Cell Lysis solution
supplemented with protease inhibitor for Western Blot. The protease inhibitor preserved the protein
integrity in the sample (Eslami and Lujan, 2010). The process was carried out on ice to prevent protein

degradation.
3.5.2.1.2 Protocol

Following 24h and 120h incubation periods, the protein was extracted according to the

manufactureis guidelines (Sigma, C2978). The cell lysate solution was prepared by diluting cell Iytic
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(11180733) with protease inhibitor in a 1:100 ratio. Therefore L56f pprotease inhibitor was added
to 5 ml of cell lytic solution in a 15 ml conical tube and mixed thoroughly. The prepared cell lysate

solution was stored at 4 unt il use.

The cells were washed three times with cold PBS following the treatment period. Subsequently, 300
uL of the prepared cell lysate solution was added to cover the cell surface area of the flask. Each
treatment flask was incubated for 30 minutes on a shaker3Biart Scientific, DIAB, SK0110B)

at 200 rpm. Following incubation, the cells were lysed amdoved from the flasks using a cell
scraper. The lysed cells wearentrifuged for 15 minutes at 12 000 xtgansferred into a 2 ml pre

chilled eppendorf. Aer that, the proteksontaining supernatant was removed, transferred into the

pre-chilled eppendorf and stored-8t 0 unt il use.
3.5.3 QUANTIFICATION AND STANDARDI SATION OF PROTEINS
3.5.3.1 Introduction

The bicinchoninic acid (BCA) assay is used to quantify the total concentration of protein in a sample
(Shen, 2019). BCA assay employs fivenciple of Biuret reaction. The cuprous ions (Cu+) bind to

the nitrogen atoms present in the protein peptides forming an intense purple colour (Walker, 1996).
The BCACW* complex absorbs light at 562 nm wavelendfhe intensity of the purple light is

proportional to the protein concentration in the sanfyMealker, 1996).
3.5.3.2 Protocol

Theisolated protein samples were quantified following the manufaéugeidelingPierc&& BCA

Protein Assay Kit, cat no. 23225).

The protein samples were allowed to thaw on ice. The working reagent was prepared by mixing 50
parts of reagent A and 1 part of reagent B. The PBS was used as a diluent. Bovine Serum Albumin

(BSA) standard ampule was diluted into several labelled eppandorf
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In a 96well plate, 25 L of each standard and protein sample were added in triplicates into an
appropriately labelled wellAfter that, 200 L of the working reagent was added to each well and
mixed thoroughly on a plate shaker (B8mart Scientific, DIAB, SK01106B) for 30 seconds at 300
rom. The 9éwell plate was covered with foil and incubated at 37°C for 30 minutes. Following
incubation, thé@6-well plate was allowed to cool at room temperature for 5 minutaag aGloMax

plate reader (Promega, DTE1385X-F-W6), the absorbance was measured at 560rhmstandard
curve was generated (Appendixto determine the concentration of sample proteins (pg/ml) present.

The proteins were subsequently standsdito 1000 g/ml for the Western blot technique.

3.5.4. WESTERN BLOTTING

3.5.4.1 Introduction

TheWestern blot technique is employed to identify the target proteins from a gdapi@ood and

Yang, 2012). The technique us#is sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDSPAGE) to separate proteins. The proteins are separated based on their charge and molecular
weights (Mahmood and Yang, 2012). The negative charge of the protein enables migration towards
thepositive electrode through the polyacrylamide gel. The prég@nolecular weight determines the
movement through the gehe large molecular weight proteins migrate slower, while the smaller
proteins migrate faster through the matrix (Mahmood and Yang, 2012). Figure 3.3 gives an overview

of the standard steps involved in the process oWthstern blot technique.
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Figure 3.3: Overview of Western blottechnique (compiled by the researcher, S Vjazi
3.5.4.2 Preparation of buffers

The Tris-buffered saline with Tween 20 (TTBS, 25 mM Tris pH 7.6, 150 M&CI, 0.05% Tween
20) was prepared by mixing 100l of 10x Trisbuffered saline (TBS) (1610732) with 900 ml of
deionsed water and 1ml Twee20. TheWestern blot blocking buffer was prepared by dissolving 2.5
g skim milk powder (NCMO0249A) in 50 ml ofFTBS wash buffer. The 5% BSA was prepared by
dissolving 2.5 g BSA (1073507800i) 50 ml of TTBS wash buffer. The 1x T+ggdycine SDS
running buffer was prepared by diluting 1000of 10X Tris-glycine running buffer (cat. no. 1610734)

with 900 ml of deiorsed water. The prepared buffers were stored@t 4

The 2x Laemmli's sample buffer mixture was prepared by mixing 1Q00f2x Laemmli buffer

(1610737) with 50 | of 2- mercaptoethanol (1610710).

3.5.4.3 Sample preparation
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The standarded protein was allowed to thaw on ice. The prepared Laemmli sample buffer mixture
was added to the standasell protein sample in a 1:1 ratio. The prepared samples were heated at
10C°C for 5 minutes using the heat block (Benchmark-08@3121020023). The protein samples

were immediately loaded into polyacrylamide gels

3.5.5 SDSPAGE

3.5.5.1 Introduction

Gel electrophoresis is used to separate mixtures of proteins according to their molecular size (Lee et
al., 2012). The protein was separated using the-BBSE. The separation depends on the pr&ein
molecular weight and electric chargdghmood and Yang, 20)2Proteins with larger molecular
weights migrate slower in the gel, and those with smalhes migrate faster. The proteins migrate

towards the positive charge because they are negatively charged (Mahmood and Yang, 2012).

3.5.5.2 Protocol

The polyacrylamide gels were prepared, and MAMROTEAN TGX gels (BieRad, cat. no: 4561033)
were set up according to the manufacttereguidelines. The molecular weight marker (cat
no.1610376) (10 ) was loaded to the first well of the gel. After that, 28 @f the sample was
loaded into the appropriate wells. Once loaded, the-B&8ge tank was filled with running buffer [25
mM Tris, 192 mM glycine, and 0.1% SDS]. SIPage gel electrophoresis was run at 150 \bfw

hour using the BieRad compact power supply. Figure 3.4 illustrates the process of gel

electrophoresis.
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Figure 3.4: Gel electrophoresigcompiled by the researcher, S Vjazi

3.5.6. PROTEIN TRANSFER (ELECTRO-BLOTTING)

3.5.6.1 Introduction

The primary method for transferring tipeoteins is called electrblotting. It utilises an electric
current to transfer proteins from the gel onto the nitrocellulose membrane (Mahmood and Yang,
2012).In order to maintain their orientation, proteins must be transported from the gel into a

membrane.

3.5.6.2 Protocol

The proteins were transferred using the Transblot turbo systeriR@ip After electrophoresis, the
cassette was prepared following the manufadfsiguidelines. The gel sandwich was formed with a
bottom fibre pad, a nitrocellulose membrane, an electrophoresed gel, and a top fibre pad. The gel
sandwich was assembled between two electrodes, and the separated weytirasferred to the
nitrocellulose membrane using a BRad TransBlot Turbo Transfer System (25 V, 3 minutes). The

electric current caes the negatively charged proteins to migrate towards the positively charged
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