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Abstract 

Background: Of the estimated 7.2 million people living with HIV (PLWH) in South Africa, more 

than 50% are on antiretroviral (ARV) medication. Dolutegravir (DTG), an integrase strand 

transfer inhibitor (INSTI), is increasingly used in South Africa (and Africa) as one of the first 

line treatments for HIV. Both in vitro and clinical studies indicate that DTG-based therapies 

have been associated with adverse effects (such as abnormal weight gain, hyperglycemia, 

and neurological dysfunction) alongside increased oxidative stress. Another disease state 

common in the South African context is obesity. DTG is administered to an individual 

regardless of their weight. As obesity is also associated with oxidative stress and inflammation, 

this might be a potential confounding factor in the efficacy and safety of DTG treatment. 

Endothelial dysfunction is one of the most common risk factors associated with non-

communicable disease (such as obesity and CVD) and would therefore be an important 

phenomenon to investigate in the context of ARVs and obesity.  

Aim: This study aimed to elucidate potential effects of chronic DTG on redox profile and 

endothelial integrity in the presence or absence of overfeeding as a confounder. 

Methods: Adult zebrafish were subjected to chronic administration of DTG in the absence and 

presence of obesity (overfeeding model) over a period of 2 weeks. The lean zebrafish received 

Hikari dry pellets twice per day, whereas the overfed fish received the same food, six times 

per day over 4 weeks. A parallel 12-week DTG administration study was also executed in lean 

male and female Wistar rats. Body mass, reactive oxygen species (ROS) levels (hydrogen 

peroxide (H2O2)) and vascular endothelial tight junctions (claudin-5 and ZO-1) and adherens 

junction (VE-Cadherin) protein profile were evaluated.  

Results: DTG did not have a significant effect on the body mass of adult zebrafish or rats. DTG 

administration showed no detrimental effect on ROS levels in either zebrafish or rats. When 

considering the effect of DTG on the expression of tight and adherens junction proteins, DTG 

showed no effect on the expression of ZO-1 and Claudin-5 in both zebrafish and rats. In terms 

of obesity, the overfed zebrafish had significantly higher body mass when compared to lean 

fish confirming successful execution of the overfeeding protocol. Overfeeding did not impact 

ROS, however there was a decrease in VE-cadherin expression in the zebrafish dorsal aorta, 

pointing to a cumulative effect of DTG and obesity (overfeeding). 

Conclusion: This study suggests that in the absence of HIV, DTG does not have an effect on 

redox status and endothelial dysfunction in terms of tight and adherens junction integrity. 

However, the addition of overfeeding highlighted the cumulative effect of DTG and obesity on 

endothelial function, an effect that can potentially impact the human population.  
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Uittreksel 

Agtergrond: Van die geraamde 7,2 miljoen mense wat met Menslike Immuniteitsgebreksvirus 

(MIV) in Suid-Afrika leef, gebruik meer as 50% antiretrovirale (ARV) medikasie. Dolutegravir 

(DTG) word toenemend in Suid-Afrika (en Afrika) gebruik as een van die eerste-lyn-

behandelings vir MIV. Beide in vitro en kliniese studies dui daarop dat DTG-gebaseerde 

terapieë geässosieer word met nadelige kliniese effekte (soos gewigstoename, hiperglukemie 

en neurologiese disfunksie) en verhoogde oksidatiewe stres. Nog 'n siektetoestand wat 

algemeen voorkom in die Suid-Afrikaanse konteks, is vetsug. DTG word aan 'n individu 

toegedien ongeag hul gewig. Aangesien vetsug ook geässosieer word met oksidatiewe stres 

en inflammasie, kan dit 'n potensiële verwarrende faktor wees in die doeltreffendheid en 

veiligheid van DTG-behandeling. Endoteeldisfunksie is een van die mees algemene 

risikofaktore wat geassosieer word met nie-oordraagbare siektes (soos vetsug en 

kardiovaskulêre siekte) en sal dus 'n belangrike faktor wees om in die konteks van ARVs en 

vetsug te ondersoek. 

Doel: Hierdie studie het uitgesit om die potensiële effekte van chroniese DTG op redoksprofiel 

en endoteelintegriteit in die teenwoordigheid of afwesigheid van oorvoeding as 'n versteurder 

toe uit te lig. 

Metodes: Volwasse zebravisse is oor 'n tydperk van 2 weke aan chroniese toediening van 

DTG in die afwesigheid en teenwoordigheid van vetsug (oorvoedingsmodel) onderwerp. Die 

maer (kontrole) zebravisse het Hikari-vis-korrels twee keer per dag ontvang, terwyl die 

oorgevoerde visse ses keer per dag dieselfde kos ontvang het, vir n periode van 4 weke. 'n 

Parallelle 12-week DTG administrasie studie is ook uitgevoer in maer manlike en vroulike 

Wistar rotte. Liggaamsmassa, reaktiewe suurstof spesies (ROS) vlakke (waterstofperoksied 

(H2O2) en vaskulêre endoteel stywe aansluitings (claudin-5 en ZO-1) en adherens aansluiting 

(VE-Cadherin) proteïenprofiel is geëvalueer. 

Resultate: DTG het nie 'n betekenisvolle effek op die liggaamsmassa van volwasse zebravisse 

of rotte gehad nie. DTG-toediening het geen nadelige effek op ROS-vlakke in óf zebravisse óf 

rotte getoon nie. Wanneer die effek van DTG op die uitdrukking van stywe en adherens-

verbindingsproteïene oorweeg is, het DTG geen effek op die uitdrukking van ZO-1 en claudin-

5 in beide zebravisse en rotte getoon nie. Wat vetsug betref, het die oorvoede zebravis 

aansienlik hoër liggaamsmassa getoon in vergelyking met maer vis wat die suksesvolle 

uitvoering van die oorvoedingsprotokol bevestig. Oorvoeding het nie ROS beïnvloed nie, maar 

daar was 'n afname in VE-cadherin uitdrukking in die zebravis dorsale aorta, wat dui op 'n 

kumulatiewe effek van DTG en vetsug (oorvoeding). 
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Gevolgtrekking: Hierdie studie dui daarop dat in die afwesigheid van MIV, DTG nie 'n effek op 

redoksstatus en endoteeldisfunksie het in terme van stywe en adherens aansluiting integriteit 

nie. Die byvoeging van oorvoeding het egter die kumulatiewe effek van DTG en vetsug op 

endoteelfunksie uitgelig, 'n effek wat potensiêel die menslike bevolking kan beïnvloed. 
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CHAPTER 1 

1. INTRODUCTION 
 

Of the estimated 7.2 million people living with HIV (PLWH) in South Africa, more than 50% 

are on antiretroviral (ARV) medication. Research has highlighted the increased prevalence of 

cardiovascular risk factors, such as obesity, hyperglycaemia, hypertension, 

hypertriglyceridaemia, low high-density lipoprotein cholesterol (HDL-c), as well as 

atherosclerosis in PLWH receiving ARV treatment (Bavinger et al., 2013; Dominick et al., 

2020; Nkeh-Chungag et al., 2021). Moreover, the metabolic complications associated with 

HIV and ARVs (Nkeh-Chungag et al., 2021) are a growing concern as it may result in 

increased risk of non-communicable diseases such as cardiovascular disease (CVD) and 

diabetes, in particular, in the South African population where there is a high prevalence of 

obesity (Alaba and Chola, 2014a) (WHO, 2016). Dolutegravir (DTG), an integrase strand 

transfer inhibitor (INSTI), is fast becoming the first line ARV strategy for the management of 

HIV in Africa.  

DTG is utilized to decrease the viral load associated with HIV infection. It inhibits HIV integrase 

by binding to the active site and blocking the strand transfer step of retroviral RNA integration 

in the host cell - which is crucial in the HIV replication cycle – thus inhibiting viral activity. 

Unfortunately, INSTIs have recently been associated with increased weight gain when 

compared to protease inhibitor (PI)-based or non-nucleoside reverse transcriptase inhibitor 

(NNRTI)-based regimens (Eckard and McComsey, 2020). Moreover, DTG and Bictegravir, 

another INSTI, were both associated with greater weight gain than other drugs in the class of 

INSTIs (Sax et al., 2020; Menard et al., 2017; and Bourgi et al., 2020). Other reported side 

effects of DTG such as hyperglycaemia (Hailu et al., 2021; Hirigo et al., 2022; Lamorde et al., 

2020; McLaughlin et al., 2018), fat redistribution and neurological dysfunction (Hoffmann et 

al., 2017) are equally disconcerting. 

Given the high incidence of obesity in the South African population, these reported side effects 

of DTG are a significant cause for concern as it may exacerbate the already well-known 

detrimental effects of obesity on health. For example, obesity contributes to oxidative stress 

and inflammation, and metabolic dysregulation. Furthermore, relatively recent evidence 

suggests that adipocytes may harbour the HI-virus (Couturier et al., 2018; Damouche et al., 

2015), thereby further increasing the risk to obese patients. Although DTG has demonstrated 

increased ability to penetrate adipose tissue when compared to non-integrase inhibitors 

(Couturier et al., 2018), the effect of DTG on adipose redox and inflammatory status, via 

modulation of the secretory profiles of constituent cells, remains to be fully elucidated. 
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As oxidative stress and inflammation both are associated with DTG treatment and obesity, 

and since HIV-associated neurocognitive decline is linked to endothelial dysfunction (Gannon 

et al., 2011; Schouten et al., 2011), evaluation of potential endothelial dysfunction in both 

central and peripheral compartments in response to DTG treatment is warranted.  

As some of the observed side-effects may also be ascribed to the HIV infection itself, 

additional pre-clinical models may allow for a more comprehensive analysis of the potential 

mechanisms of DTG in the absence of HIV. Therefore, the aim of this thesis was to investigate 

the effects that DTG has on endothelial integrity, in terms of tight-junction and adherens 

junction expression, in both non-obese and obese states. We also aimed to assess whether 

DTG administration affects redox status and if so, whether this is associated with vascular 

endothelial dysfunction. 
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CHAPTER 2 

2. LITERATURE REVIEW 
 

2.1. Introduction  

 

The research on the association between HIV and CVD has grown substantially over the last 

decade and over the years more research strengthens this association. The literature is in 

agreement that HIV causes a chronic upregulation of inflammation in its host. Chronic 

inflammation has been one of the leading causes of CVD (Liu et al., 2017) and may explain – 

at least in part - why HIV and CVD are linked. A review by Triant (2013) summarises evidence 

that HIV-associated inflammation and chronic immune activation (caused by immune 

dysregulation) are important factors in the development of CVD. ARV-naive HIV-positive 

patients have higher levels of soluble immune activation markers (such as pro-inflammatory 

cytokines (eg. Interleukin (IL)-6) and soluble adhesion leukocyte markers (eg. soluble vascular 

cell adhesion molecule (sVCAM-1)) when compared to non-HIV controls (Baker et al., 2010). 

The association between HIV and CVD is confirmed by Dominick et al., (2020) who describes 

that PLWH have a 61% greater chance at developing CVD opposed to those without HIV. 

They suggested that instead of looking at traditional risk factors for CVD and the side effects 

of ARVs, factors such as inflammation and persistent immune activation should be considered. 

As shown in Figure 2.1, Dominic et al. (2020) recently summarised the multiple factors and 

pathways responsible for the development of CVD in PLWH. This summary clearly points out 

the prominence of persistent immune activation and endothelial dysfunction in this context, 

but does not mention the role of oxidative damage, despite the interlinked nature of immune 

activation, inflammation and oxidative stress. 
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Figure 2.1: Some of the factors and pathways responsible for HIV-associated CVD. CVD- 
cardiovascular diseases; ICAM-1- intercellular adhesion molecule 1; NO- nitric oxide; PAI-1- 

plasminogen activator inhibitor-1; TF - tissue factor; VCAM-1- vascular cell adhesion protein 1 

(Dominick et al., 2020) 

 

The use of ARVs has become more prevalent, resulting in reduced impact of the side effects 

associated with HIV itself. However, the use of ARVs is also linked to adverse effects. For the 

purpose of this literature review, we will focus on two major aspects of ARV-associated 

adverse effects, namely endothelial health and redox status. The potential confounding effects 

of obesity in this context will also be included. However, in order to provide context, DTG as 

relatively new first-line ARV therapy (ART) will firstly be introduced, and a brief overview of 

side-effects reported for this drug will be provided.  

 

2.2. Antiretroviral treatment 

 

The introduction and increased use of ARVs has resulted in a dramatic decline in 

immunodeficiency related events, including deaths, in HIV-infected individuals (Trickey et al., 

2017; World Health Organization, 2016). 
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Common ART regimens use a combination of three ARV agents with two modes of action. 

Nucleoside reverse transcriptase inhibitors (NRTIs) and NNRTIs block viral RNA transcription 

by inhibiting reverse transcriptase, PIs block viral enzyme protease and prevent the maturation 

of the virus, and integrase inhibitors - otherwise known as INSTIs - act against the viral DNA 

integration into the host genome (Kolakowska et al., 2019).  

Although ARVs have decreased the incidence of death among PLWH, there are a number of 

associated side effects linked with prolonged exposure of ARVs. In general, the side-effects 

reported in PLWH and/or patients receiving ART and specifically DTG, which include 

hypertension, weight gain, diabetes and dyslipidemia (de Boer et al., 2016; Gorwood et al., 

2020; Hirigo et al., 2022; Venter et al., 2019), are similar to symptoms reported for metabolic 

syndrome (MetS) (Abraham et al., 2013) and is in line with reported increased risk for the 

development of cardiovascular (Dominick et al., 2020), lipid, immune, metabolic and 

neurological disorders, as well as cancer (Bertrand et al., 2019; Grinspoon and Carr, 2005; 

Montenegro-Burke et al., 2019a).  

An exhaustive review of mechanisms responsible for side-effects reported after ARV use is 

outside the scope of this thesis. Rather, we will focus this review on the literature pertaining to 

side-effects (and potential causative mechanisms) reported in the context of DTG treatment 

specifically. 

 

2.2.1. Focus on Dolutegravir 

DTG, Raltegravir (RAL), and Elvitegravir (EVG) are integrase inhibitor ARVs. INSTIs 

specifically block/inhibit integrase, an enzyme necessary to integrate the viral RNA into the 

host’s genome, therefore making the effects of integrase inhibitors highly specific (Kolakowska 

et al., 2019). INSTI-based regimens have been recommended as initial therapy for many 

people diagnosed with HIV due to its low resistance profile (high barrier of resistance) (Kandel 

and Walmsley, 2015) and better tolerability.   

DTG is a white/yellow pill, which is taken once daily. It is rapidly absorbed and has a half-life 

of 12 hours. As for the dosage, 50 mg of DTG was found the most effective in suppressing 

viral load in treatment naïve patients with the same amount of adverse effects as the lower 

doses (van Lunzen et al., 2012).  

DTG is mostly given as a combination therapy with Abacavir (Triumeq®) and Lamivudine 

(ABC/3TC)(NRTIS) (Hoffmann et al., 2017). Other combinations are with Abacavir or 

Rilpivirine (Juluca®)(NNRTI) (Ma et al., 2020). Most studies that has been presented with 

negative outcomes states that “DTG-based-therapies” caused the negative effect (Menard, 
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2017b; Zakumumpa et al., 2021)). This is vague, and we cannot assume that those results 

portray the effects of DTG itself. It has been suggested that monotherapy of DTG is not 

recommended (Hocqueloux et al., 2019) as monotherapy did not maintain virological 

suppression over time when compared to the combination therapy (DTG/ABC/3TC) and that 

the monotherapy showed signs of higher virological failure when compared to the combination 

therapy. This was confirmed by the DOMONO study (Wijting et al., 2017), which indicates that 

the chances of only receiving DTG is unlikely.  

A summary of the most often reported side-effects of dolutegravir can be found in Table 2.1.  
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Table 2.1: Side- effects of Dolutegravir. These are mostly reports from clinical settings.  

Side effect Suspected metabolic reason for side effect Treatment protocol employed Reference 

Neuro-adverse 

effects/neurotoxicities 

(insomnia, headache, 

dizziness, depression 

etc.) 

DTG has been found in high concentrations in the 

CNS.  

50 mg of DTG once a day.  (Letendre et al., 

2014a) 

DTG has been found in high concentrations in the 

CNS.  

Standard clinical treatment dose of DTG 

and single tablet regimen (STR) containing 

a combination of DTG, abacavir and 

lamivudine.   

(Hoffmann et al., 

2017;) 

Proposed that DTG is able to cross the blood brain 

barrier.  

50 mg of DTG once a day.  (Cahn et al., 2013) 

None suggested Standard treatment dose of 

DTG/abacavir/lamivudine.  

(Correspondence to 

Menard, 2017) 

Weight gain None provided  (de Boer et al., 2016) 

Confirmed, not a “return-to-health” phenomenon.  50 mg of DTG per day for 48 weeks.  (Venter et al., 2019) 
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A rapid drop in viral load and the correlation of virologic 

suppression with lower energy expenditure.  

In vitro DTG has been shown to affect the activity of 

melanocyte-stimulating hormone (involved in appetite 

control), which may explain increased weight gain due 

to increased appetite (Hill et al., 2019).  

Standard clinical dose of DTG (most having 

an abacavir/lamivudine backbone) 

(Bourgi et al., 2020) 

Increased appetite Interviews with clinicians who treat 

individuals on standard clinical dose ARVs 

and also surveys of individuals using ARVs 

(standard dose).  

(Zakumumpa et al., 

2021) 

DTG caused increased clustering of large adipocytes, 

fibrosis, adipose enlargement (hypertrophy) and gene 

expression changes in both visceral fat and 

subcutaneous fat. DTG also increased ROS 

production.  

Adipose stem cells were collected from 

healthy woman and treated with DTG (2 

weeks with DTG (3.1 μg/mL)). Histology 

was done on SCAT and VAT of obese 

PLWH, and the primates were treated with 

similar plasma concentration to those of 

humans.  

(Gorwood et al., 2020) 

 DTG interacts with melanocortin 4 receptor (MC4R), a 

receptor responsible for the modulating of leptin 

signalling in the central nervous system (Hill et al., 

2019). Mutations in MC4R are associated with 

heritable obesity (Adan et al., 2006). 

Comparative study of clinical trials and 

studies.  

(Sax et al., 2020) 
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A decrease in Adiponectin was associated with an 

increase in BMI.  

50 mg, 96 weeks.  (Gatell et al., 2017) 

None provided 50 mg of DTG per day (Sculier et al., 2018) 

The reduction in basal metabolic rate following 

suppression of plasma viremia, improved appetite due 

to lower inflammatory cytokine effects on the 

hypothalamus, and a reduction in the rate of protein 

turnover.  

Individuals switched from a daily fixed dose 

of EFV/TDF/FTC to a daily fixed dose of 

DTG/ABC/3TC.  

(Norwood et al., 2018) 

Hyperglycemia None provided Interviews with clinicians who treat 

individuals on standard clinical dose ARVs 

and also surveys of individuals using ARVs 

(standard dose). 

Zakumumpa et al., 

2021) 

DTG inhibits the integration of the viral DNA by binding 

to the active site on magnesium (chelates magnesium). 

A decrease in magnesium can thus be a factor 

associated with DTG-induced insulin resistance.  

All 3 cases reported:  Switched to 

TDF/3TC/DTG (300 mg + 300 mg + 50 

mg).  

(Hirigo et al., 2022) 
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Enlarged adipocyte size, independent of adiposity, is 

positively correlated with the development of insulin 

resistance and impaired metabolic health (Weyer et al., 

2000). DTG may damage adipose tissue, which 

explains the decrease in adiponectin and leptin. DTG 

causes oxidative stress, which is associated with 

insulin resistance.  

Adipose stem cells were collected from 

healthy woman and treated with DTG (2 

weeks with DTG (3.1 μg/mL)). Histology 

was done on SCAT and VAT of obese 

PLWH, and the primates were treated with 

similar plasma concentration to those of 

humans. 

(Gorwood et al., 2020) 

Hypertension Immuno-suppression associated with  a low CD4 cell 

count leads to early vascular damage and subclinical 

atherosclerotic damage (Okello et al., 2015). 

Participants without HIV viral suppression were at 

lower risk of developing hypertension compared with 

virally suppressed PWH. 

Individuals who have been on ARVs for at 

least 2 years. No dosage stated.  

(Musekwa et al., 2021) 

Stellenbosch University https://scholar.sun.ac.za



11 
 

From these reported side-effects, a potential dysregulation of adipose tissue is suggested. 

Given the known roles for chronic low-grade inflammation and increased oxidative stress in 

chronic conditions such as MetS and diabetes, in which obesity plays an aetiological role and 

which are commonly reported in HIV and generally after ARV use, it is warranted to investigate 

the effect of DTG on redox, which has not received much focus in the DTG literature. 

Furthermore, given the neurological side-effects of DTG and its known ability to cross the 

blood brain barrier (BBB), and since HIV-associated neurocognitive decline is thought to result 

from vascular dysfunction (including BBB disruption)(Shah et al., 2016), it is important to 

consider whether DTG may affect vascular health. Furthermore, it has been suggested that 

high concentrations of ARVs in circulation also contribute to toxicity in the brain vasculature 

(Bertrand et al., 2019), highlighting the importance assessing these changes in both the 

peripheral and central compartments.  

Despite the side effects reported in Table 2.1, and the knowledge of the known effect of 

obesity on inflammation, redox status, and endothelial dysfunction, these potential sequelae 

have not been investigated sufficiently in the context of DTG. In the next sections, the 

potential mechanisms contributing to adverse redox and endothelial outcomes, with 

consideration of obesity will be reviewed. 

 

2.3. Endothelial function and redox: inextricably linked 

 

The vascular endothelium is a protective barrier of the arterial wall (Benjamin et al., 2012). 

The endothelium plays a vital role in the control of vascular homeostasis. Additionally, it is 

implicated in the regulation of intracellular signalling, vascular tonus and permeability, the 

coagulation cascade and angiogenesis (Storch et al., 2017). 

The endothelial cells which form the vasculature are held together by complex structures 

consisting of numerous transmembrane proteins that interact both with binding ligands on 

adjacent cells and with associated intracellular partners. The two key junctional structures are 

a) tight junctions that incorporate members of the junctional adhesion molecule (JAM) family, 

EC-selective adhesion molecule and claudins, and b) adherens junctions that include proteins 

such as VE-Cadherin (Duong and Vestweber, 2020). 

Claudin-5 is a tight junction protein mostly found in the endothelial cell layer of the brain, liver, 

kidney, and skin in humans (Greene et al., 2019). Zona-occludin (ZO)-1 establishes a link 

between the claudins and occludin and the actin filament (Rao, 2008) as can be seen in Figure 

2.2. It has been shown that decreased expression of ZO-1 is associated with severe plasma 
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leakage observed in multiple sclerosis (Kirk et al., 2003) and diabetic rats (Hawkins et al., 

2007). VE-Cadherin is the most abundant protein present within the adherens junction. VE-

cadherin is connected to the actin cytoskeleton via linker proteins β-catenin, α-catenin, and 

p120-catenin (Lagendijk et al., 2014; Mitchell et al., 2010) as seen in Figure 2.2. The actin 

filaments stabilise the tight junctions, thus their depolymerization leads to the disruption of 

tight junctions (Mitchell et al., 2010). VE-cadherin appears to be conserved across species 

and zebrafish VE-cadherin has high homology with the VE-cadherin protein in humans 

(Mitchell et al., 2010).  

Research on the endothelium often incorporate animal models, including more recently, 

zebrafish (Danio rerio). The zebrafish endothelium and endothelial proteins are similar to those 

of humans. Van Leeuwen et al., (2018) found that claudin 5a is the homologous gene in 

zebrafish equivalent to claudin 5 in humans. In vitro and in vivo studies demonstrate that the 

loss of claudin-5 results in increased motility of dorsal aorta endothelial cells and in a failure 

of the dorsal aorta to form a lumen (Yang et al., 2020). Tight junction proteins such as ZO-1 

are also found in zebrafish and more research is being performed on larvae and embryos 

(Schwayer et al., 2019).   

Most studies done on VE-cadherin in zebrafish are performed on larvae or in vitro models 

which mostly investigate the development of vasculature and the contribution and effect these 

tight- and adherens junctions have on it. A study done on zebrafish larvae showed that the 

knock down of VE-cadherin resulted in vascular developmental disruptions such as a 

disconnection in the blood flow between the heart and the periphery (Montero-Balaguer et al., 

2009).  
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Figure 2.2: Tight junctions and adherens-junctions in the endothelium. VE-cadherin is linked to actin 
filaments via α- and β-catenin. Occludin and Claudin-5 is linked to the actin filaments via the 

interaction with ZO-1 (Biorender.com). 

 

The vascular endothelium and the structures within are largely affected by inflammatory cells 

and their secretory products as described in Figure 2.3. Neutrophils – the main immune cell 

contributor to inflammation - are also able to release reactive oxygen species (ROS), 

proteases and cytokines, exacerbating the inflammatory response/milieu (Russo et al., 2014) 

at the site of damage. Activated neutrophils (activated by pro-inflammatory cytokines etc. 

(Ronson, 1999), also produce superoxide via membrane-associated enzyme, nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase, which may also form hydrogen peroxide 

(H2O2). Myeloperoxidase, also released by neutrophils, is internalised by binding to the 

endothelial glycocalyx, prompting an increase in intracellular ROS formation (Granger et al., 

2010). Unquenched ROS increases the gap junctions between endothelial cells, thereby 

increasing the permeability of the blood vessel. Furthermore, ROS-associated endothelial 
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damage is known to promote clot formation and subsequent atherosclerosis. Furthermore, 

oxidized low density lipoprotein (Ox-LDL) (representing lipid peroxidation) accumulates in 

macrophages promoting the formation of foam cells, which lead to the development of an 

atheroma. Subsequently, overproduction of ROS facilitates the activation of cells that are 

involved in atherosclerosis and the formation and progression of lesion.  

 

 

Figure 2.3: Inflammation and oxidative stress lead to endothelial damage though various 
mechanisms. Endothelial damage and lipid peroxidation are key risk factors for atherosclerosis. IL- 
Interleukin, MPO- Myeloperoxidase, NF-kB- nuclear factor-kB, NO- nitric oxidase, LDL- low-density 
lipoprotein, ROS- reactive oxygen species, NADPH- nicotinamide adenine dinucleotide phosphate 

hydrogen, NO-nitric oxide. 

 

Endothelial dysfunction is one of the main risk factors for diseases such as CVD and MetS 

(Jay Widmer and Lerman, 2014) and it is mainly characterized by the decrease in nitric oxide 

(NO). The reduced NO levels resulting from the excess ROS formation previously mentioned, 

results in relative vasoconstriction, an increase in endothelial adhesion molecules and 

decrease in cellular tight junction protein expression (Kovacs et al., 2022). Under unhealthy 

circumstances, NO will bind to the superoxide radical, to decrease the availability of 

superoxide, but instead forms peroxynitrate, a toxic radical. Peroxynitrate is responsible for 

tissue damage and increased apoptosis (Ronson, 1999), but the chemistry behind these 

interactions are beyond the scope of this project. There are numerous adhesion molecules 

present, such as platelet endothelial cell adhesion molecule-1 (PECAM-1), CD99, CD47, 
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activated leukocyte cell adhesion molecule-1, and intercellular adhesion molecule-2 (ICAM-

2), (Reglero-Real et al., 2016). These molecules are released in response to stimuli of 

inflammatory cytokines, bacterial lipopolysaccharides (LPS) and ox-LDL. They promote cell to 

cell and/or cell to extracellular matrix adhesion, leading to, for example, foam cell accumulation 

on the endothelial cells, increased vessel wall thickness and subsequent obstruction and 

narrowing of vascular lumen. 

In healthy circumstances vascular endothelial cell protein tyrosine phosphatase (VE-PTP) is 

associated with VE-cadherin and stays in a state of reduced phosphorylation at the endothelial 

junctions. Leukocyte adhesion to activated endothelial cells, through adhesion molecules, 

triggers the dissociation of VE-PTP from VE-cadherin, allowing phosphorylation of the latter 

(Broermann et al., 2011). The phosphorylation of VE-cadherin through tyrosine 658 and 731 

inhibits binding of p120 and β-catenin, leading to the decrease of VE-cadherin on the 

endothelial cell surface and endothelial permeability and transendothelial migration of 

leukocytes. Tumour necrosis factor-α (TNF-α) can also phosphorylate VE-cadherin and its 

catenins, contributing to the internalisation of VE-cadherin (Komarova et al., 2017). It has been 

shown through an in vitro study that H2O2 rapidly increased tyrosine phosphorylation of the 

tight junction and adherens junction proteins leading to the dissociation of occludin from ZO-

1, and E-cadherin from β-catenin (Rao et al., 2002). It is also important to note that endothelial 

dysfunction in turn, also promotes pro-inflammatory and oxidative stress pathways via 

endothelial mitochondrial ROS driving vascular growth and remodelling (Cai and Harrison, 

2000), leading to a vicious cycle of events.  

The disassembly of tight and adherens junctions can lead to increased permeability and 

subsequent systemic inflammation. This is due to the transmigration of immune cells into the 

blood stream and into areas that do not require them. As seen in Figure 2.3. that this can have 

catastrophic outcomes. With the increased permeability, toxins can enter tissues from the 

blood stream. It can lead to a large variety of disease states, such as atherosclerosis, insulin 

resistance and a thrombotic state (Rajendran et al., 2013).  

Thus, in the context of DTG, it would be of importance to investigate effects not only on redox 

status, but also be able to link this to potential changes in expression of proteins indicative of 

vascular integrity, such as tight and adherens junction proteins. 

 

2.3.1. Redox and endothelial dysregulation in the context of DTG and obesity 

In the context of obesity, INSTIs (such as DTG) were illustrated to cause an increase in ROS 

production and mitochondrial dysfunction in proliferating adipose stem cells and to a lesser 

extent in adipocytes (Gorwood et al., 2020). Mitochondrial ROS are traditionally seen as the 
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main source of intracellular ROS and, are therefore major mediators of ROS-induced damage 

(Rea et al., 2018). DTG and EVG were shown to interfere with the respiration pathways in the 

mitochondria of CD4+ T cells (cultured from peripheral blood mononuclear cell) (Korencak et 

al., 2019). Using oxygen consumption rate and extracellular acidification rate (which measures 

aerobic glycolysis by the acidity of the media) assays, DTG and EVG were shown to also 

increase mitochondrial ROS levels, confirming that they cause interference in the electron 

transport chain during oxidative phosphorylation. The ARV pre-treatment of multifunctional 

CD4+ T cells from HIV-negative, healthy individuals, demonstrated that both DTG and EVG 

caused a decrease in the overall immune response.  

As an increase in adiposity and body mass lead to increased ROS, it is unclear whether or not 

the increased oxidative stress associated with DTG is as a result of the increased adiposity or 

the effects of the drug itself or even an interaction between the two factors. Of interest, there 

is still controversy regarding the weight gain reported after DTG treatment: while one group 

interprets this as an unhealthy weight gain that increases risk for co-morbidities, another group 

interprets the weight gain as a “return to health” (Kumar and Samaras, 2018). Answering this 

question will provide context for the data currently generated in obesity and in vitro models. 

Given this conundrum, the best approach would probably be to investigate effects of DTG in 

both lean and obese models in parallel. 

The studies that have been done on the weight gain caused by DTG do not clearly state where 

this weight gain is. The location of the adipose accumulation determines if its healthy or 

unhealthy metabolic obesity (or overweight). More information on this topic will be explained 

in a later section. There is also not a standard percentage set to indicate significant weight 

gain (Hill et al., 2019) which can lead to discrepancies when comparing the results of different 

studies.   

Of course, it is near impossible to separate detrimental effects of vascular endothelium from 

changes in redox. For example, Letendre et al., (2014) reported a direct DTG-associated 

increase in oxidative stress in the neuronal region by assessing the concentration of DTG in 

cerebrospinal fluid. This finding was also confirmed in a more recent study employing nano-

formulated DTG administration in rats (Montenegro-Burke et al., 2019b). Increased levels of 

H2O2 - an intermediate in the NADPH oxidase pathway and common biomarker for ROS levels 

- has also been shown to be involved in the rearrangement of the actin cytoskeleton, which is 

a potential mechanism by which it achieves disruption of the tight junctions. Additionally, 

increased levels of cytokines and growth factors have been shown to increase tyrosine 

phosphorylation of VE-Cadherin, which increases endothelial permeability and migration in 

cultured endothelial cells (Nwariaku et al., 2004). 
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Hypertension, hyperglycemia and hyperlipidemia are all side effects of DTG (Kolakowska et 

al., 2019). These factors are all closely associated with each other by oxidative stress, 

inflammation and or endothelial dysfunction. Figure 2.4 indicates how these side effects and 

the increase in oxidative stress and inflammation (and subsequent increase in 

proinflammatory cytokine levels), as mentioned above, affect the assembly and disassembly 

of tight junction and adherens junction proteins.  

 

 

Figure 2.4: The effect of pro-inflammatory cytokines and adhesion molecules on the assembly and 
disassembly of the tight- and adherens junctions in the endothelial cells. Additionally, the 

transmigration of leukocytes is also depicted (from, Medina-Leyte et al., 2021). 

 

In addition, drug-interaction effects may further exacerbate the detrimental effects associated 

with DTG. In an in vitro study on human cell-lines (brain microvascular endothelial cells that 

constitute the BBB), the effect of DTG, sertraline and a combination of both on tight junction 

proteins in the BBB, showed that DTG (25 μM which translates to roughly 10.5 µg/mL of DTG) 

on its own was capable of decreasing the expression of ZO-1, Claudin-5 & JAM-2 genes, and 

in combination with sertraline (55 ng/ml) this was exacerbated, leading to further decreased 

tight junction expression (Cottrell et al., 2013; Ma et al., 2020). This suggests that DTG is 
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capable of decreasing the tight junction protein expressions, which would lead to loss of 

vascular integrity. DTG was also shown to increase the levels of TNF-α in these cells. The 

author of this paper concluded that the penetration of DTG into the BBB leads to neurotoxicity, 

microglial activation and neuronal apoptosis (Ma et al., 2020). It has been shown that sertraline 

has been suggested to improve endothelial barrier dysfunction which is associated with 

depression (Pizzi et al., 2009). Furthermore, since depression is a reported co-morbid 

outcome of DTG-use in HIV – for which the selective serotonin reuptake inhibitor sertraline 

may be prescribed – these data suggest a potential confounding effect in DTG users with 

depression, on endothelial membrane integrity. A suggested sertraline and DTG drug-drug 

interaction at the BBB may be the cause of reduced integrity of the former (Ma et al., 2020). 

This warrants a more comprehensive investigation of the effect of DTG on tight junction 

proteins in other compartments.  

Contradicting the above-mentioned reports, another study showed that human primary 

coronary artery endothelial cells treated with DTG (3.7 μg/mL) showed no effect on endothelial 

function or oxidative stress levels. Additionally, DTG decreased nuclear factor kappa B (NF-

κB) indicating an anti-inflammatory effect. The authors suggested that DTG causes an anti-

inflammatory effect through its ability to increase SIRT1, which is upstream of NF-κB, and 

which limits the transcription of the gene (Afonso et al., 2017). The 3.7 μg/mL of DTG is the 

equivalent dose to the 50 mg prescribed to humans. The decrease in cytokine levels were 

confirmed by another study, also indicating that DTG causes a decrease in IL-6 and an 

increase in NO levels. NO is associated with insulin sensitivity and endothelial function (Auclair 

et al., 2020), as already mentioned. This study also used the dose of 3.7 μg/mL of DTG on the 

same cell type. However, a study mentioned in Table 2.1. (Gorwood et al., 2020) showed that 

adipose stem cells (ASCs) derived from healthy individuals which were then exposed to a 

DTG concentration of 3.1 μg/mL for 2 weeks showed increased fibrosis, increased 

mitochondrial ROS and mitochondrial dysfunction (shown by increased mitochondrial mass 

and a decrease in membrane potential). This dose is similar to the dose given by the above 

mentioned study of Afonso et al., (2017), however different outcomes were seen. Another 

meta-analysis done on randomized clinical trials (Hill et al., 2018) which included all studies 

done on DTG containing regimens with a normal dose of 50 mg, showed that there was no 

increased risk for cardiovascular dysfunction.  

This discrepancy in dosage and effect warrants the use of an in vivo model treated with the 

equivalent to the human dose of DTG to ascertain these effects.  
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2.4. Significance of obesity as potential confounder  

 

Obesity is a major health concern in the South African clinical setting, with the highest 

prevalence of obesity in the sub-Saharan region recorded in South Africa (Alaba & Chola, 

2014). According to the latest WHO data (2016), more than 50% of South Africans (male and 

female) are overweight or obese (body mass index (BMI) ≥25).  

Adipose tissue is a complex tissue consisting of multiple cell types, with both beneficial and 

potentially detrimental functions. Not all adipose tissue is equally detrimental to health. There 

are two types of adipose tissue, namely white adipose tissue (WAT) and brown adipose tissue 

(BAT). BAT is dense with mitochondria and functions primarily to generate heat. WAT is the 

most abundant tissue in the body and is responsible for the secretion of adipokines and 

adipocytokines (Corrêa et al., 2019; Omran and Christian, 2020). WAT is associated with 

increased risk of developing MetS as most WAT is found in the abdominal/visceral area. This 

is supported by the metabolically healthy vs. metabolically unhealthy obesity (MHO vs MUO) 

phenomenon. The distribution and site of fat deposition plays a vital role, with increased 

abdominal or visceral fat deposition recognised as a greater risk factor for developing disease 

than subcutaneous accumulation of fat (typically in the hip or thigh region) (Cypess and Kahn, 

2013; Gómez-Hernández et al., 2016). Therefore, given the dispute regarding DTG-

associated weight gain, it is perhaps important to first characterise the nature of weight gained 

in terms of site of fat deposition and the nature of fat deposits, to assess whether it represents 

a metabolically healthy phenomenon, or not.  

The outcomes of the study done by Couturier et al., (2018) showed that DTG accumulation 

was mostly in subcutaneous adipose stromal vascular fraction (SVF) and lymph nodes. In 

patient one, DTG was not detectible in visceral adipose SVF, but in subcutaneous SVF, lymph 

nodes and adipocytes. The latter was also the case for patients three to six. This may indicate 

that the weight gain or increase in adiposity associated with DTG are not necessarily 

considered metabolically unhealthy and this should be further investigated.  

However, regardless of the outcome in this regard, it is important to consider that 

hyperglycemia is another commonly reported outcome associated with DTG administration. 

This suggests insulin resistance, which is mechanistically similar to obesity. Therefore, I briefly 

discuss adipose dysregulation in this context below.  
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2.4.1. Adipose dysregulation in obesity 

On the one hand, adipose tissue is imperative in immunity - host defence, injury responses, 

as well as the acute production and secretion of inflammatory chemokines and cytokines are 

required for the execution of an acute response to stressors/stimuli threatening homeostasis 

(Makki et al., 2013a). Adipose tissue is also an endocrine and storage organ necessary for 

energy homeostasis. Not only does adipose tissue consist of adipocytes, but it also comprises 

of other cells (e.g., endothelial and immune cells, fibroblasts, and fibroblastic pre-adipocytes) 

that are capable of secreting hormones and cytokines (adipokines or adipocytokines). 

However, several molecules secreted and or activated by adipose tissue (including 

adipokines) have the capacity to promote inflammation, activate an immune response (via 

macrophage recruitment etc.) and lead to a subsequent increase in ROS (Alam et al., 2012; 

Andreicuț et al., 2018) as previously discussed. The increased glucose metabolism and free 

fatty acid levels associated with obesity are directly linked to increased oxidative stress and 

inflammation. These factors are associated with the development of chronic inflammatory 

conditions such as diabetes and MetS, as well as CVD. These adverse signalling events in 

adipose tissue in obesity are summarised in Figure 2.5.  

 

 

Figure 2.5: Adipose tissue undergoing an inflammatory maladaptive response in obesity (adapted 

from Makki et al., 2013). 
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In terms of specific mechanisms involved, oxidative stress and damage occurs when the 

increased ROS levels overwhelm the endogenous antioxidant capacity. In terms of ROS 

production, NADPH oxidase is a central role player. Furthermore, NADPH subunits are 

increased in adipose tissue and may therefore be one of the factors contributing to the 

increased oxidative stress associated with increased adiposity and associated chronic 

diseases (Figure 2.6; Matsuda and Shimomura, 2013). Immune cells associated with adipose 

tissue also contribute to the inflammation and oxidative stress associated with obesity. For 

example, as shown in Figure 2.5, in individuals with obesity there is greater infiltration of 

macrophages – in particular the M1, pro-inflammatory phenotype - in the adipose tissue which 

also produce ROS.  

Another inflammatory component dysregulated due to obesity is the NOD-, LRR- and pyrin 

domain-containing protein 3 (NLRP3) inflammasome. Inflammasomes are cytoplasmic multi-

protein complexes that recognise danger signals and cleave pro-inflammatory cytokines into 

active cytokines and form part of the innate immune system (Liu et al., 2017). The NLRP3 

inflammasome has been shown to impair adipose tissue sensitivity, suggesting a role in the 

development of MetS. NLRP3 activation by NF-κB initiates a cascade of intracellular events, 

culminating in the cleavage of pro-interleukin 1β (pro-IL-1β) by caspase-1, to form active IL-

1β. Research done in mice shows that obesity triggers NLRP3 activation to increase the 

secretion of IL-1β, subsequently resulting in insulin resistance (Rea et al., 2018).  

Furthermore, the antioxidant enzymes of adipose tissue (such as superoxide dismutase 1 and 

glutathione peroxidase) in individuals with obesity are decreased – suggesting a gradual 

depletion of antioxidant capacity in obesity. This results in ineffective quenching of the 

increased free radical levels (Furukawa et al., 2004), thus increasing risk of oxidative damage 

to tissues such as the endothelium.  
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Figure 2.6: The effect of oxidative stress in adipose tissue on other physiological pathways which 
may lead to other disease states (from Matsuda and Shimomura, 2013). 

 

Specifically relevant to the topic of this thesis, DTG is reported to better penetrate adipose 

tissue than other NRTIs (e.g., Tenofovir), suggesting that their effectiveness may be 

decreased by increased adiposity (Couturier et al., 2018). This may be due to the hydrophobic 

nature of DTG. Indeed, it has also been shown that DTG exhibits long-term retention in fat 

cells (Couturier et al., 2018) as DTG was found in cadavers from which tissue was only 

harvested several days after arrival. Therefore, DTG may have the potential to significantly 

alter signalling from adipose tissue in the context of inflammation and oxidative stress, which 

may then have an impact on endothelial health and CVD risk. Obesity may exacerbate the 

inflammatory outcome in HIV, as well as affecting bioavailability of sequestered ARV drugs. 

 

2.5. Methodological considerations 

 

2.5.1. Inclusion of both sexes 

Peripheral obesity, characterized by an accumulation of subcutaneous adipose tissue, is more 

prevalent in woman. As previously discussed, the accumulation of subcutaneous fat is less 

concerning than the accumulation of visceral fat and thus less associated with related 

pathologies (Snijder et al., 2003). However, central or abdominal obesity is more common in 
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men and consists of an accumulation of visceral adipose tissue (Gómez-Hernández et al., 

2016).  

DTG is administered to any individual with HIV, irrespective of their weight. When an individual 

is obese pre-treatment, this might affect the efficacy of the drug and may have other or 

exacerbated adverse effects. In the randomized ADVANCE study, the weight gain associated 

with the use of DTG was higher in females than in males (Bakal et al., 2018; Sax et al., 2020; 

Venter et al., 2019), emphasizing the inclusion of both sexes in this study.  

Furthermore, Burek et al., (2010) showed in an in vitro study done on murine heart and brain 

endothelial cells that estrogen has an effect on claudin-5 levels. Estrogen upregulated the 

expression of claudin-5 more than two-fold, and it also increased VE-cadherin slightly. 

Although the mechanism of this phenomenon is more intricate, it proves that both sexes 

should be included in a study, as different hormones, found in different concentrations in males 

and females can affect the results.  

 

2.5.2. Choice of animal models 

 

2.5.2.1. Consideration of rats in research 

Rats have been used in research for many decades. They have been used to simulate various 

diseases, such as diabetes, obesity and CVD. Rats have been used to study CVD and 

atherosclerosis (Jia et al., 2020; Xiangdong et al., 2011) and methodology for calculating 

human equivalent treatment doses using body surface area and metabolic rate adjustments 

are well described (Nair and Jacob, 2016; Reagan‐Shaw et al., 2008). Additionally, rats have 

been used in studies which investigate the vasculature (especially in their aorta) (Rameshrad 

et al., 2016). Rats will therefore be an excellent model in which to assess tight junction integrity 

in response to DTG.  

Since housing and maintenance of rats are costly, especially in a long duration protocol, the 

decision was made to assess potential confounding effects of obesity in a parallel study in 

adult zebrafish for consideration in future studies.  

 

2.5.2.2. Consideration of zebrafish in research 

The Zebrafish (Danio Rerio) has become an increasingly popular model for research due to 

certain genetic similarities to humans. Zebrafish are easy to house and breed and their 

behaviour is easily observable and quantifiable. Additionally, they have been increasingly 
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used to study metabolic disease states, such as obesity and other related metabolic conditions 

(Faillaci et al., 2018), with diabetes and hyperglycemia being two examples (Ghaddar, 2020). 

The first diet-induced obesity model in zebrafish was established by Oka et al., in 2010. The 

adult zebrafish size makes it easier to visualise individual organs in response to 

disease/treatment interventions when compared to the larval model.  

There is a relative lack of data in zebrafish models in the niche of ARV and endothelial health, 

despite its unique suitability for different aspects, especially microscopic visualisation. By 

employing this model in addition to the rat model, the robustness of results obtained can be 

validated comparatively across the two models. The zebrafish model will add more information 

to this topic which is not necessarily accessible through the use of rodent models, such as the 

obesity component.   

In adult zebrafish, the major arteries are the ventral aorta and the dorsal aorta. Oxygenated 

blood from the gills are sent to efferent branchial arteries, which merge, forming the dorsal 

aorta (Hu et al., 2001) The vascular wall of zebrafish has similar vessel organization as in 

other vertebrates (Hoareau et al., 2022) They are usually structured in three layers: the tunica 

intima, media and adventitia or externa, from lumen to periphery. These layers are more 

evident in large vessels and are not found in capillaries and venules. The intima is composed 

of endothelial cells and a layer of extracellular matrix that forms a basement membrane 

(Hoareau et al., 2022). Miano et al., (2006) was the first study done on the development of the 

dorsal aorta from 7dpf to 3 months post fertilisation (mpf) (Figure 2.7). They have shown that 

in addition to endothelial cells, the dorsal aorta also contains vascular smooth muscle cells.  

 

 

Figure 2.7: The development of the dorsal aorta from A) 7dpf to B) 1mpf and C) 3-month-old adult 

zebrafish. The aorta is depicted by the black arrow.  From: (Miano et al., 2006). 

 

Stellenbosch University https://scholar.sun.ac.za



25 
 

Thus, given this similar vascular physiology, zebrafish are a good model for investigation of 

both central and peripheral effects of DTG. Furthermore, the zebrafish tight junction molecules 

are mostly conserved and would serve as an excellent model for imaging the change in tight 

junction expression caused by the effects of DTG.  

 

2.5.3. Inducing obesity in zebrafish  

Zebrafish have recently been used to study and model metabolic disease, as they possess 

metabolic organs, such as digestive organs, skeletal muscle and adipose tissue similar to that 

of humans (Faillaci et al., 2018; Zang et al., 2018). They have the conservation of specific 

metabolic pathways that are involved in energy homeostasis, cholesterol and lipid metabolism, 

and adipocyte differentiation and the formation of adipose (Zang et al., 2018). Additionally, in 

zebrafish, lipids are also stored in intramuscular, visceral and subcutaneous adipocytes (Song 

and Cone, 2007). It is clear that the zebrafish pose an appropriate model for the investigation 

of metabolic disruptions/dysregulation and to understand and investigate some factors 

associated with obesity. 

However, this model is not without limitations. Zebrafish do not possess brown adipose tissue 

(Zang et al., 2018) and zebrafish leptin protein is only 19% identical to human protein (Michel 

et al., 2016). Of further relevance, leptin and the leptin receptor are not expressed in adipose 

tissue in zebrafish, but in the liver. However, transgenic zebrafish deficient in the leptin 

receptor exhibits interrupted glucose homeostasis (Michel et al., 2016; Myers et al., 2010) also 

indicating that there is no role of leptin in adipostasis in zebrafish. Thus, as in rodents, 

zebrafish models may be useful tools, as long as users are aware of species differences in 

the systems to be investigated.  

In the context of inducing obesity, and perhaps due to their somewhat different leptin 

physiology, zebrafish can be more easily made obese by simple overfeeding, when compared 

to rodent models, where specific high sugar or high fat diets are required, which come with 

their own downstream health complications. The first diet-induced obesity study in zebrafish 

(Oka et al., 2010) employed overfeeding of adult zebrafish with high fat freshly hatched 

Artemia shrimp. Another study reported inducing obesity by simply overfeeding fish on 

commercially available fish food (Zang et al., 2017). A comparison between zebrafish fed a 

high‐fat diet (HFD) or a normal‐fat diet (NFD) showed that both dietary regimens can induce 

a significant increase in body mass (Faillaci et al., 2018). In the current context, where the 

desire is not to induce MUO characteristic of a Western lifestyle, but rather simply increased 

adiposity, overfeeding without the increased fat component is in our opinion the best choice, 

as a high fat diet may prevent detection of DTG-induced effects. 
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2.6. Rationale 

 

DTG is an integrase inhibitor, now being used as a first line treatment in a combination with 

abacavir and lamivudine. DTG has been associated with a wide variety of side effects. 

However, the research done on these side effects are contradictory in terms of weight gain (is 

it metabolically unhealthy or healthy weight gain and what percentage of weight gain is seen 

as significant), monotherapy vs combination therapy of DTG and the dosages used in research 

are not standardised and the results thereof vary. 

This warrants the use of in vivo models to establish what the effect of DTG monotherapy, 

without the confounding effect of the HIV, with a dose as close to the human dose, is on 

endothelial dysfunction, as endothelial dysfunction is associated with obesity and CVD. The 

use of an obese model will also clear up some controversies around the weight gain and 

adipose harbouring effects of DTG.  

 

2.7. Hypothesis statement 

 

After the review of literature, it is evident that endothelial dysfunction is a common denominator 

in the side effects of ARV use and HIV.  

We hypothesised that chronic Dolutegravir treatment will have adverse effects on redox status 

and vascular endothelial health, specifically in terms of tight junction protein expression. We 

furthermore hypothesized that obesity would exacerbate these effects.  

AIM 

We aimed to investigate whether or not Dolutegravir causes oxidative stress and endothelial 

dysfunction. Furthermore, we aimed to determine the association between oxidative stress 

status and measures of endothelial dysfunction in this context, with consideration of obesity 

as potential confounder.  

OBJECTIVES 

In order to address our aims, two parallel animal models were employed. Specific objectives 

for each model are listed below. 
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Part 1 – Zebrafish model 

1. To induce obesity in adult zebrafish using an overfeeding protocol. 

2. To administer dolutegravir chronically. 

3. To assess tight junction protein and adhesion molecule expression in peripheral and 

central vascular endothelium.  

4. To assess the ROS levels in the liver as a measure of oxidative stress and damage.  

 

Part 2 – Rodent model 

1. To execute a chronic dolutegravir intervention study in healthy male and female Wistar 

rats 

2. To determine the effect of dolutegravir on body mass and organ mass. 

3. To assess tight junction protein and adhesion molecule expression in peripheral and 

central vascular endothelium.  

4. To assess the redox profile of the endothelium in the liver of the rats as a measure of 

oxidative stress and damage.  
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CHAPTER 3  

3. MATERIALS AND METHODS 

 

Experiments were conducted in two main experimental models, namely adult zebrafish and 

rodents (Wistar rats). Similar analysis was performed on samples generated in the different 

models and will be described after descriptions of model-specific procedures. 

 

3.1.  Dolutegravir exposure in lean and overfed adult Zebrafish  

3.1.1 Ethical considerations 

All protocols on adult zebrafish were ethically cleared by the Stellenbosch University Animal 

Research Ethics Committee (ref# ACU-2019-21999). The health and well-being of each fish 

was monitored daily using monitoring sheets, checked by SAVC-registered staff members.  

 

3.1.2 Experimental groups and procedures 

Four-month-old wildtype zebrafish (24 male and 24 female) were obtained from the Zebrafish 

Research Unit in the Division Clinical Pharmacology. Zebrafish were randomly split into four 

sex-matched groups (n=12 per group; n=6 males and n=6 females per group): control, 

overfed, lean DTG and overfed DTG. 

 

3.1.3 Overfeeding protocol  

The control group was fed twice a day (8am and 6pm) with dry semi-floating micro pellets 

(Hikari), at a total daily dose equating to 3% body mass (12.13 mg/fish/day). The duration of 

the overfeeding protocol was 4 weeks. The constituents of the pellets are described in 

Appendix C. The overfed group was fed six times a day with dry Hikari pellets (36.41 

mg/fish/day). These feeding procedures are summarised in Figure 3.1. The overfeeding 

protocol was adapted from literature (Ghaddar et al., 2020; Oka et al., 2010; Zang et al., 2017), 

with the weight of the food adjusted to the weights of the zebrafish in our laboratory. At all 

feedings, zebrafish consumed all the food within 10 minutes.   
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Figure 3.1: The overfeeding protocol used in the study. DF- Dry food.  

 

3.1.4 Dolutegravir administration  

DTG was extracted from Olegra (50 mg) tablets using liquid-liquid extraction and purity 

confirmed using high-performance liquid chromatography. This procedure formed part of the 

MSc thesis of another student (N Henning, MSc 2022).  

 

DTG was administered for 2 weeks (the last 2 weeks of the overfeeding 4-week protocol). The 

protocol followed is summarised in Figure 3.2. In order to derive a zebrafish dose equivalent 

to the 50 mg/day DTG administered in humans, a dose conversion calculation was performed 

incorporating body surface area, as well as the human:ZF Km ratio to account for differences 

in metabolic rate, as shown in Table 3.1.   

Human dose= Animal dose x 
Animal km

Human km
 (Nair and Jacob, 2016; Reagan‐Shaw et al., 2008), 

where km is the correction factor (Km) is estimated by dividing the average body weight (kg) 

of species to its body surface area (m²) (Nair and Jacob, 2016). 
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Figure 3.2: Timeline of the adult zebrafish study. 

 

Table 3.1: The values used to calculate the doses given to an individual adult zebrafish and rat, which 
is equivalent to the human dose 

 Humans Adult zebrafish Rats 

Body surface area 

(m2) 

1.73A 6.4x10
-4

   0.03566C 

Average body 

mass (kg)  

70B 4.045x10
-4

 0.2192C 

Km 40.462 0.632 6.147 

Dose (mg/kg) 0.714 45.754 4.7 

Dose (mg) 50 0.0185 1.03 

A-(Pai, 2012), B-(U.S Department of Health and Human Services et al., 2019), C-(Gouma 

et al., 2012).  

 

3.1.4.1.  Coating of fish pellets with DTG  

According to the Food and Drug Administration (FDA) (Reference ID: 3310563, 2017) 0.076 

mg of DTG is soluble in 1 mL of ethanol (EtOH). One mg of DTG was dissolved in 13.16 mL 

EtOH for the stock solution. The stock solution was vortexed for at least 1 minute to make sure 

that the DTG was dissolved. 2.92 mL (which contains 222.115 µg of DTG (18.5 ug x 12 fish 

per tank)) of the stock was taken out and placed on 73 mg (6 mg x 12) of pellets. Test tubes 
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were then placed in the MiVac (Genevac miVAC duo sample concentrator) for at least 45 

minutes to evaporate the EtOH. DTG is highly non-polar and highly protein bound (Min et al., 

2011) and will therefore preferentially bind to the high protein fish pellets, rather than to the 

EtOH, thus leaving the DTG behind on the pellets. This procedure is summarised in Figure 

3.3. 

 

 

Figure 3.3: The coating of the Hikari fish pellets with DTG. 

 

3.1.5 Sample collection 

Adult zebrafish were euthanised by means of tricaine overdose (0.04 mg/mL) by immersion. 

Body mass was determined for each fish before dissection. Half of each group (n=6) was 

utilised as intact tissue slices for histology and immunofluorescence; the other half was used 

for the dissection of the livers. For histology samples, zebrafish heads were cut behind the 

gills (Figure 3.4.), whereafter the head and body sections were mounted separately in tissue 

freezing media (OCT; 14020208926, Leica) and frozen in liquid nitrogen-cooled isopentane. 

Zebrafish heads and bodies were stored at -80°C until sectioning and fluorescence staining 

of the samples. Livers were harvested and snap frozen in liquid nitrogen, before being stored 

at -80°C until analysed using a commercial H2O2 assay.   

It is important to note that ethical consideration was taken and the repeated netting could 

cause the fish increased stress which could have potential confounding effects to this study. 

For this reason, fish were not separated into male and female groups, as the fish were 

harvested and prepared as they were caught to ensure less stress. In the future, it will be 
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better to separate the males and females into different tanks the night before euthanasia, to 

ensure equal amounts of males and females used for histology and liver extraction.  

 

 

Figure 3.4: The figure of how the body of zebrafish were harvested. The red arrow indicates the 
direction of sectioning for the dorsal aorta. The black arrow indicates the direction of sectioning for the 

brain and bulbous arteriosus. 

 

3.2. DTG exposure in rodent model 

 

3.2.1. Ethical considerations 

All protocols on Wistar rats were ethically cleared by the Stellenbosch University Animal 

Research Ethics Committee (ACU-2021-22035). Care was taken to minimise the number of 

animals used whilst still allowing for sufficient statistical power. All experiments on animals 

were carried out in accordance with the guidelines of the South African National Standard 

(SANS).  

 

3.2.2. Experimental animals 

Young (8-week-old), Wistar rats (total=24, male n=12, female n=12) were obtained from the 

Stellenbosch University Faculty of Medicine and Health Sciences Animal Facility. Rats were 

divided into 2 groups: control (placebo-treated, 6 males and 6 females) and DTG-treated (6 

males and 6 females). Rats had access to standard rat chow (Imbani Nutrition, Western Cape, 

South Africa) and tap water ad libitum while being exposed to a 12hr light/dark cycle (lights on 

at 5:30 a.m.). The temperature in the housing facility was controlled at 21°C. Rats were housed 

as 3 rats per cage in compliance with husbandry guidelines, with males and females housed 
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in separate cages. For enrichment, a small section of PVC piping was placed in the cage, 

through which the animals could walk and in which they could sleep.  

Rats were handled daily and during weighing in order to ensure that they were accustomed to 

the people working with them and were less stressed when handling was necessary for 

euthanasia. All rats were fed jelly blocks for a week during the acclimatization period, to 

accustom them to the process of administration of the treatment in jelly blocks. 

Rats were monitored daily. Their food and water supply were checked every day and topped 

up when needed. The daily monitoring sheets were filled in daily to ensure that the health and 

well-being of each rat was taken care of. Rats were weighed Mondays and Thursdays to keep 

track of the weight of the rats over the period of the study.  

 

3.2.3. Intervention: Dolutegravir administration 

Young (8-week-old) Wistar rats were entered into the treatment protocol and treated with DTG 

(1.03 mg/day) administered in jelly blocks, once daily for 12 weeks. The same DTG that was 

extracted for the zebrafish study was used for this study. This dosage was determined using 

the same procedure (Reagan‐Shaw et al., 2008) explained in detail in table 3.1. Control rats 

also received jelly blocks without any treatment additions to eliminate any potential 

confounding effects of the jelly itself. The jelly was placed in a silicone cube tray (750 μL), 

whereafter the DTG was placed on top of the jelly (at room temperature) and then covered 

with the remaining jelly (250 μL) to ensure that the DTG was in the middle of the jelly block. 

The jelly was left to set at 4°C for at least 2 hours.  

 

3.2.4.  Sample collection 

After 12 weeks of treatment, the rats were euthanised by sodium pentobarbital overdose 

(Eutha-Naze, 83/91, Bayer) (200 mg/kg body mass). A portion (± 2 cm) of the descending 

aortas and the middle hemisphere of the brain (Figure 3.5.) were harvested, mounted in tissue 

freezing media (OCT; 14020208926, Leica) and frozen in liquid nitrogen-cooled isopentane, 

before storage at -80°C until batch analysis for sectioning and fluorescence staining. The livers 

were harvested, weighed, cut into smaller sections and the lowest part of the left lobe was 

snap frozen in liquid nitrogen. Tissues were stored at -80°C and protected from light until 

further processing for determination of ROS content.  

Stellenbosch University https://scholar.sun.ac.za



34 
 

 

Figure 3.5: The rat brain section used for this study (indicated by the red section). The left and right 
lobes were separated, and the right lobe was again cut in half, where this study used the innermost 

part of the brain. 

 

3.3. Sample analysis 

 

3.3.1 Reactive oxygen species (ROS) 

H2O2 levels were assessed as a representative indicator of reactive oxygen species present 

in the livers of rodents and adult zebrafish using a hydrogen peroxide kit, (ElabScience #E-

BC-K102-S) according to manufacturer’s protocol, with some minor modifications. In a 96-well 

plate, 100 μL of Reagent 1 was incubated at 37°C for 10 minutes whereafter 10 μL supernatant 

and 100 μL of reagent 2 was added. Supernatants of the different models were prepared as 

follows: Adult zebrafish livers were pooled in groups of two in order to get 10 mg liver tissues 

in 1 mL phosphate buffered saline (PBS) (P4417-100TAB, Sigma-Aldrich; Germany) and 10 

mg of rat liver was placed in 1 mL cold PBS for homogenisation. The livers were homogenised 

(Bead Ruptor Elite, OMNI International) (6.95 m/s, 4 cycles of 15 seconds each, separated by 

1 minute) and centrifuged (10000 xg for 10 minutes) whereafter the supernatant were frozen 

at -80 °C until analysis.  

Bradford protein detection: Protein concentrations were determined to correlate H2O2 to 

protein concentrations in each sample. Bradford assay (Bradford, 1976.) was performed 

following the standard laboratory protocol.  
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3.3.2. Histology and tight junction protein expression of the rat and zebrafish aorta  

Frozen rat aorta and zebrafish bodies were sectioned at 6 µm and 10 µm respectively, at -

35°C, using a Cryostat (Leica, Germany). Sections were stained with haematoxylin and eosin 

(H&E) stains for morphology and immunofluorescent staining was performed for VE-cadherin, 

Claudin 5 and ZO-1 (proteins forming tight and adherens junctions) as described below.  

 

3.3.2.1. H&E protocol and image analysis 

Rat aorta and brain, and adult zebrafish dorsal aorta, bulbus arteriosus and brain was stained 

with H&E following standard laboratory protocol. H&E sections were visualised at using a light 

microscope (Eclipse, Ei, Nikon). 

 

3.3.2.2. Fluorescence staining protocol and image analysis 

Tissues were freshly sectioned and allowed to thaw at room temperature for 30 minutes (not 

frozen before sectioning). Wax circles (Z377821-1EA, Advanced PAP PEN, Sigma, Japan) 

were drawn around tissue sections. Sections were fixed in 4% paraformaldehyde (158127, 

Sigma-Aldrich, USA) for 15 minutes. Sections were washed three times with PBS for 5 minutes 

each. Sections were blocked for 90 minutes with 5X blocking buffer (BB): 20% fetal bovine 

serum (FBS) (Biowest, S181Y-500), 5% Donkey serum (S217G, Celtic Diagnostics, South 

Africa), 75% PBS-T (PBS +0.1% Tween 20) (Tween: P-1379; Sigma; Germany) for 

permeabilization. The sections were incubated with primary antibodies (Table 3.2.) in 1X 

blocking buffer overnight in 4°C. Sections were washed three times in PBS for 5 minutes each. 

Secondary antibodies (Table 3.2) were added in 1X BB and incubated for 2 hours at room 

temperature. Sections were washed three times in PBS for 5 minutes each. Slides were 

mounted using fluorescence mounting media (S3023 Dako Mounting Media, Diagnostech). 

Fluorescently stained tissue sections were visualized using an inverted microscope (Nikon 

Eclipse Ti2) using the provided software (NIS-Elements D 5.30.02 64-bit.lnk). Mean 

fluorescent intensity were measured by using ImageJ, as demonstrated in Figure 3.6.  

 

Table 3.2: Antibodies used for rat descending aorta and adult zebrafish dorsal aorta staining. 

Antibody Source (Catalogue number) Dilution 

VE-cadherin (Goat) R&D Systems, USA (AF938) 1:50 

Claudin-5 (Rabbit) Novus Bio, USA (#NBP2-66783) 1:100 

ZO-1 (Mouse) Invitrogen, USA (#33-9100) 1:100 
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Alexa fluor donkey anti-goat 

350 

Invitrogen, USA (A21081) 1:250 

Alexa fluor donkey anti-

rabbit 555 

Invitrogen, USA (A31572) 1:500 

Alexa fluor donkey anti-

mouse 388 

Invitrogen, USA (A-21202) 1:250 

 

 

Figure 3.6: The measurements set in ImageJ and an example of how the aortas were analysed for 
the different fluorescent proteins. 

 

3.4. Statistical analysis 

 

Statistical analyses were performed using Statistica (TIBCO) and Graphpad prism (version 8). 

Shapiro-Wilk test was used to test the normality of the data sets. Normally distributed data 

sets were compared using standard t-tests, One-way and Two-way ANOVAs and Bonferroni 

post hoc tests. For non-parametric data sets, Kruskal-Wallis and Dunn’s post hoc tests were 

performed. The level of statistical significance was set at P <0.05. Data is represented as the 

mean ± SD.  
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CHAPTER 4 

4. RESULTS 

 

4.1. The adult zebrafish model 

 

Representative images of adult zebrafish size at experimental endpoint are presented in 

Figure 4.1, illustrating that the overfeeding protocol induced mild gain in body mass, rather 

than gross obesity. This is confirmed by the relative (37.7%), but significant increase in body 

mass and BMI compared to controls (Figure 4.2 and 4.4b) (mean body mass values for lean 

and overfed groups are 492.319 and 677.966 respectively), which validates this protocol as 

effective in inducing an overweight phenotype.  

 

Figure 4.1: Representative images indicating the size of the adult zebrafish captured after euthanasia 
and weighing. The average length of an adult zebrafish is 2.9 cm (±0,2098). The top row shows 

female zebrafish and the bottom row, male zebrafish. 
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Figure 4.2: Body mass (mg) of adult zebrafish comparing lean and obese groups. N=12 per group. 
Statistical analysis: unpaired t-test and Bonferroni post hoc test. Data represented as mean ±SD. * = 

p=0,0317. 
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In terms of DTG treatment, no significant effect was observed in either the lean or overfed 

groups in terms of body mass as represented in Figure 4.3. There was a 9.4% increase in 

body mass when comparing the lean and lean DTG group, however, this tendency was not 

seen in the comparison between overfed and overfed DTG group.  
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Figure 4.3: Body mass (mg) of adult zebrafish from the four different groups. N=12 per group. 
Statistical analysis: Kruskal-Wallis test and a Dunn’s post hoc test. Data represented as mean ±SD. 

DTG: Dolutegravir. 

 

When accounting for the lengths of the fish (Figure 4.4 a), there was a significant difference 

in body mass when comparing the lean and overfed groups. Regarding the BMI of the 

zebrafish, there was also a significant increase in BMI of the overfed group when compared 

to the lean group (Figure 4.4 b).  
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Figure 4.4: a) The body mass of the zebrafish per length (cm) and the b) BMI of the adult zebrafish. 
N=12 per group. Kruskal-Wallis test and Dunn’s post hoc test. Data represented as mean ±SD. 
P<0,05. 

 

In terms of potential effect on redox outcome (liver H2O2 levels) there was no significant 

difference between the 4 groups (Figure 4.5.). However, the requirement to pool livers in 

groups of 2 due to their small size (i.e., n=3 per group) decreased statistical power, so that 

this outcome may not be conclusive. Indeed, an average 29.4% decrease was observed when 

comparing the lean (control) and lean DTG group, with a similar but somewhat smaller 

decrease of 23.2% in the overfed groups. 
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Figure 4.5: H2O2 (mmol/L/10 mg/mL liver) measured from the adult zebrafish livers. Two livers were 
pooled, n=3 per group. Statistical analysis: One-way ANOVA and Bonferroni post hoc test. Data 

represented as mean ±SD. DTG: Dolutegravir 
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Turning attention to junction protein expression, the original aim was to assess this in the 

bulbous arteriosus – the zebrafish “equivalent” of the human ascending aorta - as this is an 

easy landmark to identify in zebrafish. However, as indicated in the representative image 

(Figure 4.6 a and b), it was difficult to distinguish the vessel wall from adjacent tissue. Given 

the fact that demarcation of the area for image analysis is always a somewhat subjective 

decision, the decision was taken to rather perform this analysis in the dorsal aorta, which was 

easier to demarcate accurately (Figure 4.7). Additionally, the brain was also harvested and 

stained to assess the tight and adherens junctions in the CNS, to compare this to the 

peripheral compartment. This was our first attempt at histological analysis of zebrafish brain 

tissue. At the point of our analyses, we were not confident that we could accurately standardise 

the area in which to measure the fluorescence in the brain vasculature (as seen in Figure 4.6 

c and d) and it was therefore excluded from this study. However, with the right equipment, 

such as confocal microscopy, the assessment of the brain would be valuable to compare to 

the peripheral data in the future. 
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Figure 4.6: H&E stain of a transverse section of the a) adult zebrafish heart (scale bar: 100 μm, 
magnification 10x plus the eyepiece magnification of 10x, total magnification: 100x)) and c) zebrafish 
brain, (scale bar: 50 μm magnification 10x plus the eyepiece magnification of 10x, total magnification: 

100x)) and fluorescence images of b) transverse section of the bulbus arteriosus of the zebrafish 
stained for claudin-5 (scale bar: 50 μm, magnification 10x, plus the magnification of the eyepiece of 

10x, thus total magnification of 100x) and d) transverse sections of the zebrafish brain stained for ZO-
1 (scale bar: 50 μm, magnification 10x, plus the magnification of the eyepiece of 10x, thus total 
magnification of 100x). Arrowheads indicate blood vessels, BA: Bulbus arteriosus CM: cardiac 

muscle. 
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Figure 4.7: H&E section of a transverse 10 μm section of dorsal aorta of adult zebrafish (scale bar: 10 
μm, magnification 60x plus the eyepiece magnification of 10x, total magnification: 600x). Arrow: Red 

blood cells, T: Tubule of kidney. 

 

 

Figure 4.8: Brightfield images demonstrated how the dorsal aorta was located, using the position of 
the brain (B) and the vertebra (V). Red arrow: Dorsal aorta. K: kidney tissue. Magnification: 4x, plus 

the magnification of the eyepiece 10x (total magnification is 40x). Scale bar represents 100 μm. 
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Representative fluorescence images depicting protein expression of claudin-5, VE-cadherin 

and ZO-1 in the dorsal aorta, as well as quantified data, are presented in Figure 4.9. There 

was no significant difference between the claudin-5 or ZO-1 protein expression between the 

DTG treatment or overfeeding groups. When either overfeeding or treating with DTG in 

isolation, non-significant decreases were observed in VE-cadherin when compared to lean 

controls. However, a significant ANOVA main effect (ψ) of treatment was seen (p<0.05). 

Additionally, the combination of overfeeding and DTG treatment resulted in a tendency for 

downregulation of VE-cadherin (p=0.0644).  
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4.2. The rat model 

 

The baseline body mass of male and female rats for both intervention groups were the same 

at the starting point of the study (seen in Figure 4.10). There were no significant differences 

between control and treatment groups in terms of endpoint body mass. The expected 

significantly higher body mass in males compared to females was however evident 

(p<0.0001); Figure 4.11).  
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Figure 4.10: The body mass of male and female Wistar rats over the period of the 12-week DTG 
study. Body mass were measured twice a week and depicted as such. DTG: Dolutegravir. 

 

Figure 4.9: Image analysis of tight and adherens junctions in adult zebrafish dorsal aorta. A) Representative 
images of Claudin 5, VE-cadherin and ZO-1 in the different groups. B) The mean fluorescence intensity (MFI) of 

the tight and adherens junction proteins assessed in adult zebrafish dorsal aorta. n=3 per group. Statistical 
analysis: One-way ANOVA and bonferonni post hoc and multiple t- test. Data are shown as the mean ±SD. 

Magnification 10x plus 10x magnification of the eyepiece (total magnification 100x): Scale bar represents 50um. 
Ψ: ANOVA main effect of treatment (p<0.05). 
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Figure 4.11: Body mass (g) of rats at the end of the study. N=6 per group. Statistical analysis: Two-
way ANOVA and Bonferroni post hoc test. Data represented as mean ±SD. ****=p<0.0001. DTG: 

Dolutegravir. 

 

There was no significant difference in fasting blood glucose levels between the treated and 

control rats. It also ranged within the normal range of blood glucose levels for fasted rats. 
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Figure 4.12: The fasting blood glucose at the endpoint of the study. N=6 per group. Two-way ANOVA 
and Bonferroni post hoc test. Data represented as mean ±SD. Ψ: Significant ANOVA effect on sex, 

p=0,0061. DTG: Dolutegravir. 

 

There was no significant difference between the liver weights of the treated and control groups 

(Figure 4.13a). Although there was a significant sex difference (p<0.0001), when correcting 

for the larger body mass in males, this difference was no longer evident (Figure 4.13b).  
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Figure 4.13: Rodent liver weight. a) The weights of the livers of the rats after harvesting and b) the 
weights of the livers corrected for body mass. N= 6 per group. Statistical analysis: Two-way ANOVA 

and Bonferroni post hoc test. Data represented as mean ±SD. 

 

There was no difference between liver H2O2 in response to DTG treatment between control 

and treatment groups. An ANOVA effect on sex (p=0.0026) were seen and a tendency 

difference between male control and female control is evident (p= 0,0660).  
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Figure 4.14: The H2O2 (mmol/L/protein concentration) measured from the rat livers. N=6 per group. 
Statistical analysis: Two-way ANOVA and Bonferroni post hoc test. Data represented as mean ±SD. 

Ψ: Significant ANOVA effect on sex, p=0,0026 

 

Similar practical challenges were experienced with processing of the rat tissue sections. 

Although we are experienced in analysis of brain tissue of rodents - as demonstrated in Figure 

4.15 (a and b) – we lacked sufficiently sensitive equipment (such as a confocal microscope) 

to allow for accurate blood vessel location in the brain; thus, it was decided to exclude the 
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brain analysis for this study. These tissues will be stored until further and better analysis can 

be performed on them. We were however able to generate good quality data on the rat aorta 

(Figure 4.15 c). 

  

 

Representative fluorescence images depicting protein expression of claudin-5, VE-cadherin 

and ZO-1 in the rat aorta, as well as quantitated data, are presented in Figure 4.16. There was 

no significant difference in the claudin-5 and VE-cadherin protein expression between the 

control and treatment groups. There was no significant difference in the expression of ZO-1 

protein between treatment and control groups, however, there was a significant difference 

between male and female control groups (p<0.05).  

Figure 4.15: H&E stain of a transverse section of the a) rat mid brain (scale bar: 200 μm, magnification 4x plus the 
eyepiece magnification of 10x, total magnification: 40x) and b) fluorescence section of a c) rat aorta (scale bar: 100uM 
magnification 10x plus the eyepiece magnification of 10x, total magnification: 100x), Arrowhead: Blood vessel, Arrow: 

Hippocampal region of the brain. 
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Figure 4.16: Image analysis of tight and adherens junctions in the rat aorta. A) Representative images 
of Claudin 5, VE-cadherin and ZO-1 in the different groups. B) The mean fluorescence intensity (MFI) of 
the tight and adherens junction proteins assessed in rat aorta. n=3 per group. Statistical analysis: One-
way ANOVA and Bonferroni post hoc test. Data represented as mean ±SD. Magnification 10x plus 10x 

magnification of the eyepiece (total magnification 100x). Scale bar represents 50 μm. 
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CHAPTER 5 

5. DISCUSSION 
 

DTG has been associated with side effects such as weight gain, hyperglycaemia and 

neurological dysfunction (de Boer et al., 2016; Hoffmann and Llibre, 2019; Kolakowska et al., 

2019; Menard et al., 2017). However, there were some discrepancies in literature regarding a 

number of these side effects and the dosage of DTG making the understanding of this 

intervention unclear and requiring further elucidation. Therefore, we sought out to investigate 

the effect of chronic DTG administration on different aspects including vascular integrity and 

oxidative stress in rodents and adult zebrafish in the absence of the HI virus. In terms of 

potential mechanisms, this study aimed to investigate whether DTG is associated with 

endothelial dysfunction and increased ROS, as well as whether weight gain is a potential 

confounder.  

 

5.1. The effects of Dolutegravir 

 

DTG had no significant effect on the body mass of zebrafish and rodents in our study. This is 

the opposite of what literature and clinical studies indicate, as they show that DTG causes an 

increase in BMI (Gorwood et al., 2020; Norwood et al., 2018). Many studies also report 

females to be more susceptible to this increase in body mass (Bakal et al., 2018; Venter et al., 

2019). This was not the case in the female rats in our study. These seemingly contradictory 

results may be explained. Firstly, it is important to note that the reported weight gain 

associated with DTG has been linked to an increase in appetite (Domingo et al., 2020) when 

administered in high doses (McMahon et al., 2020). In our study, where animals were not 

infected and therefore did not exhibit sickness-associated loss of appetite, there was little 

capacity for a “return to normal” increase in appetite. Secondly, some studies hypothesised 

that a higher degree of viral suppression might be the cause of the weight gain (Herrin et al., 

2016).This suggests that the interplay between DTG and the risk factors associated with the 

virus (low grade inflammation and immune activation) may be the cause of weight gain and 

diabetes. Our data thus suggest that DTG on its own, likely does not result in sufficient immune 

activation to result in a gain in body mass, as least not in the timespan our protocol assesssed. 

It is also important to note that the literature which indicates weight gain, mostly report on 

combination treatment studies of DTG (Bourgi et al., 2020; Norwood et al., 2018). Although 

the other ARV drugs in the combination therapy therefore could be the reason for differences 

in the results. The literature regarding the weight gain phenomenon in DTG monotherapies 
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compared to combination therapies are sparce, as DTG monotheraphy has been seen as 

inferior to decrease viral load compared to combination therapy (virological failure) (Fournier 

et al., 2022; Hocqueloux et al., 2019; Wijting et al., 2017). Although the current study employed 

a relatively long intervention duration, it may be necessary to extend the duration of DTG 

administration even more in order to allow for firm conclusions to be made in this regard. This 

is important as tight junction expression differs between acute and chronic inflammation 

(Claesson-Welsh et al., 2021). However, given the role of infection and appetite in weight gain, 

assessment of total body mass is probably not a sufficiently sensitive marker for use in non-

infectious models. Rather, blood and tissue markers should be considered.  

In terms of blood glucose levels in the rats, there was no sign of hyperglycemia, contradicting 

what most literature states (Gorwood et al., 2020; McLaughlin et al., 2018). According to most 

clinical studies and a parallel study done in humans and macaques, DTG causes an increase 

in insulin resistance and or hyperglycemia, due to increased adipose size, the toxicity of DTG 

on adipose tissue and the fact that DTG causes increased ROS levels. It has also been shown 

that DTG chelates magnesium and thereby increased insulin resistance (Hirigo et al., 2022) 

However, in contrast to these reports, Auclair et al.(2020) and Afonso et al., (2020) 

demonstrated that lower dose DTG administration (3.7 μg/ml, similar to what we employed) 

improved insulin sensitivity. It is therefore possible that effects of DTG is dose sensitive. A 

pharmacokinetics study – and assessment of tissue levels of DTG – may shed more light on 

the reason for these contradictory results. Due to the difficulty of acquiring sufficient blood for 

measuring fasting blood glucose in zebrafish, the blood glucose levels were not measured in 

the zebrafish model.  

In terms of ROS, this study showed that DTG had no significant effect on the ROS levels of 

both zebrafish and rats. However, in the zebrafish, there was a 29.5% decrease in ROS 

between the lean and lean DTG zebrafish groups and a 23.2% decrease between the overfed 

and overfed DTG group (assessing only the effect of DTG). As there are some discrepancies 

in literature, the results agree with some of the literature that states DTG has no effect on ROS 

levels (Afonso et al., 2017; Auclair et al., 2020) and showed anti-inflammatory effects. An in 

vivo study done by Gorwood et al. (2020) showed that DTG (3.1 μg/mL) increased ROS and 

mitochondrial dysfunction in proliferating ASCs. Our results portray ROS levels as found in 

the liver, as the liver is the organ responsible for the most metabolic activity in the whole 

organism (Méndez et al., 2017). The antioxidant capacity of the liver and of adipose tissue 

might not be the same. A study that associated increased weight gain with increased levels of 

ROS (Gorwood et al., 2020) was only measured by increased adipose size and lipid 

accumulation (not human weight gain), and visceral fat vs subcutaneous fat increases were 

not measured. It is not clear whether or not DTG increases human visceral or subcutaneous 
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fat, and as they have different metabolic implications it is necessary to distinguish between 

the two. ROS is mostly associated with visceral adipose tissue.  

In terms of junction proteins, the administration of DTG did not change the expression of ZO-

1 and Claudin-5 in both the zebrafish and rodent models used. It is important to note that tight 

junction and adherens junction molecules have different responsibilities and “act” differently 

in different organs, depending on the permeability required (Dejana et al., 2009.). Literature 

on ZO-1 in the aorta specifically is scarce and most literature is about ZO-1 and its role in the 

BBB (Branca et al., 2019; Hirase et al., 1997), which means that the effect of ZO-1 is visualised 

less in these regions. The low expression observed in claudin-5 in the aortas may be due to 

claudin being predominantly expressed in the BBB and is not as involved in the integrity of the 

endothelium in the large arteries (Li et al., 2022) and therefore will make the detection of small 

changes less likely. A study done on the effect of DTG on the BBB showed that DTG caused 

a decrease in claudin-5 expression (Ma et al., 2020). However, this study was done in vitro 

and with the concentration of 25 μM (this roughly translates to 10.5 μg/mL of DTG) and is thus 

more than 3 times the human equivalent dose (3.33 μg/mL for 15 L body fluid). This shows 

the importance to include both peripheral and central compartments of an organism to see the 

whole effect of the drug on both compartments. In future studies it would be recommended to 

assess the endothelial integrity in the CNS region. VE-cadherin showed no significant 

difference in the rat model. However, in the zebrafish model there was an ANOVA main effect 

of treatment on VE-cadherin expression in the zebrafish aorta. While DTG treatment alone 

was not sufficient to illicit a significant VE-cadherin response, there was a trend for a 

cumulative effect of overfeeding and DTG intervention in the zebrafish, which will be discussed 

further in the next section. A decrease in VE-cadherin is associated with the phosphorylation 

of tyrosine (Dejana and Vestweber, 2013). This is usually caused by ROS and pro-

inflammatory cytokines (Colás-Algora et al., 2020). It has been shown that inhibiting NF-kB 

leads to the decrease of VE-cadherin and thus increased endothelial cell-permeability (Colás-

Algora et al., 2020). Research has shown that DTG causes a decrease in the expression of 

NF-kB (Auclair et al., 2020), thereby contributing to endothelial permeability. There is a 

constant need for endothelial barrier permeability homeostasis. A study showed that 

endothelial cells, especially those from large vessels such as HUVECs, have molecular 

mechanisms in place to ensure there are sufficient VE-cadherin molecules at the plasma 

membrane in order to preserve barrier integrity. This is even the case when endothelial barrier 

permeability is increased, and adherens junctions are transiently destabilized in an 

inflammatory scenario. That study also showed that TNFα-mediated VE-cadherin degradation 

can be compensated by an increase of VE-cadherin synthesis (Colás-Algora et al., 2020). 

Assessment of cytokine profile was not within the scope of the current study, but such 
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assessment would significantly contribute to interpretation of data. The compensatory 

mechanisms may explain why there is no difference in the rat VE-cadherin levels and 

measuring these in a longitudinal study with repeated measures at multiple different time 

points may give better insight into the homeostasis mechanisms. 

 

5.2. The effects of Obesity as potential confounder  

 

The effect of obesity was investigated through means of an overfeeding model in zebrafish. 

The significant difference in BMI between lean and overfed zebrafish groups validates the 

overfeeding model. When considering effects of DTG, overfed fish did not differ from lean 

ones in terms of body mass response. Similarly, the overfeeding of the zebrafish did not have 

an effect on the hydrogen peroxide levels, as the difference between lean and overfed groups 

were not significant (6.67% increase, p >0,9999). A study done on the difference between 

HFD and NFD in zebrafish showed that there were larger visceral and smaller subcutaneous 

adipocytes, elevated blood glucose and triglyceride levels in HFD zebrafish when compared 

to the NFD zebrafish (Faillaci et al., 2018). Together, these data suggest that depending on 

the type of diet given to the fish, the metabolic outcome might differ from “healthy weight gain” 

or “unhealthy weight gain”. In the current study, zebrafish were overfed on a normal diet (i.e. 

not high fat), which may account for the stable ROS levels observed. Additionally, the 

increased adiposity shows that overfeeding might exacerbate the effects seen in the tight 

junction protein expression. The decrease in VE-cadherin levels of the lean vs overfed DTG 

group were near significant (p=0.06), suggesting a potential cumulative effect of overfeeding 

and DTG. As seen in literature, DTG administration did not increase (Auclair et al., 2020) and 

even decreased (Afonso et al., 2017) soluble intracellular cell adhesion molecule-1 (sICAM-

1) and soluble vascular cell adhesion molecule-1 (sVCAM-1). This finding in addition to the 

findings of a decrease in inflammatory markers (such as IL-6), a decrease in endothelial 

cellular senescence and an increase in eNOS levels (Afonso et al., 2017), indicate that the 

effect seen on VE-cadherin must be influenced by the effect of obesity, as DTG on its own 

does not seem to have an effect on the fluorescence levels of VE-cadherin. This is confirmed 

by the current rat study, where obesity was not a confounder. In this study’s circumstances, 

the HFD-induced rats showed adverse effects, which could cause confounding results and 

were therefore excluded. Even though, the overfeeding model did not show increased ROS 

levels and may thus be associated with metabolically healthy obesity findings, metabolically 

obese individuals still have increased adhesion molecules compared to lean individuals 

(Mulhem et al., 2021). An increase of adhesion molecules have been associated with a 

decrease in VE-cadherin expression, increased endothelial permeability and subsequent 
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transmigration of leukocytes (Kovacs et al., 2022). In future it would be interesting to see if 

this same effect would be seen in the rats. The fact that obesity showed a tendency to 

decrease the levels of expression of VE-cadherin (one of the main adherens junction proteins 

responsible for the permeability of the endothelial barrier) may impact human research in the 

South African context, as a high number of individuals are obese and/or have HIV. The 

synergistic effect of obesity may cause serious detrimental effects in terms of endothelial 

dysfunction. Seen as endothelial dysfunction is one of the main risk factors for diabetes, CVD 

and atherosclerosis, VE-cadherin should be further investigated as potential therapeutic target 

to prevent the endothelial dysfunction known to increase co-morbidity risk in HIV.  

 

5.3. Comparison of zebrafish and rat models  

 

 When considering the suitability of zebrafish as a model for the investigation of the effects of 

DTG and obesity in the current context in particular, the 9.4% body mass increase between 

the lean and lean DTG group, show that zebrafish demonstrate increased sensitivity to reflect 

effects of DTG compared to rodents. According to the FDA, a 5% increase in body mass is 

considered significant (“Guidance for Industry Developing Products for Weight Management,” 

2007), which confirms the clinical relevance of increased body mass induced by DTG 

intervention. When comparing our results to that of other relevant literature, a much smaller 

effect of DTG on body mass has been reported in other studies after overfeeding, with a recent 

report demonstrating a 3% increase following DTG treatment (Sax et al., 2020). When looking 

at the overfed vs overfed DTG group, the increase in weight was not significant and can be 

supported by a study which stated that there were no measurable difference in the rates of 

change in BMI before and after DTG transition in individuals who were overweight or obese 

prior to DTG treatment (Thivalapill et al., 2021). In terms of ROS, the 29.5% decrease in H2O2 

levels between the lean and lean DTG group (only considering the effect of DTG) in the 

zebrafish – in comparison to no observed effect in rats - may indicate that the zebrafish has 

an inherent active antioxidant defense system which actively decreased the elevated levels of 

ROS to a lower-than-normal level. This difference might be explained by species differences 

in capacity of endogenous antixodiant defense mechanisms. However, literature indicates that 

zebrafish show similarities across the antioxidant defense systems compared to those of 

mammalian organisms (Massarsky et al., 2017). Thus, further research is required to confirm 

that the dose used in zebrafish correspond to the dose used in rats (when e.g., considering 

differences in metabolic rate and drug breakdown/clearance), before firm conclusion can be 

made on whether or not the zebrafish model may be a more sensitive model. However, given 
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the current results and the relatively lower cost of zebrafish models, this option warrants further 

exploration.  

 

Our study has some limitations. The expression of tight and adherens junctions on the surface 

of the endothelial cell and internalized tight junctions could not be distinctly separated in this 

study. Higher resolution visualisation equipment is needed to capture the finer detail in terms 

of endothelial tight and adherens junctions in between endothelial cells. Furthermore, little 

research has been done on the tight junctions in adult zebrafish. Most research on tight 

junctions is done on larvae as they are transparent and thus make the visualisation of the tight 

junctions easier. However, zebrafish larvae and adult vasculature is disparate, as they still 

develop immensely over period of months (Miano et al., 2006) and the research done on the 

larvae can therefore not be used comparitively with studies done on adult zebrafish. Thus, the 

research done on adult zebrafish is novel and will need some more investigation. 

 

5.4. Conclusion 

 

In summary, data presented suggest that DTG does not cause significant detrimental effects 

in terms of weight gain, ROS levels or endothelial junction protein expression profile in the 

absence of obesity. However, in the presence of overfeeding, it seemed to have a cumulative 

effect on the expression of VE-cadherin, which indicate increased endothelial permeability. 

This is an important finding as a large proportion of our current population of PLWH are 

overweight or obese. Since relatively recent evidence suggests that adipocytes may harbour 

the HI-virus (Couturier et al., 2018; Damouche et al., 2015) making the use of ARVs such as 

DTG an increased risk to obese patients, our data significantly contributes to our 

understanding of the potential risks associated with DTG treatment.  
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7. LIST OF APPENDICES 
 

7.1. Appendix A 

Zebrafish study ethical approvement document.  
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7.2. Appendix B 

Rat study ethical approvement document.  
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7.3. Appendix C 

Hikari micro pellets composition 

 

Table 7.1: The amount of the constituents found in Hikari micro pellets. 

Constituents Amount 

Crude Protein min. 43% 

Crude Fat min. 7.0% 

Crude Fibre min. 7.0% 

Moisture max 10% 

Ash max 17% 

Phosphorus min 1.1% 

Vitamin A min. 16 000 IU/kg 

Vitamin D3 min. 2400 IU/kg 

Vitamin E min. 960 IU/kg 

Ascorbic acid min. 360 mg/kg 
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