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Abstract 
 

The use of combination antiretroviral therapy (cART) has significantly increased the quality of 

life and lifespan of people living with HIV (PLWH), however this new lease on life is threatened 

by a high risk of developing metabolic disorders such hyperglycemia and type 2 diabetes 

mellitus (T2DM). TLD, a fixed-dose combination antiretroviral drug comprising tenofovir (300 

mg), lamivudine (300 mg) and dolutegravir (50 mg) is a first-line treatment regimen for all 

PLWH in South African and other mid-to-low income countries, as recommended by the World 

Health Organisation (WHO). In adults, TLD is however increasingly associated with adverse 

side effects such as hyperglycemia, bodyweight gain and T2DM. The mechanisms underlying 

these effects are not well understood and indicate the need to develop tools and models to 

better understand the development of cART-related T2DM.  Of critical importance, TLD is also 

widely used for viral suppression in HIV-positive pregnant women as it crosses the placenta, 

conferring some level of protection in the developing fetus and thereby reducing the risk of 

mother-to-child transmission. However, whether in utero exposure to TLD predisposes the 

embryo to developing metabolic diseases such as T2DM later in life are not known. Studies 

on the short- and long-term effects of TLD exposure in utero are therefore required. In this 

context, the zebrafish (Danio rerio) is seen as an ideal animal model for many human diseases 

and several zebrafish models of T2DM exist. 

 

The aim of this study was therefore to utilise zebrafish to increase our understanding of the 

effects of embryonic TLD exposure on the development of T2DM in adult organisms, with 

post-natal bodyweight, fasting blood glucose, and the relative qPCR expression of hormones 

and enzymes central to glucose metabolism as indicator endpoints. In order to establish 

morphological (bodyweight), glycemic (fasting blood glucose) and relative qPCR genetic 

changes likely to occur in non-obese and obese diabetic zebrafish, we first developed adult 

zebrafish models of T2DM using glucose-immersion and overfeeding approaches.  The mean 

bodyweight of the overfed group (0.73 g ± 0.05 g) was significantly higher than that of the 

control group (0.57 g ± 0.1 g), while there was no significant bodyweight change for the 

glucose model. The fasting blood glucose levels of the overfed (3.5 ± 0.9 mmol/L) and glucose-

immersed (4.0 ± 0.7 mmol/L) zebrafish models were significantly higher than the controls 

indicating the progression to insulin resistance and T2DM. Both models revealed a lack of 

insulin and preproinsulin expression in some fish within these treatment groups relative to 

controls when assessed with qPCR (i.e. no target amplification). 

 

The toxicity of TLD and its individual components in vitro (on HEK293 cells) and in vivo (on 

one-day-old dechorionated embryos), and thereby the appropriate TLD concentration for 
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treatment, were then determined.  TLD did not induce toxicity in HEK293 cells even when 

used at the highest concentration (of 100 µM Tenofovir, 100 µM Lamivudine and 50 µM 

Dolutegravir), but did slow the rate of cell growth. TLD was also not toxic to zebrafish embryos 

after five days of exposure, but did slow their development by delaying the formation of the 

swim bladder and therefore the ability of developing embryos to maintain an upright posture. 

One-day-old dechorionated zebrafish embryos were then exposed to TLD for 5 days, followed 

by the evaluation of bodyweight and fasting blood glucose changes in adult zebrafish at 4 

months. The bodyweight (0.26 g ± 0.12 g) and fasting blood glucose (3.5 ± 1.92 mmol/L) in 

response to TLD treatment was higher, but not significantly different to the controls (0.17 g ± 

0.04 g and 2.0 ± 0.62 mmol/L) respectively. The relative expression of insulin (zins), 

preproinsulin (ppins) and phosphoenolpyruvate carboxykinase 1 & 2 (pck1 & pck2) (all 

referred to as candidate genes) was then assessed using qPCR. The qPCR expression of 

insulin (∆𝐶𝑡 2.02 ± 1.0) and preproinsulin (∆𝐶𝑡 1.87 ± 0.9) of pooled samples at 4 months after 

TLD treatment was variable but still higher than controls (∆𝐶𝑡 1.0 ± 0.0). The expression of all 

the selected candidate genes at 5 days and at 1-month post treatment was not significantly 

different to controls. 

 

In conclusion, to study the implication of embryonic TLD exposure on the development of 

T2DM in adult organisms, we first established T2DM models in zebrafish in order to 

understand and establish the changes (physiological and genetic) reflective of a diabetic state. 

We demonstrate that changes in relative qPCR gene expression in adult zebrafish was 

variable in both models, with some fish displaying elevated levels while others lost the ability 

to express insulin and its precursor preproinsulin. Furthermore, our study suggests that 

exposure to TLD during embryonic development may contribute to weight gain and 

hyperglycemia (i.e. insulin resistance) later in life, even long after the drug is removed. The 

genetic effects of TLD were not clearly visible, however it is possible that dietary challenge in 

the adult fish is required to demonstrate the extent of the effect. These preliminary findings 

provide insight on the implications of embryonic TLD exposure in the context of the 

development of metabolic diseases such as T2DM in adults.  
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Chapter 1 

 

Brief literature review 

 

1. Introduction  

 

South Africa had an estimated 4.6 million people aged 20-79 years living with diabetes in 

2019, the second highest prevalence in the IDF African region (Grundlingh et al., 2022). 

Approximately 2.4 million people living with diabetes in South African are undiagnosed (i.e. 

52.4% of the estimated diabetic adult population; and South Africa has the highest number of 

diabetes-related deaths in woman in Sub-Saran Africa and the second highest overall in the 

region (Sifunda et al., 2023). It is estimated that approximately 90 000 people died from 

diabetes in the country in 2019 and  almost 3 500 people had impaired glucose tolerance 

(Saeedi et al., 2019).  

 

South Africa has the largest number of people living with HIV (PLWH) in the world (Gizamba 

et al., 2023); efforts are being made to control the spread of HIV in the country and ensure 

timely effective treatment (Zuma et al., 2022). There is compounding evidence indicating that 

the use of antiretroviral therapy (ART), also known as combination antiretroviral therapy 

(cART) may contribute to severe weight gain and obesity in HIV patients (Hill et al., 2019). As 

the country with the largest antiretroviral drug program in the world, as a result of its HIV and 

AIDS burden, South African is also potentially likely to be plagued by increasing incidences of 

antiretroviral (ARV) drug-induced T2DM amongst other non-communicable diseases (NCDs) 

(Gizamba et al., 2023). ART has not only increased the lifespan of PLWH, but has also 

reversed the HIV-associated muscle wasting or weight loss (S. Kumar and Samaras, 2018). 

Weight gain, which was previously a positive indicator of a person’s return to good health, is 

now a risk factor for metabolic disease (Tate et al., 2012; Yuh et al., 2015; S. Kumar and 

Samaras, 2018). Several studies have reported an increasing prevalence and incidence of 

metabolic complications, impaired glucose intolerance,  type 2 diabetes (T2DM) and other 

NCDs in PLWH (S. Kumar and Samaras, 2018) 

 

In a global context, diabetes is one of the fastest growing non-communicable diseases  and 

was among the top ten leading causes of death in 2019 (WHO, 2020a). Diabetes-related 

deaths have increased by 70% from 2000 to 2019, with deaths in adult males rising by 80% 

(WHO, 2020b) worldwide. The International Diabetes Federation (IDF) reported in 2019 that 

8.3% of the adult population (aged 20-79 years were living with diabetes globally  (Figure 1.1). 
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Of these, over four-million are estimated to have died from diabetes-related complications, 

with 400 000 more deaths in women than in men (Grundlingh et al., 2022). 

 

 

 

 

 

South Africa and other Sub-Saharan counties have adopted a single pill fix-dose combination 

drug comprising 100 mg tenofovir, 100 mg lamivudine and 50 mg dolutegravir (TLD), as a first-

line regimen for all PLWH (Fokam et al., 2023). Dolutegravir replaced efavirenz in this 

combination drug because of its superior viral suppression, high genetic barrier to resistance, 

milder side effects and lower risk of drug-to-drug interactions (Bessong et al., 2021). Because 

dolutegravir is effective at lower doses it is the ideal candidate to combine with other drugs 

(Fokam et al., 2023). However, some side effects of TLD have been reported among adults 

living with HIV, including bodyweight gain, hyperglycemia (Bahamdain, 2022) and insulin 

resistance, consistent with T2DM (Namara et al., 2022).  

Figure 6.1 Global diabetes prevalence in adults aged 20-79 years.  
The global and regional prevalence of T2DM in the adult population. Adopted from The IDF diabetes atlas 9th edition 2019. 
(https://diabetesatlas.org/atlas/ninth-edition/). 
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2. Diabetes mellitus 

 

Diabetes mellitus is a metabolic disease characterized by elevated blood glucose levels 

referred to as hyperglycemia (Kalra and Agrawal, 2013). Two main types of diabetes (type 1 

and type 2) are very common and non-gender specific; while a third type (gestational diabetes) 

is only prevalent in pregnant women (IDF, 2021). Type 1 Diabetes Mellitus (T1DM) often 

initiates in childhood and is mostly prevalent in children and adolescents; it is characterized 

by absolute insulin deficiency (Figure 1.2) as a result of pancreatic β-cell destruction usually 

caused by the individual’s own immune system (Katsarou et al., 2017). Type 2 Diabetes 

Mellitus (T2DM) is the most common type of diabetes accounting for over 90% of all diabetes 

cases; it is marked by insufficient insulin secretion (Figure 1.2) by pancreatic β-cells combined 

with impaired insulin action on insulin sensitive tissue, a condition known as insulin resistance 

(WHO, 2019). The lack of insulin secretion and sensitivity or both, result in hyperglycemia and 

glucose intolerance (Sicree et al., 2010).  

 

 

 

 

 

Figure 1.2 Simplified illustration on characteristics of type1 and type 2 diabetes mellitus.  
In a healthy individual, the pancreas secretes sufficient insulin which is able to bind to the insulin receptor and 
stimulate glucose uptake in insulin sensitive target cells. However, in patients with type 1 diabetes, the pancreas 
is unable to produce insulin, while in type 2 diabetes, the target cell is unable to respond to insulin, a condition 
called insulin resistance. Ultimately, both forms of diabetes result in chronically elevated plasma glucose levels; in 
the case of T2DM this may lead to pancreas exhaustion long term. Adopted from: 
(https://www.shutterstock.com/image-vector/main-types-diabetes-mellitus-either-pancreas-273644213) 

 

 

 

 



14 
 

3. Clinical diagnosis of diabetes 

 

The clinical diagnosis of diabetes mainly centers on the determination of blood glucose levels, 

as a result, the three main diagnostic approaches are: the fasting plasma glucose test, the 

oral glucose tolerance test and the glycated hemoglobin test (Olokoba et al., 2012). The 

fasting plasma glucose test is performed after 8-12 hours of fasting; fasting blood glucose 

levels of between 70 to 100 mg/dL (3.9 mmol/L to 5.6 mmol/L) are considered normal, while 

levels between 100 to 125 mg/dL (5.6 to 6.9 mmol/L) are considered pre-diabetic, and levels 

above 126 mg/dL (≥7.0 mmol/L) reflect the diabetic state (Olokoba et al., 2012) (Figure 1.3). 

The oral glucose tolerance test measures the plasma glucose levels before and 2 hours after 

the ingestion of 75 mg of glucose; a person with plasma glucose levels above 200 mg/dL (11.1 

mmol/L) 2 hours after glucose ingestion is considered diabetic. The glycated hemoglobin (Hb) 

A1C test gives blood glucose measurements as an average, obtained from the test conducted 

within a 2 to 3 month period; a diagnosis above 6.5% (48 mmol/mol) is considered an 

indication of diabetes (Reed et al., 2021) (Figure 1.3). Laboratories have also adopted these 

methods for animal models;  in particular the fasting plasma glucose and oral glucose 

tolerance tests because they are relatively easy to perform (Kottaisamy et al., 2021).  

 

Figure 1.3 Plasma glucose levels for the diagnosis of diabetes. 
Adopted from: (https://www.fightdiabetes.com/diagnosis-of-type-2-diabetes/) 

 

 

 

4. Insulin regulation of glucose 

 

Insulin is a hormone produced by β-cells of the pancreas to regulate blood glucose levels; it 

is synthesized as pre-proinsulin (an immature form of insulin) which is processed in the 
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endoplasmic reticulum (ER) to proinsulin (Fu et al., 2013). Proinsulin is transported to the 

Golgi apparatus where the C-peptide is cleaved off and mature insulin is stored awaiting 

secretion (Fu et al., 2013; Galicia-Garcia et al., 2020). Glucose is the main trigger of insulin 

secretion however, amino acids and fats can also trigger insulin release to a lesser degree 

(Fu et al., 2013). In the event of rising plasma glucose levels, the appropriate amount of insulin 

is released (in healthy individuals) to facilitate the catabolism of glucose to pyruvate through 

glycolysis. To initiate this process, insulin binds to the insulin receptor (IR) on the surface of 

insulin sensitive cells and tissue (such as liver, muscle and adipose); this binding recruits the 

insulin receptor substrate (IRS/ IRS-1) which activates phosphoinositide 3-kinases (PI3K) and, 

subsequently, AKT leading to the translocation of the glucose transporters, GLUT1 and 

GLUT4 to the cell surface facilitating glucose uptake (Figure 1.4). This insulin-mediated 

glucose uptake is essential for maintaining glucose homeostasis and removing rising blood 

glucose levels after a meal (Piero et al., 2015). The insulin released is directly proportional to 

the amount of glucose consumed; however, a prolonged state of excessive glucose 

consumption eventually leads to insulin insensitivity (insulin resistance) as the cells require a 

higher dose of insulin to facilitate glucose uptake (Shulman, 2000). Insulin resistance over-

burdens the pancreas to produce more insulin which eventually exhausts the capacity of the 

organ leading to impaired insulin secretion (Piero et al., 2015).  

 

 

 

Figure 1.4 A simplified illustration of insulin signalling.  
Showing how the binding of insulin to insulin-sensitive cells leads to glucose uptake.  
Adopted from (Arneth et al., 2019). 
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Insulin does not only control blood glucose uptake, but also regulates endogenous glucose 

production in the liver through a process called gluconeogenesis; this involves the activity of 

the metabolic enzyme phosphoenolpyruvate carboxykinase (PEPCK or PCK) (Shao et al., 

2005). PEPCK catalyzes a rate-limiting step in the process of gluconeogenesis, which 

produces glucose in hepatic cells during a state of low blood glucose to maintain glucose 

homeostasis (Figure 1.5). Therefore, in a non-diabetic state insulin and glucagon regulate 

plasma glucose levels by facilitating the removal or replenishment of glucose in the blood 

stream to maintain levels within a narrow physiological range (Figure 1.5). Insulin (and glucose 

to some extent) inhibit glucagon and the transcription of PEPCK preventing its gene 

expression (Gabbay et al., 1996); this prevents glucose production in the liver when plasma 

glucose levels are high.   

 

 

Figure 1.5 A simplified diagram of the insulin regulation of glucose.  
Showing how insulin and glucagon normalise plasma glucose levels through the uptake and replenishment of 
glucose in the blood stream.  
Adopted from: (https://www.shutterstock.com/search/blood-glucose-regulation) 

 

 

5. T2DM and gene expression alterations 

 

A number of changes occur in a diabetic state including, the downregulation of insulin receptor 

(IR) expression in muscle cells which leads to impaired insulin function (Wang et al., 2019). 

The expression of GLUT4, the major glucose transporter in skeletal muscles, liver, adipose 

tissue and other peripheral tissue also becomes suppressed in a diabetic state preventing the 
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cellular entry of glucose leading to hyperglycemia and insulin resistance (Alam et al., 2016).  

The reduced mRNA expression of the metabolic enzyme hexokinase II has also been reported 

in glucose sensitive tissues of diabetic patients (Vestergaard et al., 1995). Glucose increases 

insulin gene expression by eliciting insulin and preproinsulin mRNA expression, stabilization 

and translation (Melloul et al., 2002). Long-term glucose stimulation increases insulin 

biosynthesis (i.e. the processing of the precursor preproinsulin protein to the mature active 

insulin hormone) and insulin & preproinsulin mRNA. However, preproinsulin mRNA levels are 

reduced in rodent models of T2DM (Giddings et al., 1982); T2DM is marked by hyperglycemia 

(or glucotoxicity) which contributes to the worsening of pancreatic β-cell function in part by 

inhibiting insulin gene expression (V. Poitout et al., 2006). Hyperglycemia initially increases 

insulin gene expression, however sustained hyperglycemia over a long period of time, and 

high fatty acid levels in the blood stream of T2DM patients, ultimately impairs insulin gene 

expression (Vincent Poitout et al., 2004), enhancing insulin resistance. Interestingly, while it 

may be counterintuitive, the metabolic enzyme PCK (or PEPCK) has been found to be over-

expressed in  a diabetic state (Shao et al., 2005). This is attributed to the fact that chronically 

high plasma glucose levels reduce the potency of glucose and insulin to inhibit the expression 

and activation of PCK; therefore, in T2DM patients, the liver continues to produce glucose 

regardless of the amount already present in the blood stream. There are two isoforms of 

phosphoenolpyruvate carboxykinase, PCK1 (or PCK-C) the cytosolic form and PCK2 (or PCK-

M) the mitochondrial form, encoded by separate genes (Yu et al., 2021). The gene expression 

of PCK1 is inducible by diet (i.e. fasting or low blood glucose levels), hormones and diabetes, 

while PCK2 is mainly constitutively expressed (Hanson and Owen, 2013).   

 

6. Risk factors of T2DM 

 

The risk factors of diabetes and pre-diabetes are many and include obesity, particularly 

visceral-abdominal adipose tissue accumulation, and thus most people with T2DM are 

overweight or obese (Kahn, 2003).  A positive family history of diabetes is accompanied by a 

host of genetic predisposition markers (e.g. TCF7L2, KCNQ1, whose mutation affects insulin 

secretion) and has been shown to be a positive predictor of T2DM (Annis et al., 2005). Age, 

lack of exercise and an unhealthy diet are also all positively associated with T2DM prevalence 

(Kyrou et al., 2020). The use of certain medication, such as antiretroviral drugs may lead to 

drug-induced diabetes or hyperglycemia and insulin resistance in patients (Latek et al., 2019).  

 

HIV itself, is also known to contribute to an increased risk of T2DM.  HIV is associated with 

chronic inflammation as a result of the ongoing active immune response, which leads to a 

release of inflammatory cytokines such as interleukin (IL)-6 and  tumor necrosis factor alpha 
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(TNFα) (Vigouroux et al., 2003; M. Kumar et al., 2023). Elevated levels of TNFα mRNA and 

protein have been demonstrated in models of obesity and insulin resistance in animals and 

humans (Hotamisligil, 2000). These factors play a role in poor glucose tolerance and the 

development of insulin resistance (M. Kumar et al., 2023). The treatment of insulin sensitive 

cells with TNFα has been shown to alter the catalytic activity of the insulin receptor (IR) 

subsequently reducing IR phosphorylation and inhibiting the activation and recruitment of the 

insulin receptor substrate (IRS-1) (Hotamisligil, 2000).  Furthermore, HIV-associated alteration 

in fat distribution, referred to as lipodystrophy is also linked to the development of T2DM in 

PLWH due to increased free fatty acid circulation (Shetty and Kumari, 2021).   

 

7. Animal models of T2DM   

 

Animal models of T2DM are an integral part of research into this disease; as a result, a number 

of animal models have been developed. The role of these models is irreplaceable in scientific 

research as they have helped us understand the functioning of individual tissues, organs and 

organ systems in the context of this metabolic disease (Pandey et al., 2023). Animal models 

of impaired glucose metabolism are important resources for studying T2DM development 

because they allow researchers a unique opportunity to investigate real-time changes that 

occur in the on-set of, and during, the diseased state. Creating a model of T2DM that is 

reflective of the human condition is very challenging, partly because of the complexities of 

diabetes and thus methods of induction are quite varied. However, one can classify these 

animal models of diabetes according to one of two main approaches, i.e. physiological 

induction or genetic manipulation (Kottaisamy et al., 2021). Physiological induction is the most 

common approach to eliciting diabetes or diabetic symptoms, and involves the use of chemical 

reagents or compounds that promote hyperglycemia. Genetic manipulation on the other hand 

relies on the alteration of one or genes or mutations using gene editing technologies or 

transgenic means (Cao et al., 2023). 

 

Mouse and rat models of diabetes are common and have made a huge contribution in the 

understanding of obesity, inflammation, insulin resistance, hyperglycemia and other T2DM 

related conditions (Kottaisamy et al., 2021). However, the use of more robust models that 

allow high throughput screening of compounds in small volumes as well as the ability to 

monitor developmental toxicity and side effects of treatment is necessary. Zebrafish (Danio 

rerio) is an important research tool in the field of biomedical science and its use as a model 

organism in the advancement of biomedical research has rapidly increased over the past two 

decades (Meyers, 2018; Teame et al., 2019). The interest in zebrafish stems from its wide 
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application in approaches to understanding cellular, molecular and genetic mechanisms 

underlying vertebrate developmental processes and human disease (Eisen, 2020). Zebrafish 

are small bodied freshwater fish, 3 to 5 cm in length and originally found in flood plains, ponds 

and steams of the Ganges river in South Asia (Meyers, 2018). Today, Danio rerio’s are 

commonly found in aquaria and pet shops across the world and have adopted the name 

“zebrafish” because of their horizontal stripy pigmentation. Multiple features make zebrafish 

an ideal model organism for biomedical research including a fully sequenced genome, the 

production of transparent, external embryos that develop rapidly with clearly defined stages 

(allowing the observation of developmental processes from the first moment of fertilization to 

hatching), amenability to genetic manipulation (allowing the investigation of genetic diseases) 

and finally the ability to rapidly produce many embryos (classically 50 – 300) in a single spawn, 

all year round (Kimmel et al., 1995; Eisen, 2020). This allows experimental repetition for 

stronger, rigorous statistical data and high-throughput screening of therapeutic compounds. 

Zebrafish can be produced and housed relatively inexpensively with limited space in high 

numbers.  

 

Zebrafish embryonic development is rapid and reaches completion by day 4-5 post 

fertilisation; that is, all the internal organs are formed by day 5 (Figure 1.6 A). However, the 

embryo still needs to develop external features (e.g. fins and pigmentation) as it progresses 

to the juvenile and adult stages (Figure 1.6 B). After spawning, the embryo is fertilised 

externally and the first cell forms within 0.1-0.7 hours post fertilisation (hpf) (Kimmel et al., 

1995); the individual cell cleaves multiple times to many cells forming a dome like structure 

during the epiboly stage of development (at 4-10 hpf). Segmentation occurs at 10-24 hpf, 

where somite pairs form in sequence, the tail develops, along with some of the primary organs. 

From 24-72 hpf functionally differentiated cells form the nervous, muscular and circulatory 

systems and earl pigmentation begins (Kimmel et al., 1995).  By 3 to 5 days’ post fertilization 

(dpf), the embryo hatches from the chorion, develops a swim bladder and starts active 

movements. The yolk is completely depleted by day 6 to 7, forcing the growing embryo to start 

active feeding, and develop to juvenile and adult stages by 1 to 3 months (Figure 1.6 B).    

 

The zebrafish (Danio rerio) has gained prominence as an ideal animal model for human 

diseases including diabetes (Kinkel and Prince, 2009; Sharchil et al., 2022). Zebrafish 

metabolism and organ physiology are similar to mammals; zebrafish share 70% of their 

genetic make-up with that of humans, the majority of these genes are associated with human 

diseases (Kinkel and Prince, 2009; Howe et al., 2013). A number of zebrafish models of 

diabetes have been developed using either larvae or adult zebrafish (van de Venter et al., 

2020). The zebrafish embryo also has many advantageous features as a drug toxicity 
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screening tool such as rapid development, small size (able to fit in a 96-well plate), ease of 

drug administration in small amounts, transparent embryos allowing observation of 

morphological changes during treatment, ease of maintenance and has high metabolic and 

genetic homology with mammals (Gorgulho et al., 2018).  

 

 

Figure 1.6 Zebrafish developmental stages A) early embryonic and B) progression to mature adult.  
Early embryonic stages (A) from 24-hour post fertilization to 5-days post fertilization are crucial for toxicity screening 

studies. B) zebrafish rapid progression to different mature form important for experimental investigations that 

require developmental monitoring.   

Adopted from: (https://www.sciencephoto.com/media/1215991/view/zebrafish-embryo-stages-illustration)  
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Zebrafish are routinely used to determine the toxicity of chemical compounds; antiretroviral 

drug compounds such as cabotegravir (Zizioli et al., 2023) and dolutegravir (Zizioli et al., 2024) 

have been tested for their effect on neurodevelopment in zebrafish. Dolutegravir has been 

shown to lead to developmental toxicity of zebrafish embryos, an effect that can be rescued 

through the addition of folate (Cabrera et al., 2019). In mice, DTG has been shown to cause 

brain toxicity which contribute to neuropsychiatric adverse effect (Huang et al., 2024). 

Antiretroviral drugs have been shown to cause metabolic disorders and insulin resistance in 

rats (Hruz et al., 2002). These ARV side effects, especially T2DM are not clearly understood 

and require further investigation. To our knowledge there is no published data investigating 

the link between ARVs and T2DM in zebrafish; this further underscores the novelty of our 

study.     

 

The zebrafish is a promising and versatile model to study diabetes, therefore a number of 

T2DM models have been developed in zebrafish. They differ depending on the approach used 

to induce diabetes, as well as on the stage of zebrafish development i.e. the zebrafish embryo 

or adult zebrafish (Table 1).  

 

As in humans, hyperglycemia is the main way of confirming T2DM in zebrafish. In zebrafish 

and most animal models, T2DM is induced through diet, genetic means or the use of chemical 

reagents or compounds (e.g. glucose, Bisphenol S or Bisphenol F) (Salehpour et al., 2021). 

The choice of inducer and zebrafish stage of development depends on the research outcomes, 

as well as the time taken to induction of diabetic symptoms. All these models are complete 

with hyperglycemia, insulin resistance, impaired insulin response and other T2DM endpoints, 

however, this study will focus on non-genetic approaches as these are the most likely to affect 

humans. 

 

Glucose-based induction is favorable because it is an easy and relatively cheap way of 

inducing hyperglycemia in zebrafish. Different protocols of glucose-induction have been 

developed based on the concentration of glucose used, time of induction and the life stage of 

zebrafish (Salehpour et al., 2021). The approach of inducing T2DM is zebrafish using glucose 

was primarily introduced by Gleeson et al (2007) who alternatively exposed zebrafish to 2% 

and 0% glucose for 30 days. This approach leads to diabetic retinopathy and high fasting 

blood glucose (74 ± 8.5 mg/dL and 89 ± 10.6 mg/dL for control and experimental group 

respectively) (Table 1). The fasting blood glucose of the experimental group increase to three 

times the control group in this study.  
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Table 1. Non-genetic zebrafish models of T2DM  

Induction approach Stage of 

development 

Diabetic symptom / 

investigated genes  

References 

Alternate immersion 

in 2 and 0% glucose 

solutions 

Adult (1-3 years) 

induced in 1 month 

Retinopathy 

No gene expression 

(Gleeson et al., 

2007) 

Stepwise immersion 

in 1, 2 and 3% 

glucose solutions 

Young fish (4-11 

months) induced for 

60 days  

Insulin resistance; anti-diabetic 

drug responsiveness; no gene 

expression 

(Connaughton 

et al., 2016) 

Stepwise immersion 

in 50, 100- and 200-

mM glucose 

solutions 

Young fish (4-11 

months) induced for 

10 days 

Insulin resistance; anti-diabetic 

drug responsiveness; 

hyperglycemia 

(Mohammadi et 

al., 2020) 

Chronic immersion 

in 110 mM glucose 

solution 

Adults (2-3 months) 

induced in 14 days 

Persistent hyperglycemia; anti-

diabetic drug responsiveness; 

elevated glycated proteins; 

impaired insulin response; 

decreased IR mRNA expression 

(Capiotti et al., 

2014) 

Immersion in 130 mM 

glucose solution  

Embryo induced in 

3 to 6 days 

Retinopathy 

No gene expression 

(Jung et al., 

2016) 

Bisphenol F model of 

hyperglycemia 

Embryo induced in 

2 days 

Insulin resistance; anti diabetic 

drug responsiveness; no change 

in glucagon mRNA 

(Zhao, Wang, et 

al., 2018) 

Bisphenol S model of 

hyperglycemia 

Adult (9 months) 

induced in 28 days 

Hyperglycemia; no change in 

insulin mRNA; increased PCK1 

mRNA; decreased PCK2 mRNA 

(Zhao, Jiang, et 

al., 2018) 

High fat diet 

containing 1% egg 

yolk  

Adults induced in 

10 weeks 

Insulin resistance (Meng et al., 

2017) 

Diet induced obesity 

model (DIO) 

Adults (4-6 months) 

induced in 6 to 8 

weeks 

Insulin resistance; persistent 

hyperglycemia; glucose 

intolerance; no gene expression 

(Liqing Zang et 

al., 2017) 
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A model by Connaughton et al (2016) further investigated the Gleeson method and showed 

that it was stage-dependent. Connaughton showed that alternate immersion of zebrafish in 

2% and 0% glucose solutions was more effective when applied in older fish (1-3 years of age) 

compared to younger fish (4-11 months old). This study demonstrated that younger fish adapt 

quicker that older fish and are able to lower their fasting blood glucose to normal levels during 

glucose treatment (Connaughton et al., 2016). To counter this, Connaughton et al (2016) 

introduced a stepwise immersion protocol in solutions of increasing glucose concentration. 

This modified approach included initially exposing the young zebrafish to a 1% glucose 

solution for 2 weeks, followed by an incubation in a 2% glucose solution for another 2 weeks 

and finally a further incubation in a 3% glucose solution for 30 days. As a result of this 

modification the young zebrafish group sustained hyperglycemia for the entire duration of 

treatment (Connaughton et al., 2016). Another approach by Mohammadi et al (2020) further 

demonstrated this idea in a much shorter period by incubating zebrafish for 4 days in a 50 mM 

glucose solution followed by a 3-day incubation in a 100 mM glucose solution and finally 

another 3-day incubation in a 200 mM glucose solution (Mohammadi et al., 2020).   

 

Chronic immersion in glucose solutions is another approach of eliciting hyperglycemia in 

zebrafish. Capiotti et al., (2014) introduced this approach by chronically exposing adult 

zebrafish (2-3 months) to concentrations of 55, 110 or 166 mM glucose equivalent to 1%, 2% 

and 3% glucose for 14 days. This study showed that chronic immersion at 110 mM was 

effective at inducing hyperglycemia with lower mortality compared to exposure to 166 mM 

(Capiotti et al., 2014). This approach demonstrated fasting blood glucose levels four to five 

times higher than the control group and the elicited hyperglycemia lasted for up to 7 days after 

removal from the glucose solution. The larval immersion of zebrafish embryos in glucose 

solution has also been modeled to mimic fetus conditions in diabetic environments. The 

exposure at 3 dpf in a 130 mM glucose solution for 4 days effectively elevated larval glucose 

and induced diabetic retinopathy up to adulthood (Jung et al., 2016).   

 

When exposed to bisphenol F for 2 days, zebrafish embryos displayed increased levels of 

insulin mRNA and protein, and decreased mRNA expression of the insulin receptor substrate 

(IRS) at concentrations of 10 and 100 µg/L (Zhao, Wang, et al., 2018). Bisphenol S, on the 

other hand caused significantly high fasting blood glucose levels in adult male zebrafish after 

28 days of exposure at 1 and 10 µg/L (Zhao, Jiang, et al., 2018). These studies suggest that 

bisphenol F and S are diabetic agents similar to glucose.  

 

An unhealthy diet or over-eating is one of the risk factors of T2DM and it is no coincidence 

that almost 90% of T2DM patients are overweight or obese (Leitner et al., 2017). Overfeeding 
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has been utilized to investigate the pathophysiology of obesity in relation to diabetes in a non-

mammalian model (Liqing Zang et al., 2017). This study utilized a high protein / high fat diet 

of Otohime B2 to induce hyperglycemia, insulin resistance and obesity in adult zebrafish within 

6 to 8 weeks; this study demonstrated an over production of insulin in the overfed group 

however insulin gene expression was not investigated. In another study by Meng et al (2017), 

zebrafish were fed a high fat diet of 1% egg yolk and brine shrimp for 10 weeks. This approach 

lead to obesity, hyperglycemia and insulin resistance. Additionally, they showed that the 

insulin receptor substrate 2 (IRS2) and glucose transporter 2 (GLUT2) were significantly 

reduced in insulin sensitive tissues such as the liver and muscle (Meng et al., 2017).  

 

8. Antiretroviral therapy association with diabetes 

 

Human immunodeficiency virus (HIV) patients using antiretroviral treatment (ART) are up to 

4-12 times likely to develop metabolic disorders associated with diabetes mellitus (Kalra and 

Agrawal, 2013). Reports have indicated the development of type 2 diabetes in HIV patients 

using specific classes of ARVs (Ismail et al., 2009). This is correlated with other factors 

including a positive family history of diabetes, obesity and the virus itself (Kalra and Agrawal, 

2013). However, the HIV infection might not be an important factor since HIV protease 

inhibitors themselves have been shown to cause insulin resistance in experimental animal 

models (Hruz et al., 2002) and in health HIV-seronegative males (Noor et al., 2001). This 

indicates a connection between HIV protease inhibitors (PIs) and insulin resistance, which 

could lead to diabetes (Ismail et al., 2009). The HIV protease inhibitor class of ARVs interfere 

with insulin signaling and lipid metabolic pathways of the host, leading to insulin resistance, 

glucose intolerance, lipodystrophy, progressive insulin-producing β-cell dysfunction and type 

2 diabetes.   

 

The mechanism of the HIV protease inhibitors causing insulin resistance and type 2 diabetes 

is not well understood. Studies suggest that HIV protease inhibitors interact with GLUT-4, a 

major insulin-stimulated glucose transporter in insulin sensitive cells of the liver, muscle and 

adipose tissue.(Murata et al., 2000; Hruz et al., 2002) This reversible interaction is thought to 

block glucose uptake which leads to hyperglycemia and insulin resistance. Some HIV protease 

inhibitors (PIs) interfere with the signaling of insulin by influencing the downregulation of the 

insulin receptor (IR), phosphorylation events leading to the activation of key enzymes and 

suppression of GLUT-4 expression or translocation to the cell membrane of insulin sensitive 

cells (Rudich et al., 2001; Ben-Romano et al., 2004). Furthermore, HIV protease inhibitors 

alter the expression of regulatory proteins, which is linked with the metabolic dysfunction 
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observed in HIV patients using PIs (Ismail et al., 2009). function of tyrosine kinases of the 

insulin signaling pathway (Ben-Romano et al., 2004; Ismail et al., 2009).  

 

TLD consists of three drug compounds, tenofovir, lamivudine and dolutegravir. Tenofovir and 

lamivudine are nucleotide reverse-transcriptase inhibitors (NtRTIs) and nucleoside reverse-

transcriptase inhibitors (NRTIs) respectively; a class of ARVs that compete for natural 

nucleosides to inhibit the reverse-transcriptase of the HI-virus (Holec et al., 2017). Common 

side effect of this class of inhibitors include renal tubular dysfunction and mitochondrial 

dysfunction; however, these tend to be compound specific (Mashingaidze-Mano et al., 2020).  

Dolutegravir, an integrase strand transfer inhibitor (INSTIs), blocks the integration of HIV DNA 

into host CD4 cell DNA (Park et al., 2015); the most common side effects of this ARV class 

include weight gain, depression and recently hyperglycemia (Mastan and Kumar, 2010). 

 

9. Aims and objectives  

 

The aim of the study was to investigate whether the exposure of zebrafish embryos to ART 

would predispose the fish to developing T2DM as adult organisms. In order to achieve this, 

we first established models of T2DM in zebrafish adults to map out biological markers and 

features of T2DM. We then determined the toxicity profile of TLD and established appropriate 

doses for in vivo application. Finally, we exposed embryos to the determined doses of TLD 

and monitored their effect on bodyweight, plasma glucose and gene expression in zebrafish 

at the embryonic, juvenile and adult stages of development. Observed changes could be 

compared to the features reflected in the T2DM models, in order to draw appropriate 

conclusions.   
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Chapter 2 

 

An Adult Zebrafish Model for Type 2 Diabetes Mellitus  

 

1. Introduction  

 

It is reported that approximately 10.5% (536.6 million people) of the world population was living 

with diabetes in 2021, this figure is estimated to rise to 783.2 million by 2045 (IDF, 2021). More 

than 90% of these diabetes cases are classified as type 2 diabetes mellitus (T2DM). In the 

onset of T2DM, cells of the muscle, liver and adipose tissue become insensitive to insulin (also 

called insulin resistance) triggering beta-cells of the pancreas to produce more insulin; over 

time pancreatic beta-cells become exhausted or damaged ultimately leading to reduced 

insulin production and chronic high blood glucose levels (hyperglycemia) (Kahn, 2003). 

Sustained hyperglycemia is used as clinical evidence of diabetes for diagnostic purposes. 

Multiple factors influence an individual’s diabetic predisposition including age, bodyweight, 

family genetics, diet and medication amongst others (Kahn, 2003). T2DM heredity is more 

complex but involves variations in a cluster of genes (mostly associated with pancreatic β-cell 

function and insulin action) that make individuals more susceptible to developing the disease 

(Mambiya et al., 2019). Weight-gain, or more specifically visceral-abdominal adipose tissue 

accumulation, is a major contributor to insulin insensitivity; most T2DM patients are therefore 

overweight or obese (Kahn, 2003; McFarlane, 2009). Bodyweight reduction has been shown 

to improve glycemic control and reduce the risk of cardiovascular complications in diabetic 

patients (Hermansen and Mortensen, 2007). Although there has been positive advancement 

in anti-diabetic medication, most options are not accompanied by a reduction in weight; some 

medication (sulfonylureas, insulin, and thiazolidinediones) may even promote weight-gain 

(McFarlane, 2009; Leitner et al., 2017).  

 

An emerging challenge is the growing influence of medication such as anti-retroviral therapy 

(ART) on bodyweight (Brennan et al., 2023) as well as the contribution of ART to the 

development of insulin resistance and  non-communicable diseases such as T2DM 

(McLaughlin et al., 2017), (Lin et al., 2018), (Hailu et al., 2021). This is of particular relevance 

in Sub-Saharan Africa which accounts for 67% of the 38.4 million global population of people 

living with HIV (Moyo et al., 2023).  Dolutegravir (DTG), an integrase inhibitor, has been shown 

to increase bodyweight (Ruderman et al., 2021) as well as fasting blood glucose in HIV 

patients after 3-6 months of therapy (Bahamdain, 2022). A case-controlled study showed that, 

out of 204 patients on a DTG-based regiment in Uganda, 54 (26.5%) individuals were 
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hyperglycemic, consistent with prediabetes, while 150 (73.5%) had hyperglycemia indicative 

of T2DM (Namara et al., 2022). A South African cohort study showed that a group of patients 

using DTG for 12 months had a higher bodyweight than the group using the reverse 

transcriptase inhibitor, Efavirenz (Brennan et al., 2023). Other antiretroviral drugs (such as the 

protease inhibitors Indinavir and Ritonavir) have also been shown to cause significant 

hyperglycaemia and insulin resistance in rat and rabbit models (Mastan and Kumar, 2010). To 

better understand the contributing mechanisms of ARTs in the development of hyperglycemia, 

insulin resistance, and T2DM, further studies are required.     

 

Animal models of impaired glucose metabolism are an important tool for studying T2DM 

development as they provide a unique opportunity to investigate real-time changes that occur 

in the on-set of, and during, the diseased state. Various models of T2DM exist, including diet-

induced (Surwit et al., 1988), chemical-induced (Dufrane et al., 2006), and genetic knock-outs 

or transgenic manipulated models (Haskell et al., 2002), (Durham and Truett, 2006). Many of 

these models utilise rodents (McInerney et al., 2004) or large mammals such as pigs and 

primates (Dufrane et al., 2006).  

 

A number of zebrafish models of diabetes have been developed using either larvae or adult 

zebrafish and involve either diet-based approaches, glucose-induction, chemical or genetic 

approaches or a combination of these (L. Zang et al., 2018; Salehpour et al., 2021; Chen and 

Liu, 2022). Genetic methods are more precise in targeting specific candidate genes and 

therefore produce better diabetic outcomes compared to non-genetic methods (Kahn, 2003). 

However, non-genetic methods such as glucose-, diet- or chemical-induction are more cost-

effective, easier to implement, require less technical expertise and would be more relevant as 

most human T2DM is driven by non-genetic factors such as lifestyle and medication rather 

than single gene modifications (Kahn, 2003; Galaviz et al., 2018). Based on previous studies, 

symptoms of T2DM can be induced in adult zebrafish with chronic immersion in a 2 - 4% 

glucose solution within a period of 2 to 8 weeks of induction (McCarthy et al., 2021), while 

diet-induced models take 6 to 10 weeks (Liqing Zang et al., 2017; Salehpour et al., 2021).  

 

The glucose induction model of adult zebrafish is usually associated with hyperglycemia, 

insulin resistance and diabetic retinopathy similar to that seen in diabetic humans (Gleeson et 

al., 2007). The immersion of zebrafish in a glucose solutions is the most commonly utilised 

method of inducing hyperglycemia and T2DM in zebrafish (Salehpour et al., 2021); immersion 

protocols differ depending on zebrafish life-stage, glucose concentration and period of 

exposure. Embryo models are more adaptive to changes in glucose concentration in their 

surrounding environment and thus often require a stepwise increase (1%) in glucose 
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concentration up to 3% (Connaughton et al., 2016); Older zebrafish are more susceptible to 

chronic immersion in fixed glucose concentrations, but exposure to concentrations above 2% 

for extended periods is lethal (Carnovali et al., 2016). The exposure period is dependent on 

the glucose concentration and therefore tends to be shorter when used above 2% 

(Connaughton et al., 2016).  

 

Overfeeding as approach to developing a model of obesity and T2DM do exist in zebrafish 

and vary in the type of feed used. Fish overfed with Artemia, display an increased bodyweight 

and plasma triglyceride levels after 8-weeks (Oka et al., 2010), while overfeeding a high-fat-

diet comprising brine shrimp and 1% egg yolk for 10 weeks can also induce T2DM 

accompanied with weight-gain and insulin resistance in zebrafish (Meng et al., 2017). 

Recently, a zebrafish diet-induced obesity (DIO) model was established by Zang et al., 2017 

using a commercially available fish food known as Otohime; their study demonstrated that 

overfeeding with Otohime B2 (a high protein, high fat containing food) induced weight-gain, 

high fasting blood glucose, impaired glucose tolerance and early stages of insulin resistance 

in zebrafish, similar to that seen in humans. The advantage of this approach is that significant 

weight gain and elevated fasting blood glucose levels can be obtained in adult zebrafish within 

6 weeks of overfeeding; overfeeding can be automated using automatic feeders, making it 

less labour intensive.  

 

A useful way of monitoring the progression of T2DM in animal models is the investigation and 

characterisation of disease genetic markers. The candidate genes (insulin, pre-proinsulin and 

phosphoenolpyruvate carboxykinase 1 & 2) used in this study were selected because they 

play a critical role in the maintenance of blood glucose homeostasis and their mRNA 

expression is sensitive to glycaemic concentrations and are affected by T2DM leading to their 

overexpression and suppression as consequence of disease severity.  

 

In order to determine whether the exposure of zebrafish embryos to ART would predispose 

the fish to developing T2DM as adult organisms, we first needed to establish and characterise 

this NCD in the adult model itself. We used glucose-induction and overfeeding protocols to 

achieve this; these approaches represent non-obese (glucose) and obese (overfed) models 

of T2DM using zebrafish (Connaughton et al., 2016; L. Zang et al., 2018). Once established, 

the relative qPCR expression of selected candidate genes could then be assessed in order to 

establish a baseline of gene expression changes (∆𝐶𝑡 and relative fold changes) that are 

associated with the diabetic state. Zebrafish bodyweight changes and fasting blood glucose 

levels, as well as relative mRNA expression of hormones such as insulin and its precursor, 

preproinsulin as well as the metabolic enzymes phosphoenolpyruvate carboxykinase 1 & 2 
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were established. This represents the first time these zebrafish models have been developed 

in South Africa and therefore also serves as a starting point for other local researchers. 

 

 

2. Methods and materials 

 

2.1. Animals 

All animal procedures were approved by the Animal Research Ethics Committee (AREC; 

protocol reference number AREC/00005213/2023) of the University of KwaZulu-Natal 

(UKZN). Zebrafish were maintained in the UKZN Zebrafish Research Facility (ZRF) at 28.5°C 

in 2L tanks of the IWAKI system (Iwaki aquatic systems and services; USA) at shoaling 

densities of 6-8 fish per tank containing reverse osmosis (RO) water) under a blue-light cycle 

of 14-hour light and 10-hour dark period. The fish were feed brine-shrimp (hatched in the 

laboratory), tropical fish-flakes (TetraMin, Tropical Flakes, Virginia, USA) or Otohime-B2 

(Marubeni Nisshin Feed, Tokyo, Japan) three times a day during week days and once a day 

on weekends  

 

2.2. The zebrafish glucose model. 

The glucose-induction protocol was performed according to Capiotti et al., (2014) with 

modifications; initially adult fish (a mix of males and females at 4-6 months) were exposed to 

110 mM (2%) glucose for 14 days. However, when the fasting blood glucose was assessed at 

14 days, the fish were not hyperglycemic, as was the case in the referenced study (Capiotti et 

al., 2014). Fasting blood glucose level assessments were subsequently made at day 20, 30 

and 40 during treatment, and zebrafish were found to became diabetic at 40 days.  As a result, 

mixed healthy male and female zebrafish wild-type (AB strain) were then assigned to tank 

water in the presence or absence of 2% glucose at densities of 6-7 fish per 2.5 litres (Figure 

2.1) and fish exposed to these conditions for 40 days with water and glucose solutions 

changed every second day. At day 40, the fish were removed from the glucose solution, placed 

in reverse osmosis water and fasted for 12-hours after which they were anesthetised on ice 

(fish were placed into an ice bath at 18-12°C for 2-5 minutes, excess water was removed with 

paper towel) and weighed before they were euthanized (by decapitation while anesthetised), 

and blood drawn (following decapitation the glucometer strip was directly connected to the 

wound) to determine fasting blood glucose using a glucometer (Accu-Chek Instant, Roche, 

Germany). Given that this was our first attempt at establishing the model, we felt it appropriate 

to first use whole carcases as a starting point to assess whole body genetic changes due to 

treatment. Whole carcases were prepared in Trizol (Cat no.15596026, Life Technologies, 
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USA), and utilised to isolate total RNA using the Invitrogen PureLink RNA Extraction Mini Kit 

(Cat no. 12183018A, Life Technologies, California, USA) followed by cDNA synthesis using 

the Invitrogen SuperScript (IV) first-strand synthesis system (cat no. 18091050, Thermo-fisher 

Scientific, Massachusetts, USA) for qPCR.   

 

 

 
Figure 2.1 Experimental approach for the zebrafish 2% glucose T2DM model.   
Adult zebrafish (4-6 months post-fertilisation (pf), male and female) were continuously exposed to 0% (control 
group) or 2% (experimental group) glucose solution for 40 days. Bodyweight, fasting blood glucose measurements 
and RNA isolation were performed on all carcases following euthanasia. Total RNA was transcribed to cDNA and 
used for qPCR analysis.       

 

 

2.3. The zebrafish overfed (DIO) model  

Healthy adult male and female zebrafish wild-type (AB strain) were assigned to either an 

overfeeding or a control group at densities of 6-7 fish per 2.5 litres (Figure 2.2). So-called DIO 

fish were hand-fed 120 mg commercially available fish food (Otohime B2; Marubeni Nisshin 

Feed, Tokyo, Japan) per fish per day; this was divided into six daily feedings spaced out every 

hour and half to two hours. The control group was fed a single 20 mg per fish per day. Otohime 

B2 contains 11% fats, 51% protein, 3% fiber, 2.3% calcium and 6.5% moisture. The fish were 

weighed at week 6, 7, 8, 9 and 10 during the experiment prior to feeding. At week 10 the fish 

were fasted for 12-hours, anesthetised on ice, and euthanized after which blood was drawn 

for fasting blood glucose measurements using a glucometer. To assess whole body genetic 

changes due to treatment, carcases were then prepared in Trizol, and utilised to isolate total 



31 
 

RNA using the Invitrogen PureLink RNA Extraction Mini Kit followed by cDNA synthesis for 

qPCR. 

 

 

 
Figure 2.2 Experimental procedure for the zebrafish diet-induced obesity (DIO) and T2DM model.   
Adult zebrafish (6 months’ post-fertilisation (pf), male and female) were fed 68 calories (control group) or 408 
calories (experimental group) of Otohime per fish per day for 10 weeks. Bodyweight was determined at week 6, 7, 
8, 9 and 10; fasting blood glucose measurements and RNA isolation were only performed at week 10 on all 
carcases following euthanasia. Total RNA was converted to cDNA and used for qPCR analysis.       
 

 

2.4. qPCR analysis 

The expression levels of GAPDH (gapdh); beta-actin (β-actin); zebrafish insulin (zins); 

zebrafish preproinsulin (ppins) and phosphoenolpyruvate carboxykinase 1 & 2 (pck1 and 

pck2) mRNA were assessed; using the PowerUp SYBR Green master mix (Cat no. A25742; 

Applied-Biosystems), the signal was analysed using the Quant-Studio design and analysis 

software (Applied-Biosystems, Massachusetts, USA). The primer sequences used; β-actin 

and ppins (Elo et al., 2007), gapdh (Myhre and Pilgrim, 2010), zins (Adeyemo et al., 2019),  

pck1 and pck2 (Furukawa et al., 2015), are listed in Table 2.1; all primers were obtained from 

(Inqaba Biotechnical Industries, Pretoria, South Africa) and achieved efficiencies of between 

90% to 100%. The specificity of each PCR reaction was checked with a melting curve analysis.  
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Table 2. Zebrafish primers used for qPCR analysis 

Gene name Target 
abbreviation 

Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

Beta-actin 

 

β-actin CGAGCAGGAGATGGGAACC CAACGGAAACGCTCATTGC 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

gapdh GTGTAGGCGTGGACTGTGGT TGGGAGTCAACCAGGACAAATA 

Insulin 

 

zins TGGTCGATGCCCTTTATCTGG AGATGCTGCAGGGTTTGTGG 

Preproinsulin 
 

ppins AGTGTAAGCACTAACCCAGGCACA TGCAAAGTCAGCCACCTCAGTTTC 

Phosphoenolpyruvate 
carboxykinase 1 

pck1 CAGTAAACACGGCTGAAGACAC CGGTTTTGATGCACTTGAGA 

Phosphoenolpyruvate 
carboxykinase 2 

pck2 TCTGGCAGAAGGAAACACA TCAATCCCTCACTCTCTCCTC 

 

 

Relative gene expression levels or fold changes were determined by using the (2-ΔΔCt), 

equation below; β-actin was used as the reference gene for this study. 

 

𝐶𝑡 = 𝐶𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒) − 𝐶𝑡 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒) 

∆∆𝐶𝑡 =  ∆𝐶𝑡 (𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒) − ∆𝐶𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2(−∆∆𝐶𝑡) 

 

 

 

2.5. Statistical analysis  

All results are represented as means with their standard deviation (SD). Data was analysed 

using the Student’s t-test or one-way ANOVA with multiple comparisons depending on the 

number of comparisons. A P-value of less than 0.05 was considered significant.    
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3. Results 

 

 Effect of 2% glucose exposure on weight and fasting blood glucose 

To model a glucose-induced diabetic state, zebrafish were exposed to a 2% glucose solution 

for a period of 40 days. Studies have shown that incubation of adult zebrafish in glucose 

solutions ranging from 2-4% glucose lead to hyperglycemia and varying forms of impaired 

insulin responses; however, chronic exposure to glucose solution at concentrations above 2% 

increases mortality (Salehpour et al., 2021). Although some fish in the experimental group had 

a slightly higher bodyweight, there was no significant change in bodyweight of the 

experimental group when compared to the control group (Figure 2.3). At day 40, the fasting 

blood glucose of the experimental group (4.0 ± 0.7 mmol/L) was significantly higher (P <0.01) 

than that of the control group (2.3 ± 0.2 mmol/L), indicating that long-term exposure of 

zebrafish to 2% glucose solution induced hyperglycemia. 

  

 

 

 

 

 Effect of overfeeding on weight and fasting blood glucose 

The diet-induced model of T2DM was carried out by overfeeding 408 calories of Otohime-feed 

per fish per day, control fish received 68 calories per fish per day (Liqing Zang et al., 2017). 

At 6 weeks of overfeeding the bodyweight of the DIO group (0.73 g ± 0.05 g) was significantly 

(P <0.01) increased compared to the control group (0.57 g ± 0.1 g) (Figure 2.4). Subsequently, 

from week 7 to 10, the bodyweight of the overfed group remained significantly higher than that 

Figure 2.3 Bodyweight and fasting blood glucose levels of control and glucose exposed zebrafish. 
Adult zebrafish were continuously exposed to 2% glucose solution or tank water (control) for 40 days. Control group 
(n=6) and experimental group (n=7) were weighed and fasting blood glucose measured at day 40. Data analysed 
using Student’s t-test; values are means± SD against control; **P <0.01. Any data that lacks a * is not statistically 
significant. 
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of the control group: week 7 (0.72 g ± 0.1 g vs 0.55 g ± 0.15 g; p<0.01), week 8 (0.70 g ± 0.1 

g vs 0.54 g ± 0.1 g; p<0.01), week 9 (0.70 g ± 0.05 g vs. 0.54 g ± 0.1 g; p<0.01) and week 10 

(0.75 g ± 0.05 g vs 0.61 g ± 0.1 g; p<0.05). It is evident that the fish in the overfed group gained 

significant body mass compared to the control group from 6 to 10 weeks of overfeeding; even 

though there was more variation in the bodyweight of individual fish in the overfed group 

(Figure 2.4a). The bodyweight gain of the overfed group was clearly evident at week 10 

compared to the control group (Figure 2.4b).  

 

At week 10, the difference in fasting blood glucose in control fish (2.1 ± 0.2 mmol/L) versus 

those overfed DIO (3.5 ± 0.9 mmol/L) was also significant (Figure 2.4c; P <0.005), 

demonstrating that long-term overfeeding of a high protein, high-fat diet induced obesity and 

hyperglycemia in zebrafish compared to those fed a normal diet. 

 

 

 

Figure 2.4 Bodyweight change and fasting blood glucose of normal-fed and overfed (DIO) zebrafish.  

Adult zebrafish were overfed (DIO; 408 calories per fish per day; n=7) or normal-fed (control; 68 calories per fish 
per day respectively; n=6) for 10 weeks. (A) The control and overfed groups were weighed weekly during the period 
of treatment (week 6 – 10 shown); (B) visual difference in bodyweight and (C) fasting blood glucose measurements 
at week 10. Data was analysed using the Student’s t-test; values are means± SD against control; *P <0.05, **P 
<0.01, ***P <0.005. 
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 Response of zebrafish candidate genes to glucose exposure  

 

a. Insulin and preproinsulin 

 

Hyperglycemia is one of the early stages of insulin resistance and a diabetic state. We 

therefore analysed the expression profile of two related hormones, insulin (zins) and its 

precursor preproinsulin (ppins), essential for the maintenance of blood glucose homeostasis 

(Röder et al., 2016). We specifically started by determining the delta-Ct under control and 

experimental conditions, which allowed us to compare the mRNA expression between these 

conditions. Mean delta-Ct (∆𝐶𝑡) values were significantly different (P <0.01) in the control vs 

experimental group respectively for insulin (∆𝐶𝑡 8.7 ± 1.0 vs ∆𝐶𝑡 2.8 ± 3.6) and preproinsulin 

(∆𝐶𝑡 8.7 ± 1.5 vs ∆𝐶𝑡 2.9 ± 3.9), (Figure 2.5 A and B).  

 

The delta-Ct values for zins and ppins expression in individual animals were observed to fall 

into two groups for each candidate gene reflecting either an increase in mRNA expression or 

an absolute loss of gene expression; these were subsequently referred to as group (i) and (ii) 

respectively (Figure 2.5 C). The delta-Ct of zins-group (i) (∆𝐶𝑡 4.8 ± 1.9 to ∆𝐶𝑡 8.6 ± 1.9) and 

ppins-group (i) (∆𝐶𝑡 4.6 ± 1.7 to ∆𝐶𝑡 8.7 ± 1.7) were lower than the control mean (∆𝐶𝑡 9.1 ± 

0.1) (Figure 2.5 C and D), reflecting an increase in the relative mRNA expression of insulin 

and preproinsulin in this group when compared with the control; this was confirmed by a higher 

relative fold-change in zins-group (i) and ppins-group (i) (4.6 and 4.0 higher than control 

respectively; Figure 2.5 E). The delta-Ct of zins-group (ii) and ppins-group (ii) was zero due to 

lack of transcript expression; fold changes in this group also indicated lack of insulin and 

preproinsulin mRNA expression.   

 

Interestingly, the delta-Ct of zins-group (ii) and ppins-group (ii) was zero, suggesting a 

complete lack of transcript expression; fold changes in this group reflected this lack of insulin 

and preproinsulin mRNA expression, with values of 0 for both groups (Figure 2.5E).   
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Figure 2.5 Difference in ΔCt values and fold change of hormones essential for glucose metabolism in 
zebrafish. 
Adult zebrafish were continuously exposed to 2% glucose solution or tank water (control) for 40 days. Total RNA 
isolated from control group (n=6) and experimental group (n=7) generated the cDNA used for qPCR analysis of 
zebrafish insulin (zins) and preproinsulin (ppins). Delta-Ct values (ΔCt) were either take as a mean of the population 
(A and B) or were divided into group (i) & (ii) within the population (C and D) and a fold change was determined for 
each group (E). Data was analysed using one-way ANOVA; values are means± SD against control; **P<0.01. 

 

 

 

 

b. GAPDH and phosphoenolpyruvate carboxykinase 1 & 2  

The relative mRNA expression of metabolic enzymes GAPDH and phosphoenolpyruvate 

carboxykinase 1 & 2 (pck1 & pck2) was then evaluated. The delta-Ct values were more 

variable in the experimental group compared to the control population for the expression of 

gapdh, pck1 and pck2 (Figure 2.6); the average delta- Ct value for gapdh (∆𝐶𝑡 4.5 ± 1.8), pck1 
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(∆𝐶𝑡 4.8 ± 2.6) and pck2 (∆𝐶𝑡 4.9 ± 2.1) were significantly (P< 0.05) below the control values 

(∆𝐶𝑡 7.7 ± 0.6) (Figure 2.6 A, B and C). Each individual member in the experimental population 

expressed gapdh, pck1 and pck2 (Figure 2.6 D, E and F) meaning the up regulation of 

GAPDH, PCK1 and PCK2 in a high glucose environment was 4.6, 17.1 and 6.0 fold higher 

than control respectively (Figure 2.6 G), suggesting an increase in expression of these 

enzymes.   

 

 

 

Figure 2.6 Difference in ΔCt values and fold change of enzymes essential for glucose metabolism in 
zebrafish. 
Adult zebrafish were continuously exposed to 2% glucose solution or tank water (control) for 40 days. Total RNA 
isolated from control group (n=6) and experimental group (n=7) generated the cDNA used for qPCR analysis of 
GAPDH (gapdh) and phosphoenolpyruvate carboxykinase 1 & 2 (pck1 & pck2). Delta-Ct values (ΔCt) were plotted 
to indicate mean of the population (A, B and C) or individual expression (D, E and F) of each gene.  Mean delta-
Ct was used to determine fold changes (G). Data was analysed using one-way ANOVA; values are means± SD 
against control; *P<0.05, **P<0.01. 
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 Effect of overfeeding on candidate gene expression    

a. Insulin and preproinsulin 

The zebrafish weight-gain and high fasting blood glucose after 10 weeks of overfeeding 

prompted us to investigate the relative qPCR expression of insulin and preproinsulin as they 

play an essential role in glucose homeostasis. The mean delta-Ct of the experimental 

population was significantly (P< 0.01) lower than that of the control population for the 

expression of insulin (∆𝐶𝑡 2.1 ± 3.7 vs ∆𝐶𝑡 8.7 ± 1.0) and preproinsulin (∆𝐶𝑡 2.9 ± 3.7 vs ∆𝐶𝑡 

8.7 ± 1.5) respectively, Figure 2.7 A and B. The analysis of delta-Ct for insulin and 

preproinsulin expression revealed two groups (i and ii) reflecting increased gene expression 

or absolute loss of expression in the experimental population respectively. The delta-Ct of 

zins-group (i) (ranging from ∆𝐶𝑡 6.4 to 8.7) and ppins-group (i) (ranging from ∆𝐶𝑡 5.7 to 7.9) 

were below the mean delta-Ct of control (∆𝐶𝑡 9.3 ± 0.8) (Figure 2.7 C and D) suggesting that 

there was increased insulin and preproinsulin mRNA in this overfed group compared to the 

control group. This was reflected by the fold changes that were 2.3 and 3.7 for insulin and 

preproinsulin respectively (Figure 2.7 E). The delta-Ct in the zins-group (ii) and ppins-group 

(ii) was zero indicating a total lack of transcript expression; fold changes in this group reflected 

lack of insulin and preproinsulin mRNA (Figure 2.7 E), similar to the glucose model in Section 

3.3. 
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Figure 2.7 Difference in ΔCt values and fold change of hormones essential for glucose metabolism in 
zebrafish. 
Adult zebrafish were overfed (DIO; 408 calories per fish per day; n=7) or normal-fed (control; 68 calories per fish 
per day respectively; n=6) for 10 weeks. Total RNA isolated from control group and experimental group generated 
the cDNA used for qPCR analysis of zebrafish insulin (zins) and preproinsulin (ppins). Delta-Ct values (ΔCt) were 
either take as a mean of the population (A and B) or were divided into group (i) & (ii) within the population (C and 
D) and a fold change was determined for each group (E). Data was analysed using one-way ANOVA; values are 
means± SD against control; **P<0.01.  

 

 

 

b. GAPDH and phosphoenolpyruvate carboxykinase 1 & 2 

The relative qPCR expression of GAPDH and phosphoenolpyruvate carboxykinase 1 & 2 after 

10 weeks of overfeeding was also evaluated. The population mean delta-Ct of the overfed 

group for the relative expression of gapdh (∆𝐶𝑡 3.4 ± 3.6) was lower than the control group 

(∆𝐶𝑡 6.8 ± 0.7), but not significantly so (Figure 2.8 A); while the delta-Ct for pck1 and pck2 

were significantly (P< 0.05) lower than the control (∆𝐶𝑡 3.2 ± 3.5 vs ∆𝐶𝑡 9.6 ± 3.2) and (∆𝐶𝑡 

3.4 ± 1.7 vs 𝐶𝑡 6.2 ± 1.4) respectively, (Figure 2.8 B and C).  
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The experimental group contained zebrafish that did not express gapdh or pck1 mRNA at all; 

these are indicated as group (ii), had a delta-Ct and a fold-change value of zero (Figure 2.8 

G). The mean delta-Ct of zebrafish within this group able to express GAPDH, PCK1 and PCK2 

mRNA was ∆𝐶𝑡 6.0 ± 2.7; ∆𝐶𝑡 5.5 ± 1.5 and ∆𝐶𝑡 3.4 ± 1.7 respectively, and all were lower than 

control values ∆𝐶𝑡 6.5 ± 0.8; ∆𝐶𝑡 9.9 ± 0.5 and ∆𝐶𝑡 6.3 ± 1.2 (Figure 2.8 D, E and F). This 

suggested an increased GAPDH, PCK1 and PCK2 mRNA expression in this group confirmed 

by respective fold changes at 1.6; 6.9 and 6.0 higher than respective controls.    

 

 

 

 

Figure 2.8 Difference in ΔCt values and fold change of enzymes essential for glucose metabolism in 
zebrafish. 
Adult zebrafish were overfed (DIO; 408 calories per fish per day; n=7) or normal-fed (control; 68 calories per fish 
per day respectively; n=6) for 10 weeks. Total RNA isolated from control group and experimental group generated 
the cDNA used for qPCR analysis of GAPDH (gapdh) and phosphoenolpyruvate carboxykinase 1 & 2 (pck1 & 
pck2). Delta-Ct values (ΔCt) were plotted to indicate mean of the population (A, B and C) or individual expression 
(D, E and F) of each gene; the delta-ct of each group (i) or (ii) were used to determine fold changes. Data was 
analysed using one-way ANOVA; values are means± SD against control; *P<0.05. Any data that lacks a * is not 
statistically significant. 
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4. Discussion 

 

The adult zebrafish model of T2DM-related hyperglycemia was successfully established using 

two different approaches: continuous 2% glucose exposure and overfeeding in excess of 340 

calories per fish per day in this study (Gleeson et al., 2007; L. Zang et al., 2018). 

Hyperglycemia is a major biochemical diagnostic feature of the two main forms of diabetes, 

type 1 or type 2 diabetes. Type1 (or insulin dependent) diabetes is an autoimmune condition 

caused by the destruction of insulin producing pancreatic β-cells, while type 2 (or non-insulin 

dependent) diabetes, caused by insulin insensitivity (Capiotti et al., 2014). Type 1 diabetes 

patients would therefore produce no insulin because the pancreas is incapable; while in type 

2 patients the pancreas would produce more and more to overcome insulin resistance, and 

once exhausted, they would then cease to produce this hormone (Cerf, 2013). 

 

4.1 Glucose solution immersion method 

Glucose exposure did not induce significant bodyweight changes, but did significantly increase 

fasting blood glucose levels; which indicated hyperglycemia in the treated group consistent 

with other studies (Carnovali et al., 2016). The normal average fasting blood glucose levels in 

zebrafish was previously shown to be 3.1 ± 0.2 mmol/L (Cao et al., 2023) ours was slightly 

lower at 2.3 ± 0.2 mmol/L, but still comparable; in the study by Cao et al (Cao et al., 2023), 

the fasting blood glucose levels were (4.1 ± 0.5 mmol/L), this is similar to the levels observed 

in our study (4.0 ± 0.7 mmol/L). Another previous study exposing zebrafish to a 2% glucose 

solution for 14 days was able to achieve fasting blood glucose levels 4-5 times higher (13.52 

± 1.29 mmol/L) than that of the control group (2.99 ± 0.18 mmol/L) (Capiotti et al., 2014). The 

fasting blood glucose levels observed in our study were two-fold higher in the glucose-treated 

group compared to the control group which is within acceptable levels for a zebrafish T2DM 

model the difference to the Capiotti study could in part be attributed to the low fasting blood 

glucose level of the control group (baseline) in our study. 

 

4.2 Overfeeding method 

The similar metabolic pathways of carbohydrate and dietary fat processing of zebrafish to that 

of humans permits the use of diet to induce T2DM in zebrafish. Feeding a high fat diet (brine 

shrimp, plus 1% egg yolk) to adult zebrafish for 10 weeks has been shown to cause obesity 

and increased fasting blood glucose levels including impaired insulin function (Meng et al., 

2017). Another study demonstrated obesity, hyperglycemia and insulin resistance in zebrafish 

by automated overfeeding a high protein, high fat diet (Otohime B2) for eight weeks (Liqing 

Zang et al., 2017). We induced significant bodyweight gain and hyperglycemia in the treated 

group (3.5 ± 0.9 mmol/L) compared to control (2.0 ± 0.2 mmol/L) by overfeeding Otohime B2 
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for 10 weeks; this was comparable to a previous study by Zang et al which, by week 8 of 

overfeeding with Otohime, obtained an average fasting blood glucose level of 4.5 ± 0.8 mmol/L 

for the treatment group compared with 2.8 ± 0.1 mmol/L for control. The overfeeding approach 

is almost always associated with weight-gain or adipose tissue accumulation which contribute 

to insulin insensitivity and hyperglycemia (Kahn, 2003). It would be interesting to measure 

fasting blood glucose at earlier time points as the significant weight gain was already seen at 

6 weeks; it is likely that fasting glucose was upregulated prior to 10 weeks.  This would 

translate to a faster induction period of hyperglycemia, which would be beneficial. 

 

4.3 Expression of candidate genes 

Impaired glucose processing as a result of insulin resistance is one of the major determining 

factors of T2DM. To determine whether the hyperglycemia observed after the glucose 

treatment and overfeeding correlated with, or were accompanied by, reduced insulin 

responsiveness (resistance) or a lack of insulin production, we sought to quantify the mRNA 

expression levels of insulin and its precursor preproinsulin, hormones essential for 

carbohydrate metabolism (Röder et al., 2016). Our approach involved utilising the whole 

carcass rather than specific specialised organs to determine the mRNA expression levels of 

insulin and preproinsulin. Mean delta-Ct values were significantly different in the control vs 

experimental group for insulin and preproinsulin respectively. On closer inspection we could 

identify two groups based on their gene expression response. Group 1, with moderate 

increases in insulin and preproinsulin mRNA expression and group 2, with decreased 

expression of both genes or in fact no expression at all; these were observed in both the 

glucose and diet (DIO) models. It is possible that the sustained hyperglycaemic burden of 

glucose and overfeeding reduced the function or productivity of insulin-producing cells leading 

to pancreatic exhaustion and ultimately lack of insulin expression in some individuals of this 

study. The delta-Ct values for both insulin and preproinsulin suggest that the ultimate down-

regulation of insulin and preproinsulin mRNA expression may be a final response to 

continuous glucose exposure of zebrafish in our model. Analysis at both earlier and later 

timepoints through the inclusion of repeated blood draws may shed light on this.   Published 

studies using zebrafish models of T2DM have demonstrated hyperglycemia to be a result of 

insulin insensitivity (resistance) and not necessarily lack of insulin production; this was shown 

in one study through fluorescence tagging of insulin (Liqing Zang et al., 2017) and in another 

by  measuring insulin mRNA expressing levels in specific target organs such as the liver and 

muscle (Meng et al., 2017). A further adaptation in future studies would therefore be the 

analysis of mRNA in target organs, rather than the entire zebrafish as a whole.  Finally, it 

would be interesting to analyse the expression of pancreatic genes, such as PDX1 to 
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determine organ function in our model and gain some insight as to the state of the pancreas 

itself. 

 

The role of the metabolic enzyme phosphoenolpyruvate carboxykinase as  a potential blood 

glucose indicator in a diabetic state in zebrafish has only been investigated in larvae; and its 

expression has been suggested as a potential indicator of blood glucose levels (Elo et al., 

2007). This means in an individual with normal blood glucose levels PCK would be supressed 

in the presence of insulin in the bloodstream and upregulated in the presence of glucagon. In 

the current study the mRNA expression of PCK 1 and 2 increased seventeen- and six-fold 

respectively in glucose-exposed zebrafish, while the increase was seven- and six-fold 

respectively in the overfed group (DIO). Uptake of external glucose is involuntary in zebrafish 

as a result of osmotic pressure regulation as the water exchanges between the fish and its 

environment (Cao et al., 2023); while food is taken in through digestion. It is possible that the 

involuntary uptake of glucose or chronic hyperglycemia was more detrimental to insulin 

sensitive tissue than overfeeding, leading to severe insulin insensitivity and impaired 

regulation PCK or its upregulation. Studies have shown that prolonged hyperglycemia reduces 

the inhibitory effects of glucose and insulin on PCK, leading to its upregulation and 

subsequently more glucose production via gluconeogenesis (Shao et al., 2005); this 

phenomenon has however not been observed with overfeeding. 

 

While these are proven methods of inducing hyperglycemia, the limitation of this study is that 

one cannot ascertain that the fish are hyperglycaemic until they are sacrificed. Although a 

method for repeated bi-monthly blood draws from live animals has been reported, this method 

was not successfully implemented in the current study, and will require optimization for future 

research projects. The use of whole carcases for RNA isolation to determine gene expression 

of zins, ppins pck1 and pck2 was also a limitation, as it did not provide target tissue-specific 

information. In future, insulin sensitive tissues such as the liver, pancreas and muscle should 

be isolated to understand gene expression changes in these specific target tissues. Another 

limitation is that although we assessed insulin levels through relative mRNA expression, we 

did not analyse protein expression itself. Additionally, zebrafish β-actin and gapdh are prone 

to variation during experimental treatment and development respectively; therefore their use 

as internal controls was a challenge(McCurley and Callard, 2008). Eight zebrafish 

housekeeping genes are routinely used in zebrafish studies; these include beta actin (b-

actin1), tubulin alpha 1 (tuba1), glyceraldehyde-3-phosphate dehydrogenase (gapdh), 

glucose-6-phosphate dehydrogenase (g6pd), TATAbox binding protein (tbp), beta-2-

microglobulin (b2m), elongation factor 1 alpha (elfa), and 18s ribosomal RNA (18s)) (McCurley 

and Callard, 2008). All have been found to have a degree of variability following treatment of 
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zebrafish. As was the case in the McCurley and Callard study, in our study; β-actin appeared 

less variable than gapdh, and was therefore utilised as the internal reference gene for control 

purposes.  

 

In summary, using two different approaches, we established zebrafish models that were 

clearly hyperglycaemic, indicative of a diabetic state. We have evaluated three specific 

diabetic factors to validate our models; and these include bodyweight gain, fasting blood 

hyperglycemia and gene expression levels of metabolic hormones and enzymes. We sought 

to establish and evaluate genetic, physical and glycemic changes that occur in zebrafish 

during a diabetic state as a result of exposure to glucose and overfeeding. These evaluations 

would then allow us to establish a baseline that could be used to compare changes that occur 

in zebrafish in response to ARV exposure; this is presented in the following chapters.  The 

model described may also be useful to local scientists and could be applied and modified by 

researchers studying diabetes in zebrafish.   
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Chapter 3 

 

Tenofovir, Lamivudine and Dolutegravir (TLD) in vitro and in vivo toxicity 

testing  
 

1. Introduction  

 

Non-communicable disease (NCDs) kill an estimated 41 million people each year and this is 

equivalent to about 71% of all global deaths (Samodien et al., 2021). The use of combination 

antiretroviral therapy (cART) (consisting of two or more drugs incombination) has been shown 

to increase the risk of metabolic disorders predisposing to type 2 diabetes (T2DM) and other 

NCDs (van Wijk and Cabezas, 2012). South Africa already has a high incidence of NCDs and 

the largest antiretroviral therapy (ART) program in the world (Gizamba et al., 2023). As the 

burden of NCDs rises in the general global population, the burden in the population of people 

living with HIV (PLWH) is compounded by ART (Hadavandsiri et al., 2023). The fixed-dose 

antiretroviral therapy combination of tenofovir (300 mg), lamivudine (300 mg) and dolutegravir 

(50 mg) (TLD), is a preferred first line regimen in Sub-Saharan Africa, for all HIV-positive 

patients (Fokam et al., 2023). One of the main side-effects of TLD when used by HIV-positive 

woman during pregnancy is the potential risk of infant neural tube defect (NTD) attributed to 

dolutegravir (Zash et al., 2019). Tenofovir on the other hand is associated with renal tubular 

dysfunction in HIV-positive children (Mashingaidze-Mano et al., 2020). The use of animal 

models is important for understanding mechanisms of these drug side effects or drug-induced 

NCDs. Because the fixed-dose TLD formulation is clinically prescribed for adolescents and 

adults weighing at least 30kg (Bangalee et al., 2022), tolerable doses need to be established 

for specific animal models before experimentation.  

 

To determine the most appropriate dose of TLD, and its individual components, in animal 

models, concentration and toxicity profiles need to be evaluated in in vitro first before in vivo 

experimentation. Toxicity is an essential part of drug testing as it is the leading cause of 

mortality during animal experimentation (Morello et al., 2018). Thus, drug toxicity screening 

tools are required for rapid screening of already available drug compounds, and one such tool 

is the zebrafish embryos (up to 5 days-post-fertilisation -dpf). The zebrafish embryo has many 

advantageous features as a drug toxicity screening tool such as rapid development, small size 

(able to fit in a 96-well plate), ease of drug administration in small amounts, transparent 

embryos allowing observation of morphological changes during treatment, ease of 

maintenance and high metabolic and genetic homology with mammals (Gorgulho et al., 2018).   
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In this chapter we therefore investigated the toxicity of TLD and its individual compounds at 

different concentrations using in vitro (HEK293 cells) and in vivo (zebrafish embryo) models. 

Compound toxicity in vitro was assessed through MTS cell viability testing after 72 hours of 

exposure, while in vivo toxicity was monitored via the assessment of morphological changes 

that occur during exposure, including but not limited to heart edema, spinal curvature, embryo 

coagulation and defects in somite development. The studies were carried out in response to 

a range of concentrations of tenofovir, lamivudine and dolutegravir, individually and in 

combination.  

 

 

2. Methods and materials  

 

2.1. ARV Drug preparation 

Tenofovir Disoproxil Fumarate (TDF) (Cat. no. SML1794, Sigma-Aldrich, St. Louis, USA) and 

Lamivudine (Cat. no. L1295, Sigma-Aldrich, St. Louis, USA), ≥98% (HPLC) powder were 

dissolved in Dimethyl sulfoxide (DMSO, Cat. no. D2650, Sigma-Aldrich, St. Louis, USA) to 

100 mM stocks. Concentrations of 100 µM, 50 µM, 25 µM and 10 µM, were prepared from 

stocks diluted in 10% Dulbecco’s Modified Eagle’s Media (DMEM, Cat. no D5648, Capital Lab 

Supplies, South Africa) or E3 / embryo media (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 

0.33 mM MgSO4). The ARV drug compounds were diluted such that the maximum 

concentration of DMSO per test was ≤0.1% (v/v). Dolutegravir was dissolved in DMSO to a 20 

mM stock solution diluted to 100 µM, 50 µM, 25 µM and 10 µM before treatment.  

 

2.2. Overall approach to toxicity studies 

Toxicity was carried out in vitro (on HEK 293 cells) and in vivo (on 24 hpf dechorionated 

zebrafish embryos) (Figure 2.1; see Section 2.3 and 2.5 for more details). The cells were 

incubated with individual TLD components (tenofovir, lamivudine and dolutegravir) at 

concentrations of 10, 25, 50 and 100 µM for 72 hours at 37°C. After exposure HEK 293 cells 

were tested for viability by using the MTS assay, where the absorbance values were converted 

to percentage viability relative to control. Additionally, HEK 293 cell images were take using 

an Olympus CKX41 light microscope to confirm live morphology. The highest non-lethal 

concentrations of the TLD drug components were subsequently used for the in vivo toxicity 

study.  The embryos were dechorionated (1 mg/ml pronase E dissolved in RO water; Cat no. 

9036-06-0, Merck, USA) to ensure maximum exposure of the embryo to the administered 

compounds. Dechorionated zebrafish embryos at 24 hpf were exposed to 100 µM tenofovir, 
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100 µM lamivudine and 100 or 50 µM dolutegravir for 72 hours (Figure 3.1). After the 

assessment of morphological toxicity of individual compounds, a TLD formulation was then 

tested on cells and embryos.  

 

Figure3.1 Experimental approach for the in vitro and in vivo TLD toxicity testing.  
The in vitro and in vivo toxicity testing was carried out by treating HEK-293 cells and 24 hpf dechorionated embryos 

respectively with (0-100 µM) TLD components and TLD combination for 72 hours. In vitro toxicity was assessed by 

indirectly measuring cell viability using the MTS assay, while in vivo toxicity was assessed visually by monitoring 

morphological changes due to treatment.  

 

 

2.3. Cell culture and in vitro toxicity testing 

Human embryonic kidney 293 cells (kindly provided by Prof. Raymond Hewer, School of Life 

Sciences, University of Kwazulu-Natal), were cultured in 10% DMEM growth-media 

(supplemented with 10% fetal bovine serum (FBS)) at 37°C with 5% CO2. Confluent HEK 293 

cells were scrapped off, spun-down and re-suspended in fresh growth-media to determine cell 

viability using the TC20 automated cell counter (Bio-Rad, California, USA). Cells (100 µl) with 

viability ≥80% were seeded into 96-well cell culture plates at 2 x105 cells/ml (i.e. final number 

of 2 x104 cells/well) and incubated for 4-hours at 37°C with 5% CO2. Adherent cells were then 

treated with 100 µM, 50 µM, 25 µM and 10 µM of tenofovir, lamivudine and dolutegravir in 

triplicate at 37°C, 5% CO2 for 72 hours; media and ARVs were replaced each day. Controls 
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included DMEM growth-media in the absence and presence of 0.1% to 0.45% (v/v) DMSO. 

Effects of drug exposure were assessed through cell viability using the MTS assay (Section 

2.4). Representative images of cells in the experimental group were taken with an Olympus 

CKX41 light microscope. Once individual toxicity was completed, the TLD combination could 

then be assessed using the same approach; concentrations were informed from the individual 

dose responses.  

 

2.4. MTS assay  

Following the treatment of HEK 293 cells with antiretroviral compounds for 72 hours, the Cell-

Titer 96® Aqueous One Solution Reagent (Cat. no. G3580, Promega, Wisconsin, USA) was 

added into cells in the 96-well plate and incubated for 4 hours at 37°C with 5% CO2. The 96-

well cell culture plate was placed into the SpetraMax® ABS Plus ELISA plate reader 

(Molecular Devices, California, USA) and agitated (using the “shake” function) before 

measuring the absorbance at 490 nm.  

 

2.5. In vivo toxicity testing 

Spawned zebrafish embryos were incubated at 28.5°C for 24 hours, dechorionated using 

pronase E (Cat no. 9036-06-0, Merck, USA) by incubating the chorionated embryos in a 1 

mg/ml pronase solution for 40 minutes, rinsed off with E3 media and incubated with tenofovir 

(100 µM), lamivudine (100 µM) and dolutegravir (50 µM or100) or the TLD combination 

(concentrations of tenofovir,  lamivudine and dolutegravir determined from the previous toxicity 

study) for 72 hours with drug treatment renewed every 24 hours; 0.45% (v/v) DMSO was used 

as a control. Zebrafish embryos were observed under an Olympus CKX41 light microscope 

after treatment and images taken to identify morphological changes in treatment group 

compared to control.    

 

2.6. Data and statistical analysis  

The absorbance values indicate the mean with standard deviation (SD) from three individual 

experiments (n=3), each done in triplicates. The absorbance was converted to percent viability 

based on the growth media control. Data for cell viability was analysed with one-way ANOVA 

(using GraphPad prism 8.3.0). A value of P < 0.05 was considered significant. The zebrafish 

experiment was repeated at least three times (n=3); only representative images shown.       
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3. Results  

 

3.1. Tenofovir, lamivudine and dolutegravir toxicity in vitro 

To test the individual toxicity of the TLD components in vitro, HEK 293 cells were cultured in 

the presence of different concentrations (10 µM to 100 µM) of the drug compounds for 72 

hours; growth media and 0.45% (v/v) DMSO were used as controls. The cell structure and 

appearance of HEK 293s was not negatively affected by exposure to 0.45% (v/v) DMSO, 100 

µM tenofovir, 100 µM lamivudine and 100 µM dolutegravir individually (Figure 3.2 A-D).  

 

There was no significant difference in the percentage viable cells when comparing growth 

media and DMSO exposed cultures (Figure 3.2 E-F); at concentrations of 0.1% to 0.45% (v/v) 

DMSO, this organic solvent did not exert a significant negative affect on HEK 293 cell viability. 

The exposure to tenofovir at 10 µM did not affect cell growth when compared to the DMSO 

control, while at higher concentrations (50 µM and 100 µM) tenofovir did reduce the mean cell 

viability to 75% at 100 µM, however, this effect was not significant (Figure 3.2 E). HEK 293 

cell viability was not significantly affected by lamivudine or dolutegravir exposure even at the 

highest concentration (100 µM) used in this study with the cultures in these treatment groups 

reflecting 86% ± 0.8 and 98% ± 0.1 viability, respectively (Figure 3.2 F and G). It was apparent 

though that although DMSO, lamivudine and dolutegravir did not significantly affect the growth 

of HEK 293s, tenofovir at 100 µM did slow down the cell growth rate (Figure 3.2 E-G), and this 

explains the perceived reduction in cell viability observed. However, the number of cells after 

72 hours of exposure was still higher than the initial number of the cells plated.   
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Figure 3.2. Cytotoxicity of tenofovir, lamivudine and dolutegravir on HEK-293 cells.  
Cells were incubated in the presence or absence of ARVs for 72 hours. Microscope images of (A) 0.45% (v/v) 
DMSO (control), (B) 100 µM tenofovir, (C) 100 µM lamivudine or (D) 50 µM dolutegravir at 40x magnification were 
taken to monitor changes in cellular structure and cell proliferation. The MTS assay was used to indirectly measure 
cell viability in response to 10 µM, 25 µM 50 µM and 100 µM of E) tenofovir, F) lamivudine and G) dolutegravir. 
Growth media and DMSO controls were also included. Absorbance measurements were expressed as percentage 
viability relative to the growth media control.  Data was analysed using one-way ANOVA; values are means± SD 
(n=3).  Any data that lacks a * is not statistically significant. 
 

 
 

3.2. Tenofovir, lamivudine and dolutegravir toxicity in vivo  

Following the in vitro profiling of the individual TLD drug components indicating the survival of 

HEK 293 cells at the highest concentration (100 µM) used in this study; the same 

concentration was then used to assess the toxicity of tenofovir, lamivudine and dolutegravir in 

vivo on dechorionated zebrafish embryos. We first showed that DMSO exposure at 0.45% 

(v/v) was not toxic to zebrafish embryos after 24 hours and 72 hours of treatment; embryonic 

morphology and development was similar to embryos in E3 media alone (Figure 3.3 A).  

 

We then chose 0.45% (v/v) DMSO, the drug diluent in this study as our subsequent control for 

further studies. The exposure of zebrafish embryos to the highest concentration of tenofovir 

(100 µM) and lamivudine (100 µM) did not lead to death or drug-related physical changes in 

zebrafish morphology after 24 hours and 72 hours of exposure (Figure 3.3 B ii) and iii)). In 
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contrast, the treatment of zebrafish embryos with the highest concentration of dolutegravir 

(100 µM) used in this study, although not toxic after 24 hours, was observed to be lethal to the 

embryos after 72 hours of exposure (Figure 3.3 B, v)). As a result, the concentration of 

dolutegravir used in subsequent studies was reduced to 50 µM as this concentration was not 

observed to be lethal or toxic to zebrafish embryos after 72 hours of exposure (Figure 3.3 B, 

iv)).  

 

 

Figure 3.3. In vivo toxicity of tenofovir, lamivudine and dolutegravir on zebrafish embryos. 
Zebrafish embryos were incubated at 28.5°C after spawning and dechorionated at 24 hours post fertilisation (hpf). 
(A) controls, i) E3 media vs. ii) 0.45% (v/v) DMSO were compared. (B) experiment groups (ii) tenofovir 100 µM; 
iii) lamivudine 100 µM, iv) dolutegravir 50 µM and v) dolutegravir 100 µM) were compared to i) DMSO control. 
During treatment microscope images of zebrafish embryos were taken for morphological observations 24 hours 
after treatment and at the end of the 72-hour treatment; the experiment was repeated at least three times (n=3).  

 

 

3.3. TLD combination toxicity analysis in vitro and in vivo  

After establishing the appropriate non-lethal or non-toxic concentrations of the individual TLD 

drug components in HEK 293 cells and zebrafish embryos, we then used this information to 

formulate our version of a fixed-dose TLD drug consisting of 100 µM tenofovir, 100 µM 
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lamivudine and 50 µM dolutegravir. This TLD formulation was then tested on cells in vitro and 

zebrafish embryos in vivo to assess toxicity in the final fixed-dose combination format.  

 

After treatment, the percentage viable cells cultured in the growth media or and DMSO was 

similar at 97% ± 0.1 viability; while the percentage viable cells in response to TLD was 

significantly (P< 0.01) decreased compared to control at 78% ± 0.2 viability (Figure 3.4 A). 

This was further supported by microscopy images which showed more cells in the DMSO 

control (Figure 3.4 B) compared to the treated TLD experimental group (Figure 3.4 C). This 

effect was as result of slow growth rate in the TLD-treated cultures similar to that observed 

following tenofovir treatment of HEK 293s. Finally, exposing zebrafish embryos to TLD for 24 

hours and 72 hours did not lead to toxicity or any observed form of morphological changes 

when compared with the DMSO control group (Figure 3.4 D).   

 

 

 
Figure 3.4. In vitro and in vivo toxicity of TLD after 27-hours of exposure.  
HEK 293 cells were incubated with growth media, DMSO or TLD for 72 hours and cell viability was determined 

using the MTS assay (A). Microscope images of the DMSO (B) and TLD (C) treated cells were taken at 72 hours 

after treatment. (D) In vivo toxicity was tested on zebrafish embryos after 24 hours and 72 hours of i) 0.45% DMSO 

or ii) TLD exposure, morphological changes were evaluated using a light microscope after treatment. Data was 

analysed using one-way ANOVA, the experiment was repeated at least three times (n=3); values are means± SD 

against control; **P<0.01.  Any data that lacks a * is not statistically significant. 

 
 

 

3.4. TLD slows development of zebrafish embryos 

Since toxic effects of drugs are not always observable after a shorter period of exposure, we 

extended the exposure period, to 120 hours after treatment. Although there were no noticeable 

differences in DMSO-treated zebrafish embryos compared to TLD-treated embryos after 72 
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hours, after 120 hours of treatment, the TLD-exposed embryos were delayed in their 

development; this was highlighted by the lack of swim bladder formation and the inability to 

remain upright (Figure 3.5). Once the drug is removed however, the growth rate or embryo 

development rate returns to normal, and the juveniles were able to remain upright. The effect 

was therefore reversible.   

 
 
 

 
Figure 3.5. In vivo toxicity of TLD following 120 hours of exposure. 
Dechorionated zebrafish embryos at 24 hours post fertilisation were treated with 0.45% (v/v) DMSO (i) or TLD (100 

µM tenofovir, 100 µM lamivudine and 50 µM dolutegravir) (ii) for 120 hours. The embryos were monitored using a 

light microscope and images taken in the beginning and end of treatment period. The experiment was repeated at 

least three times (n=3) in triplicates. Left panels indicate the initiation of treatment at 24 hpf; right panels indicate 

zebrafish after 120 hours of treatment. The red arrow indicates the swim bladder. * indicate head position/ fish 

posture, meaning the larvae is upright when two eyes can be observed from the above and cannot keep an upright 

posture when only one eye can be observed from above.     

 
 
 
 
4. Discussion 

 

The zebrafish embryo has long been established as a useful tool for testing the toxicity of 

chemical compounds, including antiretroviral drugs (Zizioli et al., 2023). Zebrafish embryo 

toxicity models differ in protocol design, and these differences relate to the initial time of 

exposure (6 to 24 hours post fertilisation), the duration of exposure (48 to 144 hours), whether 

to dechorionated embryos are used or not, and lastly static exposure vs drug renewal during 

treatment (Achenbach et al., 2020). In our study we first investigated the toxic effects of the 

combination antiretroviral drugs TLD (tenofovir, lamivudine and dolutegravir) in vitro on HEK 

293 cells and then in vivo on dechorionated zebrafish embryos. To ensure full drug exposure 

of specified doses in this study, the embryos were dechorionated before treatment and this 

informed our initial exposure time as dechorionation after 24 hpf reduces mortality. Our 

exposure period was informed by the need to treat whilst the yolk is being utilised by the 

embryos to avoid feeding during treatment; as a result, the treatment period was restricted to 

3 to 5 days post-fertilisation. To ensure that the drug compounds were constantly available 

throughout the duration of treatment, the ARVs were replaced every 24 hours.   
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As expected lamivudine was found to be non-toxic to both HEK 293 cells and zebrafish 

embryos. This is consistent with previous studies which have found lamivudine to be less toxic 

or to have the least developmental side-effects compared to its TLD counterparts (Olaniyan 

et al., 2015).  Tenofovir on the other hand negatively affected HEK 293 cell proliferation which 

limited the number of cells able to convert tetrazolium to its insoluble form formazan of the 

MTS assay. Tenofovir is known to cause renal tubular dysfunction in kidneys during treatment  

(Mashingaidze-Mano et al., 2020) and thus the decreased growth of Human Embryonic Kidney 

cells may be expected. Dolutegravir was not found to be toxic in HEK 293 cell at the highest 

concentration used in this study, but was lethal at this high concentration to zebrafish embryos; 

it is not clear why this is the case, however dolutegravir at half the highest concentration was 

not toxic. Dolutegravir has been shown to cause neural tube defects on zebrafish embryos 

during development  (Cabrera et al., 2019); this effect delays growth and was shown to be 

lethal at high concentrations in the absence of folate supplementation. This effect would 

explain the observed dolutegravir toxicity at high concentrations in this study.   

 

Clinical drug formulations prescribed to humans are often administered based on bodyweight 

(Daimari et al., 2018). The TLD prescribed formulation in humans of >30 kg in weight is 300 

mg tenofovir, 300 mg lamivudine and 50 mg dolutegravir. These doses are too high for 

zebrafish embryos, therefore we tested the toxicity of a range of TLD individual components, 

as informed by the literature (Cabrera et al., 2019). Exposure to TLD at a 100 µM tenofovir, 

100 µM lamivudine and 50 µM dolutegravir formulation reduced the growth rate of HEK 293 

cells in this study following 72 hours incubation and delayed the development of zebrafish 

embryos following 120 hours of exposure; the effect on embryo development was found to be 

reversible once the compounds were removed.  

 
This study was not without limitations. The treatment period for zebrafish embryos had to be 

limited to 120 hours to avoid feeding during treatment. The highest concentration of drugs 

used in this study was limited to the stock amount of drug compound able to dissolved in 

DMSO, and dilutions thereof that are devoid of an effect of the DMSO alone. The drug 

compounds had to be replaced every 24 hours of treatment, making this approach labour 

intensive. Zebrafish embryos can be hyperactive during early stages of development; 

therefore, microscopic imaging was also a challenge; reducing the temperature of the 

treatment solution might reduce activity to allow for better imaging.  In summary, we have 

assessed the in vitro and in vivo toxicity profile of Tenofovir, Lamivudine and Dolutegravir and 

determined appropriate concentrations of TLD to be used for subsequent studies related to 

NCDs.     

  



55 
 

Chapter 4 

 

T2DM predisposition of zebrafish young and adults after embryo exposure to 

TLD 
 

1. Introduction 

 

Approximately 1.4 million women and girls living with HIV become pregnant every year, and 

about 1.2 million of them use antiretroviral medication to prevent mother-to-child transmission 

(Siemieniuk et al., 2017). Sub-Saharan Africa is home to 91% of all pregnant HIV-positive 

women; this region includes South Africa which has the highest number of HIV-infected people 

in the world (Wedi et al., 2016). As a result, in South Africa one in three pregnant women is 

HIV-positive and more than 95% of HIV-positive women receive prophylactic treatment 

(Santosa et al., 2019). Although access to HIV-prophylaxis medication has increased in an 

effort to reduce new HIV-infections in both infants and adults, studies indicate that awareness 

of pre-exposure prophylaxis (Prep) is lacking in sexually active adult South Africans (Haffejee 

et al., 2023); within this cohort, HIV-positive women are found to be generally more informed 

about Prep. Combination antiretroviral therapy (cART) is the most effective way of reducing 

the risk of mother-to-child transmission and is more effective when initiated before the third 

trimester of pregnancy up until birth or the cessation of breastfeeding (Forbes et al., 2012). 

The risk of mother-to-child transmission without cART viral suppression is high, ranging from 

15%-30% (Zipursky and Loutfy, 2020); while the use of cART lowers the transmission rate to 

less than 5 per 1000 births, i.e.0.5% (Forbes et al., 2012).   

 

The antiretroviral therapy combination of tenofovir, lamivudine and dolutegravir (TLD) is the 

preferred first line regimen in Sub-Saharan Africa, including South Africa, because of its 

superior efficacy compared to efavirenz, high genetic barrier to resistance and mild side-

effects (Fokam et al., 2023). However, the potential risk of developing neural tube defects 

(NTD) following dolutegravir exposure during pregnancy has been documented  (Zash et al., 

2019); women are therefore advised to supplement with folic acid (folate) to prevent or 

minimise NTD. Animal studies have also demonstrated the neural tube defect in zebrafish 

embryos following exposure to dolutegravir, which was rescued by folate supplementation 

(Cabrera et al., 2019). Given that the dolutegravir-related risk of infant neural tube defect is 

considered low, at 0.2%,  the world health organisation has recommended TLD (a dolutegravir 

containing drug) as the preferred first and second line regiment for all people living with HIV 

(PLWH) including pregnant women and women of child bearing age (Zipursky and Loutfy, 

2020; Romo et al., 2022).   
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Dolutegravir is known to be associated with bodyweight gain (Hill et al., 2019), hyperglycemia, 

prediabetes and new-onset diabetes upon initiation (McLaughlin et al., 2017; Bahamdain, 

2022). Little is known however about potential side-effects, and their mechanism, of 

dolutegravir-containing antiretroviral therapy (i.e. TLD).  The implications of indirect in utero 

infant exposure to TLD during pregnancy and its role in increasing the risk of the unborn child 

developing insulin resistance and diabetes later in life (juvenile stage and adulthood) are 

unclear.       

 

In this study we aimed to investigate this by using zebrafish as a model organism to mimic the 

conditions of in utero exposure of infants to TLD during pregnancy. Zebrafish embryonic 

development takes place over 5 to 7 days, with the fish reaching the juvenile stage at about 

30 dpf and adulthood at about 4 to 6 months of development. We exposed zebrafish embryos 

to TLD for the first 5 days of development, a period resembling human in utero development 

from the first-trimester to birth. In the context of a zebrafish embryo, birth is taken as the 

moment of hatching from the chorion, which occurs within 5 days of development. The effect 

of in utero TLD exposure was then investigated at the embryonic stage post hatching (day 5), 

juvenile stage (day 30) and in adulthood (4-6 -months) by assessing the changes in 

bodyweight, and fasted blood glucose (where possible) as well as the relative mRNA 

expression of metabolic hormones and enzymes of the experimental groups compared to 

control groups. A glucose “positive control” was also included with every TLD experiment.     

      

 

2. Methods and materials 

 

2.1. Animals  

Zebrafish were kept in tanks of the IWAKI system in reverse osmosis water (Iwaki Aquatic 

Systems and Services; USA) at 28.5°C under a blue-light cycle of 14-hour light and 10-hour 

dark period at the Zebrafish Research Facility of UKZN; fish were fed twice daily and once on 

weekends. Spawned embryos were incubated at 28.5°C for 24 hours, dechorionated (using 

pronase E; Cat no. 9036-06-0, Merck, USA) and treated with either glucose (Cat no. 50-99-7, 

Merck, USA), or a combination of tenofovir (Cat no. SML1794-10MG, Sigma-Aldrich, USA), 

lamivudine (Cat no.  SML1295-10MG, Sigma-Aldrich, USA) and dolutegravir (Kindly provided 

by Prof. Carine Smith, Department of Medicine, University of Stellenbosch) (TLD) or DMSO 

(Cat no. D2650, Sigma-Aldrich, USA).   
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2.2. Short, mid and long-term effects of 3% glucose and TLD treatment   

Dechorionated embryos at 1-day post fertilisation (dpf) were incubated for 5 days in a 3% (w/v) 

glucose solution (prepared with RO water) (Figure 4.1 and 4.2 A) with incubation in reverse 

osmosis (RO) water as control), or in a solution containing 100 µM Tenofovir, 100 µM 

Lamivudine and 50 µM Dolutegravir (TLD) (prepared in E3 media) (Figure 4.1 and 4.2 B) with 

incubation in a 0.45% (v/v) DMSO solution (prepared in E3 media) representing the highest 

concentration used in this study as control. Half of the embryos were then processed for qPCR 

immediately after treatment (Figure 4.1a), while the rest were further incubated in RO-water 

and fed brine-shrimp from 6 dpf until fish flakes were introduced at 20 dpf to 30 dpf (Figure 

4.1b) or to 4 months post fertilisation (Figure 4.2). During the monitoring period (i.e. 30 dpf 

and 4 months after treatment; including control groups) the fish were fed three times a day; 

there were no treatment side-effects observed during the monitoring period. The 4-month time 

point was chosen because it emphatically reflects adulthood compared to 2 months of 

development.  

 

 

 

Figure 4.1 Experimental procedure for assessing in utero effects of glucose and TLD exposure on young 
zebrafish .  
Embryos (10-20 per treatment) were incubated for one day in RO-water and then dechorionated at 1-day post 

fertilisation (dpf), treated in the presence of 3% (w/v) glucose or TLD (combination of 100µM tenofovir, 100µM 

lamivudine and 50µM dolutegravir) for 5-days; incubation in RO-water and 0.45% (v/v) DMSO solution were used 

as controls respectively. After the 5-day treatment, half of the embryos were processed for qPCR (a) n=3; the other 

half were incubated in RO-water and monitored to 30 dpf (b) where total RNA was isolated for qPCR analysis of 

candidate genes of hormones and enzymes associated with glucose metabolism. Embryos (5-10) were pooled per 

treatment for RNA isolation and the experiment repeated at least three times (n=3).   

 

After 5 days (short-term), and at 30 dpf (mid-term) monitoring (Figure 4.1). To assess whole 

body genetic changes due to treatment whole fish carcases were prepared in Trizol (Cat 

no.15596026, Life technologies, USA), and utilised to isolate total RNA using the PureLink 



58 
 

RNA Extraction Mini Kit (Cat no. 12183018A, Life Technologies, California, USA) followed by 

cDNA synthesis using the Invitrogen SuperScript (IV) first-strand synthesis system (Cat no. 

18091050, Thermo-fisher Scientific, Massachusetts, USA) for qPCR. After 4 months (long-

term) monitoring (Figure 4.2), zebrafish were fasted for 12 hours, anesthetised in ice and 

weighed before blood was drawn for fasting blood glucose measurements with a glucometer 

(Accu-Chek Instant, Roche, Germany). Whole carcase total-RNA was isolated and qPCR 

performed as described above.  

 

2.3. qPCR analysis 

The expression levels of GAPDH (gapdh); beta-actin (β-actin); zebrafish insulin (zins); 

zebrafish preproinsulin (ppins) and phosphoenolpyruvate carboxykinase 1 & 2 (pck1 and 

pck2) mRNA were assessed; using the PowerUp SYBR Green master mix (Cat no. A25742; 

Applied-Biosystems, Massachusetts, USA), the signal was analysed using the Quant-Studio 

design and analysis software (Applied-Biosystems, Massachusetts, USA). The primer 

sequences used are listed in Chapter 1, Table 1 and appendix 1; all primers achieved 

efficiencies of between 90 to 100%. The specificity of each PCR reaction was checked with a 

melting curve analysis. Relative gene expression levels or fold changes were determined by 

using the (2-ΔΔCt) equation below; β-actin was used as the reference gene for this study. 

 

∆𝐶𝑡 = 𝐶𝑡 (𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒) − 𝐶𝑡 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑔𝑒𝑛𝑒) 

∆∆𝐶𝑡 =  ∆𝐶𝑡 (𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒) − ∆𝐶𝑡 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2(−∆∆𝐶𝑡) 
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Figure 4.2 Experimental procedure for assessing in utero effects of glucose (A) and TLD (B) exposure on 
zebrafish adults.  
Dechorionated embryos at 1 dpf were grown in the presence of 3% (w/v) glucose solution (A) or TLD (B) for 5-

days, respective controls were incubated in OR-water or a 0.45% (v/v) DMSO solution; after 5 days, embryos were 

then incubated in RO-water and allowed to grow to 4-months post fertilisation (pf). The fish were then fasted for 

12-hours, euthanised, weighed and fasting blood glucose levels were determined. Total RNA was isolated from 

whole carcase for qPCR analysis of candidate genes of hormones and enzymes associated with glucose 

metabolism. 
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2.4. Statistical analysis 

All results are represented as means with their standard deviation (SD), statistical analysis 

was done using Graph-Pad prism (version 8.3.0). Data was analysed using the Student’s t-

test or one-way ANOVA with multiple comparisons depending on the number of comparisons. 

A P-value of less than 0.05 was considered significant.    

 

3. Results  

 

We first evaluated the implication of in utero TLD exposure on adult zebrafish (referred to as 

“long-term”); then analysed earlier stages, specifically zebrafish juvenile stages, and finally 

looked at immediate effects during gestation. To determine whether embryonic TLD exposure 

could potentially predispose zebrafish to T2DM later in life, embryos were incubated in TLD 

for the first 5-days of their development and allowed to develop to fully grown adults (4-months 

post fertilisation). Bodyweight and fasted blood glucose measurements were determined for 

adult zebrafish including controls; bodyweight and fasting blood glucose were not measured 

for larvae and juveniles due to their small size.  

 

The gene expression profile of hormones and enzymes associated with glucose metabolism 

was evaluated by using qPCR to analyse the mRNA expression levels of GAPDH, insulin, 

preproinsulin and phosphoenolpyruvate carboxykinase 1 & 2. Based on our T2DM models 

(Chapter 2) and other studies (Jung et al., 2016), glucose is an effective inducer of T2DM 

symptoms and was thus used in this study as a “positive control” in parallel with TLD exposure. 

The glucose-induction method was chosen rather than the overfeeding approach because 

embryos were incapable of actively feeding during the period of treatment.   

 

 

 Effects of early (embryonic) glucose and TLD exposure on later adult zebrafish 

bodyweight and fasting blood glucose 

 

a. Glucose exposure (positive control) 

To develop a positive control, zebrafish embryos at 24-hour post fertilisation were chronically 

exposed to a 3% glucose solution for 5 days, while the larvae in the control group were 

exposed to water. The bodyweight and fasting blood glucose levels of zebrafish were 

measured at the end of the 4-month monitoring period. Although not significant, the mean 

bodyweight of the glucose experiment group (0.63 g ± 0.047 g) was, as expected, higher than 

that of the control group (0.54 g ± 0.11 g) (Figure 4.3 A). Furthermore, the range of the control 
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group bodyweight (0.39 g to 0.70 g) was wider compared to that in the glucose experiment 

group (0.56 g to 0.67 g). Similarly, although there was no significant difference between the 

mean fasting blood glucose levels of the experimental group (2.5 ± 0.54 mmol/L) compared to 

the control group (2.6 ± 0.52 mmol/L), analysis of the range clearly reveals a shift from 1.1-

2.8 mmol/L (control) to 2.4-4.2 mmol/L (experimental group) (Figure 4.3 B). 

 

b. TLD exposure  

 

The long-term effects of embryonic TLD exposure were determined by incubating 

dechorionated embryos 24-hour post fertilisation with TLD for 5 days, while embryos in the 

control group were incubate in a 0.45% (v/v) DMSO solution; after the incubation period, the 

embryos were returned to system water and bodyweight and fasting blood glucose then 

subsequently determined at 4-months. Bodyweight analysis of the TLD experimental group 

revealed a higher (0.26 g ± 0.12 g) mean bodyweight compared to control group (0.17 g ± 

0.04 g); however, the effect was not significant (Figure 4.3 C). Furthermore, the range of the 

TLD experimental group bodyweight (0.1 g to 0.5 g) was wider compared to that of the control 

group (0.1 g to 0.2 g). The mean fasting blood glucose of the TLD experimental group (3.5 ± 

1.92 mmol/L) was also higher than that of the control group (2.0 ± 0.62 mmol/L) at 4 months’ 

post fertilisation following 5 days of TLD early exposure and analysis of the range indicated a 

clear shift from 1.2-3.0 mmol/L (control) to 1.4-6.0 mmol/L (experimental group); again (Figure 

4.3 D). Although these effects were not significant, it does emphasize that early exposure may 

have long-lasting effects on physiological aspects. 

 

 

 Effects of early (embryonic) glucose and TLD exposure on expression of metabolic 

hormones and enzymes in adult zebrafish  

a. Glucose exposure 

We then analysed the expression of insulin (zins), preproinsulin (ppins) and 

phosphoenolpyruvate carboxykinase 1 & 2 (pck1 and pck2) in control (water) and glucose-

exposed zebrafish. The mRNA expression of metabolic hormones, although not significantly 

different, was increased in adult zebrafish compared to the control group such that the mean 

fold changes of zins, ppins were percentage 2.8 ± 4.8; 1.5 ± 5.4 respectively (Figure 4.3 E). 

The mRNA expression of the enzymes pck1 and pck2 following in utero glucose exposure 

were however relatively unchanged with mean fold changes of 0.8 ± 0.5 and 1.0 ± 0.2 

respectively (Figure 4.3 E). The range of fold changes in the glucose experimental group was 
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1.0 to 12.8 and 1.0 to 17.5 for insulin and preproinsulin respectively, suggesting an effect of 

early glucose exposure later in their adult life. 

 

b. TLD exposure  

 

To further analyse the effects of embryonic TLD (experiment) and DMSO (control) treatment 

in adult zebrafish we evaluated changes in mRNA expression of zins, ppins pck1 and pck2. 

The mean fold changes of insulin (2.0 ± 1.0) and preproinsulin (1.8 ± 1.1) mRNA expression 

in zebrafish exposed to TLD were significantly (P<0.05) different to that of the DMSO control 

group (1.0 ± 0.0) (Figure 4.3 F). In the experimental group, the expression of pck1 and pck2 

was lower than control (1.0 ± 0.0) with fold changes of 0.6 ± 0.4 and 0.8 ± 0.2 respectively, 

however the effect was not significant.  

 

 

 

 
Figure 4.3 Implications of early zebrafish embryo exposure to TLD and glucose later at 4-months of age. 
The bodyweight measurements, fasting blood glucose levels and candidate gene expression of zebrafish were 
determined at the end of the 4-month monitoring period following 5 days of glucose (A, B & E) and TLD (C, D & F) 
exposure respectively. Dechorionated embryos were incubated in a 3% (w/v) glucose solution or in a TLD solution; 
with control groups incubated in RO-water (A, B & E) or 0.45% (v/v) DMSO solution (C, D & F) respectively. For 
bodyweight and fasting blood glucose measurements, the data was analysed using the Student’s t-test; n=6 
individuals in the population for both control and experimental groups; values are means± SD against control.  For 
qPCR analysis of candidate genes: GAPDH (gapdh), insulin (zins), preproinsulin (ppins) and phosphoenolpyruvate 
carboxykinase 1 & 2 (pck1 & pck2), pooled total RNA was analysed (n=3) using one-way ANOVA; values are 
means± SD against controls; *P<0.05. RO-water (reverse osmosis water) *TLD solution (combination of 100µM 
tenofovir, 100µM lamivudine and 50µM dolutegravir). Any data that lacks a * is not statistically significant. 
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 Effects of early (embryonic) glucose and TLD exposure on expression of metabolic 

hormones and enzymes in juvenile zebrafish  

a. Glucose exposure 

To determine whether similar changes in gene expression were already evident at the juvenile 

stage of development following in utero glucose treatment, the expression of zins, ppins, pck1 

and pck2 were evaluated at 30 dpf. The relative qPCR expression of insulin (0.7 ± 0.3) and 

preproinsulin (0.6 ± 0.2) mRNA in the glucose experimental group were significantly (P <0.05) 

lower than the control group (1.0 ± 0.0) (Figure 4.4). The expression of glucose metabolic 

enzymes phosphoenolpyruvate carboxykinase 1 & 2 (0.5 ± 0.3 and 0.54 ± 0.3, respectively) 

in the glucose experimental group were also significantly (P <0.01) lower than of the control 

group (1.0 ± 0.0) (Figure 3.4). 

 

 

 
Figure 4.4 Expression of glucose-related metabolic genes in juvenile zebrafish following glucose 
treatment. 
Following incubation of embryos in a 3% (w/v) glucose solution and RO-water (control) for 5 days. The embryos 

were allowed to develop to 30-days post fertilisation in RO-water. Total RNA was isolated from control group and 

experiment group for qPCR analysis of insulin (zins), preproinsulin (ppins) and phosphoenolpyruvate 

carboxykinase 1 & 2 (pck1 & 2). Data was analysed using one-way ANOVA, the experiment was repeated at least 

three times (n=3); values are means± SD against control; *P<0.05, **P<0.01.     

   

 

 

b. TLD exposure  

 

In contrast to the effect of glucose on candidate gene expression in the juvenile stage, the 

expression of insulin, preproinsulin and phosphoenolpyruvate carboxykinase 1 was not 

significantly different to control following TLD exposure; mean fold changes at day 30 were 

1.3 ± 0.8 vs. 1.0 ± 0.5; 1.0 ± 0. 2 vs. 1.0 ± 0.1 and 1.1 ± 0.1 vs.1.0 ± 0.0 for insulin, preproinsulin 
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and phosphoenolpyruvate carboxykinase 1 respectively (Figure 4.5 A, B, and C). Interestingly 

the expression of phosphoenolpyruvate carboxykinase 2 was lower in the TLD experimental 

group (0.75 ± 0.1) when compared to the control group (1.0 ± 0.0); however, this effect was 

not significant (Figure 4.5 D).  

 

 

 

 
Figure 4.5 Expression of glucose-related metabolic genes in juvenile zebrafish after TLD treatment Figure  
Following incubation of embryos in TLD (combination of 100µM tenofovir, 100µM lamivudine and 50µM 

dolutegravir) experiment group or a 0.45% (v/v) DMSO solutions (control group) for 5 days. The embryos were 

allowed to develop to 30-days post fertilisation in RO-water. Total RNA was isolated from control group and 

experiment group for qPCR analysis of (A) insulin (zins), (B) preproinsulin (ppins) and (C and D) 

phosphoenolpyruvate carboxykinase 1 & 2 (pck1 & 2). Data was analysed using Student’s t-test the experiment 

was repeated at least three times (n=3); values are means± SD against control. Any data that lacks a * is not 

statistically significant.   

 

 

 

 Effects of early (embryonic) TLD exposure on expression of metabolic hormones and 

enzymes in zebrafish larva/ embryos. 

 

To assess the effect of TLD on the expression of insulin, preproinsulin and 

phosphoenolpyruvate carboxykinase 1 & 2 during gestation, hatched zebrafish embryos were 

processed for qPCR analysis immediately after exposure (day 5). E3 media was used to 



65 
 

evaluate expression in the presence of DMSO (the solvent control). The was no significant 

difference in expression of zins, ppins, pck1 and pck2 for zebrafish embryos exposed to E3 

media vs. DMSO as indicated by mean fold changes of (1.0 ± 0.0 vs. 0.8 ± 0.2; 1.0 ± 0.0 vs. 

1.0 ± 0.3; 1.0 ± 0.0 vs. 1.0 ± 0.3 and 1.0 ± 0.0 vs. 1.0 ± 0.1) respectively (Figure 4.6). The 

mRNA expression of zins (1.0 ± 1.2), ppins (0.8 ± 1.2), pck1 (1.1 ± 0.3) and pck2 (0.8 ± 0.1) 

by zebrafish embryos immediately after TLD exposure were all not significantly different when 

compared with the DMSO control group.  

 

 

 

 

Figure 4.6 Expression levels of glucose related metabolic genes in zebrafish embryos after TLD treatment. 
Following incubation of embryos in TLD (combination of 100µM tenofovir, 100µM lamivudine and 50µM 

dolutegravir) experiment group or a 0.45% (v/v) DMSO solutions (control group) for 5 days, E3-media was used 

for comparison. The embryos were immediately processed for total RNA isolation from control group and 

experiment group for qPCR analysis of (A) insulin (zins), (B) preproinsulin (ppins) and (C and D) 

phosphoenolpyruvate carboxykinase 1 & 2 (pck1 & 2). Data was analysed using Student’s t-test the experiment 

was repeated at least three times (n=3); values are means± SD against control. Any data that lacks a * is not 

statistically significant.    
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4. Discussion  

 

The identification of neural tube defects in children of HIV-positive women following 

dolutegravir in utero prophylaxis has raised questions about other potential side effects of 

indirect in utero infant exposure to combination antiretroviral therapy; this was initiated by a 

study in Botswana reporting increased risk of neural tube defects in infants born of HIV-

positive women who were receiving dolutegravir during pregnancy (Zash et al., 2019). This 

risk has since been shown to be low, and dolutegravir containing cART regimen (TLD) is now 

fully endorsed by WHO for pregnant women (Zipursky and Loutfy, 2020). However, there is 

limited data on the potential of TLD exposure in utero to contribute to the development of 

metabolic diseases such as T2DM later in life. TLD is associated with bodyweight gain, 

hyperglycemia and diabetes; as a result HIV-positive patients initiating TLD are advised to 

know their diabetic status and monitor their bodyweight (Brennan et al., 2023).  

 

In our study, the bodyweight changes in adult zebrafish following embryonic glucose and TLD 

exposure were not significant, however the means of the experimental groups were higher 

that controls suggesting that exposure to either glucose or TLD during embryonic development 

could potentially promote bodyweight gain in zebrafish later in life. It would be of interest to 

analyse the combination of TLD and glucose in this context. The associated TLD adult 

bodyweight gain reported in other studies (Brennan et al., 2023), is typically greater in females 

(Venter et al., 2019). In our study the fish were fed in a similar manner regardless of treatment 

groups, which rules out nutrition as the only contributor to the observed weight gain and 

suggests a role for TLD in mediating this effect; Our fish were a mix of males and females, 

and therefore we cannot comment on a gender-specific difference. However, given that fish 

in the glucose and TLD groups had bodyweights higher than control in adulthood, one can 

infer that both glucose and TLD treatment played a role in mediating this weight gain.   

 

Hyperglycemia or elevated fasting blood glucose is one of the main indicators of insulin 

resistance and diabetes in patients and animal models. We hypothesised that early 

(embryonic) glucose and TLD exposure might predispose zebrafish to hyperglycaemia and 

T2DM in adulthood, even after normal feeding for 4 months. In our study there was no 

significant difference in fasting blood glucose levels of the glucose experimental group 

compared to control in adulthood after treatment. This could be attributed to the short period 

of glucose exposure (5 days) of our study in an attempt to mimic in utero development; and 

potentially the fact that zebrafish larvae tend to be more adaptive to glucose exposure as 

indicated in other studies (Connaughton et al., 2016). The mean fasting blood glucose levels 

of the zebrafish exposed to TLD on the other hand was higher than that of the control group 
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even though this effect was not significant. These results are in line with previously published 

literature, which suggest that dolutegravir (present in the TLD formulation) increases plasma 

glucose levels in patients to levels consistent with diabetes (Bahamdain, 2022).  

 

Our approach sought to get a snapshot of the changes in mRNA expression of essential 

metabolic hormones and enzymes that are as a consequence of in utero TLD exposure at 

specific stages of zebrafish development. We observed significant expression of insulin and 

its precursor preproinsulin in adult zebrafish following in utero TLD treatment. This finding 

suggests that the embryonic exposure of TLD does predispose zebrafish to insulin resistance 

and potential T2DM later in life and is supported by elevated levels of fasting blood glucose of 

this treatment group. However, the low and non-significant levels of pck1 and pck2 expression 

suggest that the observed insulin resistance was not severe enough to promote glucose 

production in the liver via gluconeogenesis. The snapshot approach was utilised in an attempt 

to obtain more information on the onset of genetic changes following TLD exposure, however 

it did not allow us to pinpoint exactly when the increase in insulin and preproinsulin occurred 

during treatment, however it was not observed at the juvenile and embryonic stages and must 

therefore have started after these stages. This was also true for our glucose treatment control, 

where different insulin (zins) and preproinsulin (ppins) responses were observed at 30 days 

compared to 4 months. At 30 days, the zins and ppins mRNA expression levels were 

significantly lower compared to the control group, while at 4 months an increase was observed 

(however this was not significant). This could be related to physiological changes that occur 

at different developmental stages or the fact that younger zebrafish are more resilient than 

their older counterparts to changes in their rounding environment (Connaughton et al., 2016). 

TLD treatment could lead to differences in the eating pattern of fish causing then to eat more, 

however this would be difficult to control and confirm. In future, it would be interesting to 

challenge the TLD-treated embryo’s with either a glucose- or DIO-approach in order to 

determine whether life-style changes later in life promote T2DM in adults previously exposed 

to TLD in utero.   

 

Our approach was not without its own limitations; The treatment period had to be restricted to 

resemble in utero exposure and this short exposure potentially affected our glucose “positive 

control”, thus the use of other short acting reagents such as Bisphenol F could have been 

more effective. No side-effects of using RO water instead of E3 media for the preparation of 

the glucose solution were observed during the early stages of zebrafish embryo development; 

however, we cannot rule out the potential benefits of E3 media enrichment over RO water 

during early developmental stages. Targeting specific zebrafish developmental stages limits 

observations and endpoint determinations to those specific stages. The small size of zebrafish 
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limits blood draws in the early stages of development which would prevent blood glucose 

determination, thus using glucose calorimetric kits on treated zebrafish carcases might be 

beneficial.   In summary, we have developed a model to assess T2DM predisposition as a 

result of in utero exposure to TLD. This model evaluated bodyweight gain, fasting blood 

glucose and the gene expression profile of essential metabolic hormones and enzymes. It was 

utilised to mimic indirect in utero TLD exposure during pregnancy, but can be applied by other 

studies seeking to understand in utero exposure of other compounds and drugs and their 

impact later in life.   
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Chapter 5 

 

General discussion and recommendations for further research 

 

The prevalence of non-communicable diseases (NCDs) is high amongst people living with HIV 

(PLWH) using antiviral therapy (Gizamba et al., 2023), and complexities of the onset of 

metabolic syndrome, weight gain, insulin resistance and subsequent type 2 diabetes mellitus 

(T2DM) as a result of ARVs remains poorly understood. Studying the association of T2DM 

with antiretroviral therapy necessitates the use of animal models. In this thesis, we established 

zebrafish models which were used for 1) toxicity screening and evaluating appropriate ARV 

compound concentrations and 2) testing the effect of TLD in utero exposure on the initiation 

of T2DM at different stages of zebrafish development. This is the first reported establishment 

of a T2DM model in zebrafish in South Africa, and the first such study to evaluate the possibility 

of a link between early ARV exposure and T2DM in adulthood using a zebrafish model. The 

study also highlights the versatility of the zebrafish (Danio rerio) as a tool for drug screening 

and disease modelling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Schematic of zebrafish human disease models. 
In addition to diabetes, zebrafish models of various human diseases have been developed, including blood, bone, 
cardiovascular and renal diseases as well as cancer. Figure compiled from (Mazumder Adhish and I. Manjubala, 
2023). 
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The zebrafish is a powerful model with increasing usefulness in translational research of 

acquired and genetic human disease. Zebrafish and humans have 70% gene homology, and 

zebrafish has been widely utilised to investigate human disorders and diseases to better 

understand their complexities (M. Adhish and I. Manjubala, 2023). Models of bone disease, 

cardiovascular disease, renal diseases, cancer, blood disease and diabetes have all been 

developed in zebrafish and shown to be translatable (M. Adhish and I. Manjubala, 2023) 

(Figure 5.1). The imaging of live skeletal developmental processes in zebrafish models has 

facilitated studies on human bone development and repair, in this way, radiography of 

zebrafish skeletal defects led to a better understanding of the role of collagen in bone 

development through stressing the endoplasmic reticulum in osteoblasts and fibroblast (Fisher 

et al., 2003). A zebrafish atp6v1h mutant model of osteoporosis, utilised to study bone 

mineralisation and spinal curvature, helped identify a new bone formation pathway in humans, 

paving the way for  new therapies for patient care (Zhang et al., 2017). Zebrafish cancer 

models have been effective at studying molecular mechanisms leading to cancer formation 

and progression. Mutant pt53 zebrafish models of the human tumor suppressor gene have 

given more insight into the development of malignancy in peripheral nerve sheath tumors 

(PNST) (Berghmans et al., 2005). These studies highlight a high degree of systems homology 

between zebrafish and humans including the relevance of zebrafish models and the translation 

of results to human disorders.   

 

The zebrafish embryo has gained a lot of support as a model for developmental toxicity 

screening of chemical compounds and therapeutic drugs (Miyawaki, 2020). The small size of 

a zebrafish embryo is important as it allows testing to be conducted in small volumes which is 

ideal for compounds in low supply. Studies have shown that the zebrafish embryo absorbs 

chemical compounds dissolved in its water environment through the mouth, gills and skin 

(Miyawaki, 2020); as a result the combination antiretroviral therapy drug (TLD) used in this 

study was administered via the tank water that the embryo was exposed to. The subsequent 

screening of TLD on zebrafish embryos showed us that dolutegravir (D) is toxic at 100 µM 

which was the highest concentration tested in this study. This is consistent with a previous 

zebrafish study showing embryo toxicity of 100 µM dolutegravir treatment rescued by the 

addition of folate (Cabrera et al., 2019). Dolutegravir at 50 µM was not found to be toxic. 

Tenofovir (T) and lamivudine (L), on the other hand could be used at the higher concentration 

of 100 µM, as they were not found to be toxic in either in vitro or in vivo assays. These 

concentrations were then used when investigating the TLD related T2DM in zebrafish.   

 

In order to understand whether in utero TLD exposure predisposes zebrafish embryos to 

T2DM later in life, the NCD first had to be simulated in adult zebrafish so that the biological 
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markers and features of the disease could be mapped out. We used glucose and overfeeding 

as our approaches to induce T2DM in adult zebrafish and therefore establish a T2DM model 

in our new zebrafish research facility. Since glycaemia is one of the main ways to determine 

the diabetic status (Sacks et al., 2023), our T2DM models were confirmed using fasting blood 

glucose measurements; bodyweight assessment and quantification of mRNA expression of 

essential metabolic hormones and enzymes were subsequently also carried out. We observed 

that following our protocol, both approaches resulted in hyperglycemia in our zebrafish cohort, 

as well as significant overexpression of insulin and preproinsulin mRNA indicative of insulin 

resistance. Previous studies have established that the chronic exposure of adult zebrafish to 

a 2% glucose solution (Capiotti et al., 2014) or overfeeding calorie dense fish food (Liqing 

Zang et al., 2017) leads to hyperglycemia and insulin resistance. Our study adopted the 

glucose immersion protocol established by Capiotti et al., (2014) which demostrated 

decreased mRNA levels of insulin receptor (IR) in zebrafish muscle, hyperglycemia and 

glycation of proteins in zebrafish eyes following chronic exposure in a 110 mM (2%) glucose 

solution for 14 days. In our study, the fasting blood glucose levels of the treatment group were 

similar to that of the control group at the 13-day timepoint. As a result, treatment was extended 

to 40 days, at which point hyperglycemia was observed. The difference in time taken to 

establish hyperglycemia may be related to osmoregulation and fish size since our fish were 

smaller than those in the Capiotti et al., (2014) study. Adult zebrafish glucose studies rarely 

investigate the expression of the insulin gene as a measure of insulin resistance, and rely 

rather on characteristics such as chronic hyperglycemia (Connaughton et al., 2016), diabetic 

retinopathy (Gleeson et al., 2007; Carnovali et al., 2016) and insulin receptor gene expression 

(Capiotti et al., 2014). Therefore, our results that demonstrate a lack of insulin and 

preproinsulin expression following glucose exposure or overfeeding in this model are novel. 

 

A significant increase in bodyweight was observed in the DIO model, but not the glucose 

model; this was not surprising as overfeeding has been shown to increase bodyweight in 

zebrafish (Liqing Zang et al., 2017), while there has been no significant weight change in 

zebrafish due to glucose treatment (Connaughton et al., 2016). The overexpression of 

phosphoenolpyruvate carboxykinase 1 & 2 were significant only in the glucose-induced model. 

These characteristics and gene expression markers of T2DM in adult zebrafish were 

comparable to finding of other published studies (Shao et al., 2005; Liqing Zang et al., 2017).  

 

The neural-tube defects during gestation as a result of in utero exposure to TLD is well 

reported (Cabrera et al., 2019; Zash et al., 2019). In our study, the inclusion of 50 µM 

dolutegravir, although not lethal, was found to slow the development of zebrafish embryos by 

delaying swim-bladder formation, therefore interfering with the ability of the zebrafish to 
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maintain an upright posture. We suspect that this phenomenon could be associated with 

neural-tube defects, however this requires further investigation. It would have been interesting 

to determine whether supplementation with folate was able to rescue this phenotype. 

However, our focus was on determining the possibility of a link between in utero TLD exposure 

and predisposition of zebrafish to T2DM in adulthood.  

 

 

 

Figure 5.2 Schematic indicating hypothesis on the pathophysiology of TLD-related T2DM.  
T2DM side effects of TLD are not know during development of children who were exposed early and what happens 
to their T2DM status in adulthood.   

 

 

Pregnant women taking TLD could potentially predispose their unborn babies to T2DM in 

adulthood (Figure 5.2). We hypothesised that early embryonic TLD exposure could potentially 

predispose adult zebrafish to T2DM. The effect of TLD and its association to T2DM is well 

reported in adult HIV positive patients, however there is a lack of information on the effect of 

TLD on children born to pregnant women on these ARVs. Our study suggests that early 

embryonic zebrafish exposure to TLD does not initially affect the expression of selected 

diabetic genes (insulin, preproinsulin and phosphoenolpyruvate carboxykinase) in the 

embryonic and juvenile stages of zebrafish development. However, in the adult stages (4 

months) the TLD-exposed fish had higher bodyweight, fasting blood glucose levels and 

increased expression of insulin and preproinsulin, suggesting embryonic exposure to TLD can 

have long-term effects in adulthood.  

 

With our initial exposure time, exposure period and concentrations determined, we firstly 

assessed and analysed adult zebrafish 4 months after exposure, followed by analysis of 

juvenile (1-month) and embryonic (5 day) fish. The bodyweight and fasting blood glucose of 

in utero TLD-exposed adult zebrafish were both higher than control, but not significantly so. 
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Insulin and preproinsulin mRNA on the other hand were significantly overexpressed when 

compared with control. These finding suggested that early TLD exposure during gestation may 

predispose zebrafish to insulin resistance, which could eventually lead to T2DM; this may 

depend on the dietary conditions of the adult zebrafish.  It would be interesting to challenge 

the adult zebrafish to the DIO or glucose treatment approach to determine how the fish that 

were exposed to TLD in utero react more overtly with clearer signs of T2DM, when compared 

with control conditions. Analysis of earlier stages of development did not give a clear indication 

of the time of onset of the observed insulin resistance. It may be necessary to include 

additional time points between 1 and 4 months of age in order to determine this. 

 

Although the zebrafish used is this study were euthanised for blood draws and whole carcases 

used for RNA isolation and cDNA synthesis for qPCR analysis after treatment, repeated blood 

draws would be more beneficial for future work as it allows tracking changes that occur from 

the same fish overtime. A protocol for achieving this was published by (L. Zang et al., 2015); 

this method, , which will be established in the UKZN Zebrafish Research Facility, requires 

significant expertise.  Using this approach, blood can be sampled from adult zebrafish at 2 

months of age, and repeated every 2 weeks, allowing the researcher to track the glucose 

levels in the same cohort of fish over a few months. In the juvenile population, glucose 

measurements could be carried out using commercially available ELISA kits. This will be 

included in future Longer treatment periods with TLD would be ideal to achieve a clearer 

induction of T2DM as a result of treatment, this is supported by the fact that the antiretroviral 

therapy related T2DM usually occurs 6-month or longer after treatment initiation in adult PLWH 

although there are some exceptions; our study treatment period was constrained by the need 

to simulate gestation period. Furthermore, exposing adult zebrafish to appropriate therapeutic 

TLD concentrations would be challenging if the drug is to be dissolved in fish water as this 

would require large amounts of the drug compounds, unless administering the dissolved drug 

compound to zebrafish orally is considered.     

 

Future work in the context of this study should include: 1) separating the zebrafish according 

to sex to better understand physical (especially bodyweight) and genetic changes that occur 

in male vs. female zebrafish as a result of TLD treatment, 2) analysing gene expression 

changes of target zebrafish organs such as the pancreas and liver as well as muscle and 

adipose tissue if possible, 3) the introduction of repeated blood draws to help track changes 

in fasting blood glucose levels of individual fish during treatment,  allowing better correlation 

with bodyweight and possibly genetic changes for each individual fish.  
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Finally, the zebrafish models of T2DM developed in this project could be useful for 

investigations into relationship between antiviral therapy in PLWH and the development of this 

NCD following adult exposure to cART. Taken together, we have established relevant 

zebrafish models of T2DM which includes data on candidate gene expression, and established 

that in utero TLD exposure can potentially predispose adult zebrafish to this NCD. Further 

work is required to extend the research and better understand the significance of these 

findings.  
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Appendix A: Additional methods (qPCR, agarose gels, primers) 

 

1. RNA isolation 

 

Zebrafish embryo RNA isolation was done as previously described by Peterson and Freeman 

(2009) with modifications guided by the instructions of the Pure-Link RNA min kit (Cat. number:  

12183018A) manufacturer (Thermo Fisher Scientific). All surfaces and pipettes were 

decontaminated with a decontaminating reagent (i.e. RNAse ZapTM (Cat. no:  AM9780) from 

InvitrogenTM. 

Fertilised zebrafish embryos were collected and thoroughly washed with tap water to reduce 

clumping. Clean fertilised embryos (i.e. 10-50) were transferred to 10 ml embryo media (5mM 

NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4) in a 95-mm Petri dish and incubated at 

28.5°C.  Peterson and Freeman (2009) recommend using 50 zebrafish embryos to attain 

sufficient amounts of RNA, we used 10, 20, 30, 50 embryos and tissue samples to optimise 

the protocol for this study. The embryos were checked for contamination daily, this included 

embryo media change, removal of dead embryos and floating embryo chorions after hatching. 

Also, muscle and pancreatic tissue from euthanised (with tricaine) adult zebrafish (~6 months) 

was surgically removed with forceps under a stereomicroscope, weighed and treated as 

described below. Zebrafish embryos (at 4 days post fertilisation (dpf)), muscle (0.015 g) and 

pancreas (0.018g) were transferred to 1.5 ml RNA/DNA-free or autoclaved eppendorf tubes 

and slightly vortexed to easily remove excess embryo media with pipetting. The embryos and 

tissue samples were homogenised in 250 µl Trizol reagent by pipetting up and down 20-times. 

A further 750 µl Trizol was added (to 1 ml) and the homogenate was incubated at room 

temperature (RT) for 5 min. At this stage the homogenate was either flash frozen in liquid 

nitrogen at -80°C or gently mixed via a rocking motion with 0.2 ml chloroform for at least 15 

sec, and incubated at RT for 2-3 min. To separate RNA from proteins and DNA, the mixture 

was centrifuged at 12,000 x g for 15 min at 4°C. The colorless upper phase containing RNA 

was carefully pipetted and stored at 4°C overnight or transferred to new tubes containing 70% 

ethanol (diluted in RNase-free water). The content of the tubes was vortexed and 700 µl of the 

mix was transferred to spin columns and centrifuged at 12,000 x g for 15 sec at RT. This was 

repeated until the entire content of the tubes was cycled through the column. The column was 

washed once with 700 µl buffer-I and twice with 500 µl buffer-II (containing ethanol), 

centrifuged at 12,000 x g, RT for 15 sec. Excess buffer was removed by centrifuging the RNA 

bound column at 12,000 x g, RT for 2   min. Bound RNA was eluted with 30 µl RNase-free 

water, incubated at RT for 1 min and centrifuged at 12,000 x g for 2 min at RT. 1 µl was used 
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to determine the purity and concentration with the NanoDrop spectrophotometer and the rest 

of the isolated RNA was stored at -80°C until further use.  

 

2. cDNA synthesis   

 

Zebrafish embryo cDNA was synthesised from embryo RNA using the Invitrogen SuperScript 

First-Strand reserve transcription kit (Cat.no:18091050) (Thermo Fisher Scientific). The 

instructions from the manufacturer recommend using 10 pg - 5 µg total RNA (in a volume up 

to 11 µl) for cDNA synthesis. For this study, 1 µl total RNA isolated from 10-50 zebrafish 

embryos and weighed tissue samples was made up to 11 µl with RNase-free water and placed 

on ice (the concentrations of total RNA used for each sample are indicated in Table 2 below). 

The RNA was mixed with 1 µl random hexamers (50 µM) and 1 µl dNTP mix (10 mM), 

incubated at 65°C for 5 min and cooled on ice for 1 min. As the RNA/primer reaction cooled, 

7 µl cDNA superscript reverse transcriptase mix (4 µl 5x-buffer; 1 µl DTT (100 mM); 1 µl 

recombinant RNase inhibitor and 1 µl superscript reverse transcriptase (200 U)) was added 

and the reaction (20 µl total volume) was incubated in a thermocycler (Thermo Fisher 

Scientific) at 23°C for 10 min, 55°C for 10 min and 80°C for 10 min. To remove RNA from 

synthesised cDNA 1 µl E. coli RNase-H was added and the reaction was incubated at 37°C 

for 20 min. After RNA digestion the cDNA was subsequently used for PCR.  

 

3. Polymerase chain reaction (PCR) 

 

Zebrafish embryo cDNA was diluted 1:9 with the primer mix (0.25 µl forward and 0.25 µl 

reverse primers-i.e. 0.25 µM final concentration); 5 µl Taq x2 Mater Mix (BioLabs) and 3.5 µl 

RNase-free water); 1 µl cDNA to a final reaction volume of 10 µl. Specific primers used are 

listed in Table 1, below. The PCR reaction mix was placed into a thermocycler programmed 

to: 94°C initial denaturation for 30 sec; 35X cycles of 94°C (30 sec) denaturation, 50°C (30 

sec) annealing (unless stated otherwise in Table AA1), 68°C (30 sec) elongation and a final 

94°C (30 sec) denaturation step. The PCR product (10 µl) was then loaded, run and analysed 

on agarose gels.    
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Table AA2. Zebrafish primers used for qPCR analysis 

Gene name Target 
abbreviation 

Forward primer (5’ – 3’) Reverse primer (5’ – 3’) 

Beta-actin 

 

β-actin CGAGCAGGAGATGGGAACC CAACGGAAACGCTCATTGC 

Glyceraldehyde-3-
phosphate 
dehydrogenase 

gapdh GTGTAGGCGTGGACTGTGGT TGGGAGTCAACCAGGACAAATA 

Insulin 

 

zins TGGTCGATGCCCTTTATCTGG AGATGCTGCAGGGTTTGTGG 

Preproinsulin 
 

ppins AGTGTAAGCACTAACCCAGGCACA TGCAAAGTCAGCCACCTCAGTTTC 

Phosphoenolpyruvate 
carboxykinase 1 

pck1 CAGTAAACACGGCTGAAGACAC CGGTTTTGATGCACTTGAGA 

Phosphoenolpyruvate 
carboxykinase 2 

pck2 TCTGGCAGAAGGAAACACA TCAATCCCTCACTCTCTCCTC 

 

 

4. Agarose gel electrophoresis      

 

Agarose gels were used to assess the quality of the extracted zebrafish RNA and PCR 

products following cDNA amplification. Agarose gels were prepared in TBE buffer (Tris-base 

(0.1M) (Merck), Boric acid (0.1M) (BDH) and EDTA (2.0 mM) (Sigma) dissolved in ultrapure 

water). The miniGES agarose system was assembled to generate gel of 7 x 6.5 cm 

dimensions. TBE buffer (30 ml) was used to prepare the agarose gels (1 - 3% (w/v)). This 

solution was heated until the agarose was completely dissolved. Once cooled (to about 45°C) 

the agarose solution was poured into the miniGES cassette with a comb and allowed to set. 

RNA samples were prepared by mixing 1 µl RNA with 4 µl formamide-bromophenol blue and 

loaded on the gels (4 µl per well). The PCR product (cDNA) was loaded as is (9 µl per well). 

The gels were run at 80 V for 45-60 min in TBE buffer; soaked in ethidium bromide solution 

(0.025 mM), viewed under UV light and images captured using a gel imaging system. 
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5. cDNA polymerase chain reaction products  

 

Markers associated with type 2 diabetes in humans have a zebrafish equivalent. These include 

insulin (ZINS and PPINS), pancreatic and duodenal homeobox 1 (PDX1) and 

phosphoenolpyruvate carboxykinase (PEPCK), which were amplified by specific primers in 

zebrafish as indicated by Figure 2. The primers amplified specific cDNA regions (ZINS (~250 

bp); PPINS (~250 bp); PEPCK (~650 bp) and GAPDH (~250 bp)) that were not amplified in 

the absence of the zebrafish embryo cDNA templet (Figure 2a). The PCR products are 

between 100-1000 bp. There was no observable difference between PCR products from the 

different numbers of embryos as a starting material i.e. the PCR product from 10 embryos is 

comparable to that of 50 embryos (Figure 2 b and c). This suggests there was enough cDNA 

in the 10-embryo sample not to affect amplification. Therefore, embryo numbers can be 

reduced to 10 per treatment. 

 

 

 

Figure A1. Ribosomal 28S and 18S RNA analysis from zebrafish embryos.  
Zebrafish RNA was isolated from 4 dpf embryos and adult zebrafish tissue samples with Trizol. 1 µl RNA 
+ 4 µl formamide-bromophenol blue was loaded and run on a 1%(w/v) agarose gel soaked in ethidium 
bromide. The gel was viewed under UV light for imaging. 0.018 g and 0.015 g of pancreatic and skeletal 
muscle tissue was used respectively.       
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Figure A2. PCR products of cDNA amplification.  
Zebrafish RNA was converted to cDNA and duplicated with PCR. a) RNA extracted from 20 embryos 

was used and PCR performed in the presence or absence of zebrafish cDNA to indicate primer 

specificity. b) GAPDH cDNA and c) PDX1 cDNA obtained with RNA from 10, 20 and 50 embryos 

indicating that the same amount of PCR product is attained in all samples if total RNA is within 10 pg – 

5 µg.     
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Appendix B: Experimental methodology, husbandry and techniques used 

during zebrafish TLD treatment. 
 

1. The IWAKI system 

 

Male and female zebrafish were housed in the IWAKI system (Iwaki Aquatic Systems and 

Services; USA) at 28.5°C in 2.5L and 4.5L tanks at shoaling densities of 6-8 and 10-16 fish 

per tank respectively, containing reverse osmosis (RO) water under a blue-light cycle of 14-

hour light and 10-hour dark period (Figure AB.1). The IWAKI system is an aquatic recirculation 

system that moves dirty/used water from the tanks (containing fish) through a series of filters 

(mechanical, biological and chemical) to reduce or remove waste in its gas, liquid and solid 

forms. Once chemical and biological waste is removed, the system uses ultra-violet light to 

sterilize the water before cycling it back to the fish tanks. The system repeats this process 12 

times a day. During this cycling process, sensors in the water reservoir monitor the water 

levels as well as temperature, pH and conductivity, which are all automatically adjusted by the 

controller (Table AB.1).   

 

  

 

Figure AB.1. The IWAKI system used in our facility to house zebrafish. 
A picture of the system used for all the zebrafish experiments in this study  
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Table AB1. Parameters of the zebrafish system used in this study 

Water parameter  IWAKI optimum range  

Temperature 26 to 28.5°C 

Conductivity 200 -3000 μS 

pH 7 to 8.5 

 

 

The IWAKI system in our research facility does not have an automated feeder; as a result, fish 

were fed manually every day, three times a day on week days and once a day on weekends. 

Fish feed was either brine-shrimp (hatched in the laboratory), tropical fish-flakes (TetraMin, 

Virginia, USA) or Otohime-B2 (Marubeni Nisshin Feed, Tokyo, Japan). Sufficient food was 

provided (considering fish numbers) such that the fish would completely consume it within 10 

minutes to minimise any leftover food that would spoil water quality.  

 

2. Spawning or breeding of embryos  

 

 

Figure AB.2. Illustration of zebrafish spawning and embryo processing before experimentation.  
All animal procedures were approved by the Animal Research Ethics Committee.  

 

 

To prepare for spawning, zebrafish pairs (2 females and 2 males) 4 to 8 months old were 

placed into a breeding tank (fitted with porous sloping surface inset which allows embryos to 
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fall through to the bottom of the tank) and left overnight a 28.5°C. Zebrafish pairs initiate 

breeding at the onset of light the following morning. After 1 hour of spawning the fish would 

be returned to the IWAKI system and fertilised embryos would be collected and cleaned (which 

involves washing in a stream of water at least 3 times). Clean fertilised embryos would then 

be placed in E3 media in a Petri dish or a cell-culture plate and incubated at 28.5°C overnight. 

The following day embryos would be dechorionated by placing them in a 50 ml centrifuge tube 

containing 20 ml pronase E solution (1 mg/ml; Cat no. 9036-06-0, Merck, USA) for 40 minutes 

at 28.5°C. The embryos would be gently removed from the pronase solution and placed in a 

second centrifuge tube containing E3 media, where they would be gently pipetted up and 

down using a 3 ml plastic dropper pipette to break the chorion. At this point the dechorionated 

embryos would sink to the bottom of the tube while the empty chorion shells would float 

allowing then to be easily removed by pipetting. The dechorionated embryos would then be 

rinsed in E3 media and used as needed.  

 

 

 

 

Figure AB.3. Survival rate and maintenance of embryos at 0-5 days during treatment at 1-6dpf   
All animal procedures were approved by the Animal Research Ethics Committee 

 

During the duration of TLD or glucose treatment (5 days) the embryos were not fed as the yolk 

still meets all the embryo’s nutritional requirements. The embryo survival rate remains high 

because the introduction of feed at this stage in a petri dish spoils the water if not all the food 

is consumed; embryos usually do not feed during this stage of development. After 5 days of 

TLD/ glucose treatment, embryos would be removed from the treatment solutions and rinsed 

in RO water where they would remain for the rest of their development until feeding begins at 

6dpf (and continues for the rest of zebrafish development). 
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Figure AB.4. Feeding frequency for zebrafish during development.  
Zebrafish were fed according to this cart during development, except when following the overfeeding protocol. 
Adopted from Lawrence (2011).  
 

 

The critical phase of zebrafish development is from 6 – 20 dpf.This is because the  early 

juvenile zebrafish (also referred to as fry) require more food, but the constraint is that they are 

housed in a petri dish with a limited volume of water, which spoils easily as the feed starts to 

decay. The survival rate at this point is between 45-60% depending on the level of care i.e. 

regular cleaning and removal of unfinished feed and waste (but it can also be noted that 

sometime zebrafish fry died even with the strictest level of care). The type of feed used at this 

critical phase would be fry food and paramecia, brine shrimp would not be suitable at this 

stage.   

 

Table AB2. Different types of feed used on growing embryos  

Feed type  Reasoning for use  

Fry feed Good enough but spoils and becomes sticky for fry 

Paramecia  Perfect at this stage, small enough and doesn’t spoil water 

Brine shrimp Too big for 6-20dpf fry 
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Raising 30 dpf juvenile zebrafish to adulthood (4 month) becomes easier after the critical 

phase has passed, where fish would be fed brine shrimp and fish flakes 3 times a day and the 

survival rate approaches 100%. At this stage the treated fish and controls would be taken back 

to the IWAKI system until they reach the desired adulthood stage of 4-months post fertilisation.  

 

3. Anaesthetization, weighing and blood collection 

 

At the end of the monitoring period, at 4-months post fertilisation, treated zebrafish were 

placed in reverse osmosis water, removed from the IWAKI system and fasted for 12-hours in 

separate standalone tanks. The fish were then anesthetised on ice (i.e. fish were placed into 

an ice bath at 18-12°C for 2-5 minutes, removed, excess water was removed with paper towel) 

and fish were weighed before they were euthanized (by decapitation using a sterile scalpel 

blades), and blood drawn (following decapitation the glucometer strip was directly connected 

to the wound) to determine fasting blood glucose using a glucometer (Accu-Chek Instant, 

Roche, Germany). 

 

4. General methods  

 

Artemia nauplii (brine shrimp) culture 

• Dissolve two tablespoons of nonionised salt or sea salt in 1-liter dechlorinated water. 

• Use an inverted 2-liter (coke) bottle (with its base removed) as a hatching basin.  

• Add 1 level tablespoon of brine shrimp eggs 

• Use a tank heater to maintain the temperature at 28°C and an air-stone to supply oxygen (air 

pump). 

• Hatch in constant light (lamp) for 24-48 hours. 

• Collect hatched nauplii, rinse to remove salt and use as fish feed.  

• Move the remaining nauplii to fresh saltwater in a clean fish tank. 

• Grow newly hatched nauplii at 28°C in the presence of light 

• Feed 5-10 drops of baker’s yeast (dissolved in dechlorinated water) once daily.  

 

Feeding fish. 

• Pipette 10-50 ml of culture (i.e. about 10-100 nauplii/mL depending on culture 

concentration).  

• Rinse on a fine mesh strainer or brine shrimp net (available in pet shops) with tap water to 

remove salt and feed to tanks. 

• Excess brine shrimp can be stored overnight at 4°C for subsequent feeding (granted the 

shrimp have not disintegrated. 
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Paramecia caudatum culture. 

• Use a clean 2-liter container (2-liter is best for high fry numbers). 

• Add 1.5 liters of dechlorinated water. 

• Use a heater to maintain the water at 27-28.5°C. 

• Add an air-stone for oxygen supply.  

• Add a pinch of commercial fish flakes (and keep feeding every 2nd to 3rd day). 

• Leave in permanent light (use a lamp if needed) for 7-12 days. 

• Use a microscope to check for the presence of paramecia (a stereomicroscope works best).  

• Before feeding to fry, strain paramecia water through a fine-mesh sieve and a 100 µm cell 

culture filter. 

• The volume depends on feeding needs (i.e. the number of fry) and the concentration of the 
paramecia culture.  

• Replace the volume of paramecia water removed with fresh dechlorinated water.  
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Appendix C: Conference abstract 

 

Title: Establishing a zebrafish larvae model to investigate the effect of TLD and its individual 

drug components on T2DM markers. 

 

Topic: Disease Models & Mechanisms; Toxicology 

 

Abstract 

Purpose and motivation 

The rising incidence of obesity and type 2 diabetes mellitus (T2DM) in HIV-positive patients 

on antiretroviral treatment (ART) is a global concern and even more so for South Africa (SA). 

SA has the highest HIV prevalence in the world with the majority of this population on ART, 

and T2DM is the fifth leading cause of death in the country. The preferred first-line ART 

regimen in SA consists of a combination of tenofovir, lamivudine and dolutegravir (TLD), but 

has been associated with significant body-weight gain and clinical obesity and could potentially 

lead to T2DM. The underlying mechanisms on a genetic level of ART leading to body-weight 

gain, obesity, changes in glucose metabolism and T2DM are unclear and the effects of TLD 

and its individual components during pregnancy or early development of T2DM are not known. 

This is essential since tenofovir has the ability to cross the placenta. In addition, the question 

of whether early exposure to TLD and its individual drugs predisposes an individual to T2DM 

in adulthood has not yet been answered/investigated. The zebrafish and its larvae have 

become a valuable resource in biomedical research due mostly to its more than 70% genetic 

similarity to humans and the possibility to extrapolate observed effects to humans. 

Aim  

A zebrafish model is currently being developed at the recently-established UKZN zebrafish 

facility to mimic exposure during pregnancy and early development, as well as to investigate 

implications after long term ART exposure. The purpose of this study is to clarify the 

connection between ART and T2DM, focusing on the morphological and genetic effects of 

TLD and its individual components on the zebrafish larvae model. 

Methods 

TLD and its individual drug components were first tested in vitro on HEK 293 cells to determine 

cytotoxicity. The cells were treated with 10-100uM of the drug in DMSO as a diluent for 3 days 

and viability was determined via the MTS assay.  
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For in vivo studies, zebrafish embryos dechorionated at 24 hpf were exposed to TLD and its 

individual drug components at 10-100uM for 3, 5 and 6 days. Larvae were kept in E3 medium 

at 28°. The medium containing the drug(s) was changed every 24 hrs and images taken on 

the first and last day of exposure.  Total RNA was isolated on the last day of exposure and 

converted to cDNA for qPCR analysis to correlate changes in mRNA targets (insulin, 

preproinsulin, PDX1, ZRANB-3, PCK 1 & 2 and GAPDH) associated with glucose metabolism.    

Results  

TLD and its individual drugs were not toxic on HEK 293 cells at the concentration levels used 

in this study, however 100uM TLD and 100uM tenofovir significantly reduced the cells’ growth 

rate. The zebrafish larvae model was not affected by DMSO concentration of up to 7%. There 

were no visible morphological differences for tenofovir and lamivudine treated embryos at 3, 

5 and 6 days of exposure compared to controls (E3 media and DMSO). Dolutegravir appears 

to be toxic after 48 hrs of exposure at 100uM and potentially reduces the size of embryos. The 

levels of GAPDH mRNA expression seem to slightly change in zebrafish larvae at 3, 5 and 6 

days of treatment.     

Conclusion  

The zebrafish larvae model is showing promise as a valuable resource when investigating 

genetic and morphological changes associated with ART during early development. Our 

preliminary results have shown indications of morphological changes due to the exposure to 

antiretroviral drugs. The use of a second housekeeping gene might be required in addition to 

GAPDH. More work is required to further validate the model including the extension of the 

exposure period in order to better illustrate the impact on gene expression. 
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