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Abstract 
 

The advent of antiretroviral therapy (ART) for the management of the human 

immunodeficiency virus (HIV) was, and to date still is, seminal in reducing the morbidity and 

mortality associated with HIV infection and subsequent acquired immunodeficiency syndrome 

(AIDS). Key ART drug classes such as non-nucleoside reverse transcriptase 

inhibitors (NNRTIs) and nucleoside/tide reverse transcriptase inhibitors (NRTIs) are 

commonly prescribed in people living with HIV (PLWH), but treatment-related complications 

include an increased risk of developing type 2 diabetes (T2D). Direct damaging effects on 

pancreatic beta cell function and survival by NNRTIs or NRTIs may predispose PLWH who 

are also type 2 diabetic to impaired glycaemic control and loss of beta cell mass, hence 

increasing the risk of diabetic complications and insulin dependency. The aim of this study was 

to investigate the direct effects of the NNRTIs efavirenz, rilpivirine and doravirine, and the 

NRTIs tenofovir, emtricitabine and lamivudine, on beta cell function and survival.   

The rat insulinoma INS-1E beta cell line and isolated rat islets of Langerhans were exposed to 

increasing concentrations of NNRTIs or NRTIs for 24 hours. Beta cell function was assessed 

by measuring glucose-stimulated insulin secretion (GSIS) from INS-1E cells and isolated rat 

islets of Langerhans with an ELISA. Beta cell survival was assessed by measuring cell viability 

using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and cell 

death by flow cytometric analysis following Annexin V and propidium iodide staining. Then, 

intracellular ROS generation was measured using the 2′,7′-dichlorodihydrofluorescein diacetate 

probe followed by confocal microscopy. Mitochondrial function was assessed by measuring the 

activity of mitochondrial complex I by spectrophotometric analysis and cellular ATP levels by 

luminometry. Flow cytometry was used to assess changes in mitochondrial membrane potential 

(Δψm) following staining with tetramethylrhodamine ethyl ester, and mitochondrial superoxide 

generation following MitoSOX staining. mRNA and protein expression of key endoplasmic 

reticulum (ER) stress markers (CHOP and GRP78) and uncoupling protein 2 (UCP2) were 

determined by reverse transcription-quantitative polymerase chain reaction and Western 

blotting or immunocytochemistry, respectively. In silico docking studies were carried out using 

the UCSF Chimera and SwissDock.  

Our results show contrasting intraclass and interclass effects. While doravirine had no effect on 

INS-1E cell function and survival, efavirenz and rilpivirine significantly reduced GSIS from 

INS-1E cells and isolated rat islets of Langerhans. Efavirenz and rilpivirine also significantly 

https://www.sciencedirect.com/topics/medicine-and-dentistry/reverse-transcriptase-inhibitor
https://www.sciencedirect.com/topics/medicine-and-dentistry/reverse-transcriptase-inhibitor
https://www.sciencedirect.com/topics/medicine-and-dentistry/efavirenz
https://www.sciencedirect.com/topics/medicine-and-dentistry/rilpivirine
https://www.sciencedirect.com/topics/medicine-and-dentistry/doravirine
https://www.sciencedirect.com/topics/medicine-and-dentistry/emtricitabine
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reduced cell viability and induced apoptosis in INS-1E cells, likely through ER stress as shown 

by the upregulated expression of CHOP and GRP78. Furthermore, efavirenz and rilpivirine 

significantly increased intracellular and mitochondrial ROS generation, disrupted Δψm and 

decreased cellular ATP levels in INS-1E cells. In silico docking studies predict a possible 

inhibition of the mitochondrial ATP synthase by rilpivirine while efavirenz directly inhibited 

mitochondrial complex I activity and upregulated the expression of UCP2. On the other hand, 

the NRTIs had no effect on INS-1E cell function and survival.  

This study has identified, for the first time, that the first- and second-generation NNRTIs 

efavirenz and rilpivirine can impair beta cell function and survival, likely through increased 

oxidative stress and contrasting mitotoxic effects. Therefore, although these drugs are effective 

in the management of HIV/AIDS, they potentially increase the risk of impaired glycaemic 

control and loss of beta cell mass, hence increasing the risk of diabetic complications and insulin 

dependency in PLWH and T2D.    

 

 

 

 

 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-viability
https://www.sciencedirect.com/topics/medicine-and-dentistry/programmed-cell-death
https://www.sciencedirect.com/topics/medicine-and-dentistry/reactive-oxygen-species
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5) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 9 Uncropped blot image for GAPDH expression in INS-1E cells treated with efavirenz 20 μM 

(n = 4 and n = 5) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 10 Uncropped blot image for CHOP expression in INS-1E cells treated with rilpivirine 10 μM 

(n = 4 and n = 5) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 11 Uncropped stripped blot image in INS-1E cells treated with rilpivirine 10 μM (n = 4 and n = 

5) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 12 Uncropped stripped blot image in INS-1E cells treated with rilpivirine 10 μM (n = 4 and n = 

5) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 13 Uncropped blot image for PDX-1 expression in INS-1E cells treated with efavirenz (20 

µM) or rilpivirine 10 μM (n = 1, n = 2 and n = 3) for 24 hrs 

Figure 14 Uncropped blot image for GAPDH in INS-1E cells treated with efavirenz (20 µM) or 

rilpivirine 10 μM (n = 1, n = 2 and n = 3) for 24 hrs 

Figure 15 Uncropped blot image for GAPDH expression in INS-1E cells treated with rilpivirine 10 

μM (n = 1, n = 2 and n = 3) or thapsigargin 1 μM (positive control) for 24 hrs 

Figure 16 Uncropped blot image for GRP78 expression in INS-1E cells treated with efavirenz 20 μM 

(n = 1, n = 2 and n = 3) for 24 hrs 

Figure 17 Uncropped stripped blot image in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 2 

and n =3) for 24 hrs (GRP78 expression) 

Figure 18 Uncropped blot image for GAPDH expression in INS-1E cells treated with efavirenz 20 μM 

(n = 1, n = 2 and n = 3) for 24 hrs 

Figure 19 Uncropped blot image for PDX-1 expression in INS-1E cells treated with efavirenz (20 µM) 

or rilpivirine 10 μM (n = 1, n = 2 and n = 3) for 24 hrs.  
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Figure 20 Uncropped blot image for GAPDH in INS-1E cells treated with efavirenz (20 µM) or 

rilpivirine 10 μM (n = 1, n = 2 and n = 3) for 24 hrs 

Figure 21 Uncropped agarose gel electrophoresis for analysis of unlinearised and linearised SUR1 

DNA 

Figure 22 Uncropped DNA electrophoresis of RNA elutes for Kir6.2 and SUR1 

 

Appendix III 

Figure 1 Uncropped cleaved caspase-3 ICC images (control) 

Figure 2 Uncropped cleaved caspase-3 ICC images (efavirenz) 

Figure 3 Uncropped cleaved caspase-3 ICC images (rilpivirine) 
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1. General Introduction  

 

1.1 The HIV global epidemic 
 

Defined as a major global public health issue by the World Health Organization, the human 

immunodeficiency virus (HIV) was identified as the aetiologic cause of the acquired 

immunodeficiency syndrome (AIDS) in the 1980s. Since the beginning of the HIV epidemic in 

the early 1980s, it was estimated that 76 million people have been infected with HIV and 40 

million people have died of HIV/AIDS so far (World Health Organization, 2022). In 2021 

alone, HIV/AIDS has claimed approximately 650,000 lives, making it one the World’s deadliest 

diseases (World Health Organization, 2022).  

 

1.1.1 History and epidemiology of HIV/AIDS 
 

By the 1980s, the HIV epidemic had already been circulating in humans in Central and West 

Africa, with Kinshasa, in the Democratic Republic of Congo, being the location of origin. It is 

believed that HIV crossed from non-human primates carrying the Simian Immunodeficiency 

Virus (SIV) to humans in the 1920s (Wise, 2014). It is speculated that the virus was transmitted 

through hunting and eating chimpanzee meat carrying SIV, a virus closely related to HIV 

(Avert, 2018). HIV transmits from human to human through exposure to infected blood or 

semen, mainly through sexual transmission, unsterilised needle sharing, blood transfusions and 

perinatal transmission. According to the World Health Organization (2022), it is estimated that 

more than 38 million people are currently living with HIV globally. The growth of the HIV 

epidemic is believed to have been facilitated by the social climate in post-colonial Africa.  

 

1.1.2 Global burden of HIV 
 

Different HIV lineages have emerged from multiple independent zoonotic transmissions. HIV-

1 (groups M-P) and HIV-2 (groups A-H) (Sharp & Hahn, 2011). HIV-1 has a higher virulence 

and infectivity compared to HIV-2, which is largely confined to West Africa. The group M of 

HIV-1 is pandemic, while groups N-P are limited to a small number of individuals and are 

confined to Central and West Africa. Subtype C of HIV-1 (group M) is by far, associated with 
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the highest global prevalence. Global trends for HIV are shown in Table 1.1. Sub-Saharan 

Africa has been heavily affected by the HIV pandemic, as of 2021, approximately 26 million 

people living with HIV are sub-Saharan African (World Health Organization, 2022). Key 

populations have been identified as being high-risk for HIV exposure, these include men who 

have sex with men (MSM), sex workers, clients of sex workers, injection drug users (IDUs) 

and transgender people. Outside of sub-Saharan Africa, these key populations account for the 

majority of new infections. 
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Table 1.1 Global trends for HIV infection in 2020. The global number of people living with HIV was approximately 38 million in 2020. Approximately 1.5 million adults and 

children were newly infected with HIV illustrating continued HIV transmission on a global level. Sub-Saharan (East, Central, West and South) Africa remains the most severely 

affected region, with approximately 1 more than 25 million of adults and children living with HIV. (Table retrieved from the Joint United Nations Programme on AIDS, 2021 

at https://www.unaids.org/sites/default/files/media_asset/JC3032_AIDS_Data_book_2021_En.pdf. Licence: CC BY-NC-SA 3.0 IGO).

https://www.unaids.org/sites/default/files/media_asset/JC3032_AIDS_Data_book_2021_En.pdf
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1.1.3 Natural infection of HIV 
 

HIV/AIDS is characterised by a spectrum of conditions caused by infection with HIV. Cells 

infected with HIV or virions have to cross a mucosal barrier to reach the bloodstream. When in 

the bloodstream, the virus disseminates throughout the body, resulting in high levels of infected 

CD4+ T lymphocytes (Sharp & Hahn, 2011). Peak viraemia occurs approximately 30 days post-

infection, accompanied by low CD4+ T lymphocyte levels. Additionally, the infected 

individual starts to experience a HIV-specific immune response, causing an intensive immune 

response. Subsequently, the HIV-infected individual experiences feverish symptoms. In HIV, 

virulence is a measurement of the rate at which an HIV-infected patient progresses to AIDS 

and the transmission potential of the virus.  Untreated HIV replication causes progressive CD4+ 

T-lymphocyte loss and a range of several immunological abnormalities, leading to an increased 

risk of opportunistic infections, as well as neurological and oncological complications (Deeks 

et al., 2015; Kramer, 2010). These complications fall under the AIDS condition. Indeed, HIV 

causes immune compromise subsequent to the gradual decline of CD4+ T cells. HIV inserts its 

DNA into the genome of the hosts CD4+ T- lymphocytes in order to produce viral proteins and 

replicate. Active viral replication results in host cell death rendering the patient increasingly 

immunocompromised. HIV affects almost every system in the body making patients vulnerable 

to a broad variety of infective and non-infective complications. There is an established link 

between reduced numbers of CD4+ cells in peripheral blood (CD4+ count) and increased rates 

of HIV- associated complications and deaths (Lundgren et al., 2015). 

However, it should be noted that the number of HIV-related deaths has declined since the advent 

of antiretroviral therapy in the late 1980s.  

1.2 Control of HIV epidemics; the advent of antiretroviral therapy 

There is currently no cure for HIV. To prevent transmission, initial efforts to control the spread 

of HIV relied on intervention approaches such as promotion and provision of condoms, sexual 

health education, promotion of HIV testing, and counselling and behaviour change 

interventions targeted at high-risk populations. Unfortunately, none of the interventions had a 

significant impact in reducing the spread of HIV (Ross, 2010). 
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Despite several efforts to develop a vaccine against HIV, no vaccine has been successful enough 

to prevent HIV infection. Strategies in HIV vaccine development involved antibody-induced 

protection and cell-mediated immune response, both of which were deemed unsuccessful to 

warrant protection against HIV infection. Out of all the HIV vaccine efficacy trials conducted 

so far, the HIV-1 RV144 trial conducted in Thailand focusing on canarypox-expressed 

membrane-anchored gp120 proved to be partially successful, warranting the first and only 

protection (31.2%). However, this protection diminished with a rapid contraction of a poorly 

durable antibody response (Robinson, 2018). Hopes for an early breakthrough are not high 

given that the underlying immunological responses required to provide protective immunity 

against HIV are currently unknown (Roberts, 2016; Robinson & Gazzard, 2005). 

However, advances in modern pharmacotherapy have transformed HIV from a terminal disease 

to a chronic but manageable condition through the development of antiretroviral therapy (ART). 

Soon after the availability of antiretroviral agents in the late 1980s, it became evident that ART 

is an effective management strategy implemented in hopes of reducing progression of disease 

to AIDS and HIV-related deaths. Many clinical trials and care settings have shown that ART, 

when adhered to, profoundly improves clinical outcomes in HIV patients by reducing HIV 

progression to AIDS and HIV-related deaths (Forsythe et al., 2019). These include reduced 

HIV progression to AIDS, better quality of life, reduced hospitalisation, and death rates 

(Mannheimer et al., 2006). As shown in Figure 1.1, the number of people newly infected with 

HIV has declined since 1996. Moreover, the number of deaths related to HIV has decreased 

since the early 2000s (~2 million deaths), reaching approximately ~750,000 deaths in 2020 

(Figure 1.1). 
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Figure 1.1 Decline of HIV incidence and HIV-related deaths globally. Following a peak around 1997, reaching 

nearly 3 million newly HIV-infected people (red), the number of newly infected people continues to decline since 

then. In 2020, around 1.5 million were newly infected with HIV, showing a decrease in number of newly infected 

people by nearly half since the late 1990s. Similarly, HIV-related deaths (blue) continue to decline since reaching 

a peak of approximately 2 million deaths in 2004-2006. In 2020, the number of HIV-related deaths was 

approximately 600,000. Figure retrieved from the World Health Organization, (2021a) at 

https://www.who.int/hiv/data/en/. Licence: CC BY-NC-SA 3.0 IGO. 

This decline in HIV-related deaths is strongly linked to the advent of ART (Joint United Nations 

Programme on HIV/AIDS, 2017). Figure 1.2 shows the number of AIDS-related deaths and the 

number of people receiving HIV treatment. The increase in the numbers of people receiving 

HIV treatment coincides with a decline in AIDS-related deaths.  

 

https://creativecommons.org/licenses/by-nc-sa/3.0/igo/
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Figure 1.2 Number of global AIDS-related deaths and number of people receiving HIV treatment. Data from 2000 

to 2020 show increasing usage of ART coinciding with a radical decline in AIDS-related deaths. In the early 2000s, 

only approximately 1 million HIV-infected individuals had access to HIV treatment alongside over 1.5 million 

AIDS-related deaths. In 2020, nearly 30 million people had access to HIV treatment, alongside approximately 

750,000 AIDS-related deaths. Figure retrieved from the World Health Organization, (2021a) at 

https://www.who.int/hiv/data/en/. Licence: CC BY-NC-SA 3.0 IGO.  

According to the WHO’s 2017 report, ART has been the primary contributor to a 48% decline 

in AIDS-related deaths on a global level (Joint United Nations Programme on HIV/AIDS, 

2017). The WHO guidelines recommend initiation of ART in anyone living with HIV, further 

to evidence that early intervention with ART was associated with better clinical outcomes in 

HIV-infected individuals compared to later treatment as per The INSIGHT START Study 

Group data (2015).  

1.2.1 Structure and lifecycle of HIV; Therapeutic targets of ART  
 

HIV is a retrovirus, meaning it is an RNA virus that replicates through reverse transcription and 

subsequently integrates its viral DNA in the host cell’s genome. HIV mainly infects CD4+ T-

lymphocytes, as they express a CD4 surface receptor (Lifson & Engleman, 1989). Figure 1.3 

summarises the HIV lifecycle and different targets in HIV therapy.  

 

https://creativecommons.org/licenses/by-nc-sa/3.0/igo/


28 
 

 
 

Figure 1.3 Targets of ART in the HIV life cycle. The HIV life cycle undergoes nine steps: binding to the host cell 

membrane (step 1); fusion, entry of virions, and release of single-stranded RNA into the cytoplasm (step 2); 

transcription of viral RNA to DNA by reverse transcription (step 3); translocation of DNA to the nucleus and 

integration to the host DNA (step 4); transcription of mRNA coding for viral proteins (step 5); translation to 

proteins and post-translational cleavage by HIV protease (step 6, 7 and 8); and viral release and maturation (step 

9). Figure adapted from “HIV Replication Cycle”, by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates 

 

ART involves a variety of antiretroviral agents that inhibit the replication of HIV at specific 

steps in its lifecycle. By interrupting the HIV lifecycle, ART reduces viral load and preserves 

the patients CD4+ T-lymphocytes which helps to maintain an effective immune function. There 

are currently five classes of antiretroviral agents in clinical use. These include: 

 

(I) Nucleoside/tide reverse transcriptase inhibitors (NRTIs) 

 

NRTIs were the first antiretrovirals to be approved for use in HIV management in the late 1980s 

(Vella et al., 2012). NRTIs act by disrupting the transcription of viral RNA to DNA (step 3, 

Figure 1.3) (Atta et al., 2019). They competitively inhibit the viral reverse transcriptase enzyme 

in the host cell cytoplasm. Subsequently, the conversion of viral single-stranded RNA to 

double-stranded DNA, also known as viral replication, is prevented. Hence, HIV genetic 

https://app.biorender.com/biorender-templates
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material is not incorporated into the host genome. NRTIs mimic nucleoside bases, cytidine, 

thymidine, guanosine, adenosine, inosine, and uridine, that are needed during the formation of 

DNA. The nucleoside or nucleotide analogues compete with natural nucleosides/tides and when 

the HIV reverse transcriptase attempts to incorporate them into the growing DNA chain, the 

elongation process is halted  (Morse, 2015) (Figure 1.4). Older NRTIs include zidovudine, 

abacavir and stavudine while newer NRTIs, with a better safety and efficacy profile, include 

tenofovir disoproxil/alafenamide fumarate, emtricitabine and lamivudine. NRTIs are effective 

against HIV-1 and HIV-2 infection and are also now popular for use as prophylaxis for HIV 

infection according to the British HIV Association (Reeves et al., 2021).  

 

 

Figure 1.4 The mode of action of NRTIs. Figure created with BioRender.com. 

 

(II) Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

 

The first NNRTI approved for the management of HIV-1 was nevirapine (1998), now classified 

as a first-generation NNRTI alongside efavirenz. Second-generation NNRTIs such as etravirine 

and rilpivirine were approved in hopes of ameliorating first-generation NNRTI efficacy and 

safety profiles. Only recently, the second-generation NNRTI rilpivirine was considered a 

promising candidate for the prophylaxis of HIV (Bekker et al., 2020). The most recent NNRTI 

doravirine, has a better resistance profile against HIV. NNRTIs act by disrupting the 

transcription of viral RNA to DNA (step 3, Figure 1.3) (Atta et al., 2019). Unlike NRTIs, 

NNRTIs act by inhibiting HIV-1 reverse transcriptase by non-competitive binding to a 

hydrophobic pocket found in the enzyme which then causes conformational changes and 

diminished activity of the HIV reverse transcriptase (Apostolova et al., 2017) (Figure 1.5). 
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NNRTIs are only effective against the HIV-1 infection, limiting their use in the treatment of 

HIV-2 infection due to HIV-2 intrinsic resistance profiles.  

 

 

Figure 1.5 The mode of action of NNRTIs. Figure created with BioRender.com. 

 

(III) Protease inhibitors  

 

Soon after the discovery of reverse transcriptase inhibitors, the protease inhibitors were 

developed in the late 1990s (Vella et al., 2012). Protease inhibitors inhibit the viral protease, a 

critical enzyme responsible for the synthesis of functional individual viral proteins (step 6, 7 

and 8, Figure 1.3) (Atta et al., 2019). Examples of protease inhibitors include nelfinavir, 

saquinavir, indinavir, darunavir, lopinavir, amprenavir, atazanavir and ritonavir. As part of the 

improvement of care in HIV patients, ritonavir which was originally developed as a protease 

inhibitor, is currently exclusively used as a pharmacokinetic booster of other protease inhibitors 

due to its potent inhibition of the cytochrome CYP 3A4 isoenzyme (Hull & Montaner, 2011). 

Protease inhibitors are effective against both HIV-1 and HIV-2 infection according to the 

British HIV Association (Reeves et al., 2021). 

(IV) Integrase inhibitors 

Integrase inhibitors are relatively new antiretroviral agents, developed in 2007 for the 

management of HIV-1 and HIV-2 infection (Reeves et al., 2021; Vella et al., 2012). Integrase 

inhibitors inhibit the viral integrase, hence preventing viral DNA integration into the human 

genome (step 4, Figure 1.3) (Atta et al., 2019). Examples of integrase inhibitors include: 

dolutegravir, elvitegravir, cabotegravir and raltegravir. 

 



31 
 

(V) Fusion and CCR5 inhibitors 

The fusion inhibitor, enfuvirtide was developed and approved in the early 2000s (Vella et al., 

2012). Enfuvirtide prevents the fusion of the HIV envelope with the host CD4+ cell membrane, 

which is an essential process for virus replication (step 2, Figure 1.3) (Atta et al., 2019). Another 

pharmacological approach, consisting of inhibiting HIV co-receptor, was adopted in recent 

years. Maraviroc, binds to the co-receptor C-C chemokine receptor type 5 (CCR5) which 

subsequently blocks the entry of HIV into the host cells (step 1, Figure 1.3) (Atta et al., 2019). 

Fusion and CCR5 inhibitors are effective against both HIV-1 and HIV-2 strains (Reeves et al., 

2021). 

 

1.2.2 Clinical use of ART  

Confirmation of HIV status using the testing strategy as the original diagnosis must be 

implemented prior to ART initiation (World Health Organization, 2020). Diagnostic strategies 

used in HIV are used to detect HIV antigens (i.e., p24) and antibodies specific to HIV. ART is 

effective at suppressing viral replication; however, it is a life-long treatment that must be taken 

daily. Over the past years, ART has been improved through the availability of new relatively 

safer and potent antiretroviral agents. These include the development of newer agents and 

pharmaceutical formulations. 

Zidovudine, the first antiretroviral drug licensed in 1987, paved the way to triple combination 

ART, also known as highly active antiretroviral therapy (HAART), combination antiretroviral 

therapy (cART) or simply ART. cART consists of a customised combination of three or more 

antiretroviral drugs, from different classes, to fit several patient considerations. Triple ART 

therapy was licensed in 1996 and since then, remains the basis of modern therapy in HIV. This 

combined pharmacological approach is widely adopted in clinical settings as it has dramatically 

reduced AIDS-related morbidity and mortality (Sezgin et al., 2018). Furthermore, as opposed 

to single-drug ART, the combination of three different antiretroviral agents reduces risk of HIV 

resistance. Current WHO guidelines set in 2019 recommend that initiation of cART should 

consist of the first-line use of an optimised NRTI backbone which contains two NRTIs and an 

additional agent, dolutegravir (integrase inhibitor) or efavirenz (NNRTI) for the treatment of 

HIV-1 in adolescents and adults (World Health Organization, 2021a). In the UK, the current 

guidelines set by the British HIV association (2016) recommend an NRTI backbone and an 
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additional NNRTI, ritonavir-boosted protease inhibitor or integrase inhibitor for the treatment 

of HIV-1. As for the treatment of HIV-2, the British HIV Association suggest the use of two 

NRTIs plus an integrase inhibitor or a ritonavir-boosted PI, as NNRTIs are not recommended 

for the treatment of HIV-2 (Reeves et al., 2021).  

As drug adherence is of paramount importance in the treatment of HIV, cART has prompted 

the development of once daily pills to improve patient adherence to ART. The once daily 

combination pills designed so far include Atripla® (tenofovir DF/emtricitabine/efavirenz), 

Eviplera® (tenofovir DF/emtricitabine/rilpivirine) and Delstrigo® (tenofovir DF/ 

lamivudine/doravirine) which contain three antiretroviral drugs and Truvada® (tenofovir 

DF/emtricitabine) and Kivexa® (abacavir/lamivudine), which contain two NRTIs (Electronic 

Medicines Compendium, 2018a, 2018b, 2018c, 2019).  

In addition to the main use of antiretroviral agents as treatment for HIV infection, antiretroviral 

agents used as pre-exposure prophylaxis (PreP) and post-exposure prophylaxis (PeP) in HIV 

are becoming increasingly popular. PreP and PeP represent new opportunities to reduce HIV 

infection rates in high-risk individuals such as health-care workers, IDUs, sex workers and 

people engaging in unprotected sex. Since its approval in 2012 by the FDA, Truvada® 

(tenofovir disoproxil fumarate/emtricitabine) daily has been used to reduce the risk of HIV 

infection in high-risk adults and has been shown to be effective in doing so in MSM and 

heterosexual individuals (Grant et al., 2010; Thigpen et al., 2012). As for PeP, according to the 

UK national guidelines, it is recommended to take a combination of antiretroviral drugs (first-

line use of an NRTI backbone) as early as possible and within 72 hours after potential exposure 

to HIV (National Institute for Health and Care Excellence, 2018). Figure 1.2 shows the ART 

coverage globally. ART coverage has increased over time since the year 2000. Global ART 

coverage in 2020 (~28,000,000 HIV-infected individuals on ART) was approximately 28 times 

higher than that in 2000 (~1,000,000 HIV-infected individuals on ART), reflecting the massive 

availability of ART coverage throughout the past decades (Figure 1.2). However, the target of 

providing ART for at least 90% of people diagnosed with HIV, set by the Joint United Nations 

Programme on HIV/AIDS (UNAIDS) is yet to be achieved globally. This target is part of the 

UNAIDS 90:90:90 targets agenda for 2020, a major and ambitious treatment target to help 

eradicate the HIV/AIDS worldwide (Bain et al., 2017). While the target has not yet been 

achieved on global level, the UK reached the 90:90:90 targets by 2018 and continues to exceed 

these targets (Public Health England, 2019).
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In addition to ART, other treatments are suggested as part of HIV care. These include treatment 

of HIV-related infections (i.e., antifungals and antibiotics) and non-clinical services used in 

combination with ART in order to reduce rates of ill health and HIV/AIDS-related deaths 

among HIV-positive people (Joint United Nations Programme on HIV/AIDS, 2016). 

However, despite the undeniable benefits of cART, long-term ART is associated with several 

adverse effects, some of which are troublesome in some patients. 

1.3 ART-associated adverse events  
 

From early on, long-term ART has been associated with adverse effects which continue to cause 

concern in modern HIV care. 

A large list of adverse drug effects is associated with therapeutic doses of antiretrovirals ranging 

from class-specific adverse events to drug-specific events. Table 1.2 summarises the very 

common (≥ 1 in 10) and common (≥ 1 in 100 to < 1 in 10) side effects associated NRTIs, 

NNRTIs, protease inhibitors, integrase inhibitors and fusion/CCR5 inhibitors (Electronic 

Medicines Compendium, 2018a, 2018b, 2018c, 2019). 
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 Table 1.2 Common adverse events associated with ART classes according to the Electronic Medicines 

Compendium. The adverse events associated with antiretroviral agents range from gastrointestinal (GI) disorders 

and lipid abnormalities to psychiatric events.  

Drug Class  Adverse reactions 
NRTIs  • GI upset (nausea, vomiting and abdominal pain) 

• Headache  

• Hyperpigmentation  

• Rash  

• Malaise and fatigue  

• Nasal signs and symptoms 

• Cough  

NNRTIs • GI upset (abdominal pain, nausea, vomiting and diarrhoea)  

• Psychiatric events (insomnia, abnormal dreams/nightmares, depression, and 

anxiety) 

• Neurological events (dizziness, headache, somnolence, and disturbance in 

attention) 

• Rash and pruritis  

• Dry mouth 

• Fatigue  

-Blood tests: decreased white blood cell count, haemoglobin and platelet count 

• Lab abnormalities  

Alterations in lipid metabolism: increased total cholesterol, LDL cholesterol and 
triglycerides 
Liver tests: increased transaminases and gamma-glutamyltransferase (GGT) 
Increased pancreatic amylase  
 

Protease 

inhibitors 

• Insomnia 

• Hyperlipidaemia 

• Hypocholesteraemia  

• Diabetes 

• Headache 

• Peripheral neuropathy 

• GI upset 

• Rash and pruritus  

• Fatigue  

Integrase 

inhibitors 

• Headache 

• GI upset 

• Psychiatric events (abnormal dreams, insomnia, depression and anxiety)  

• Neurological events (headache and dizziness) 

• Rash and pruritus  

• Fatigue 

Fusion/CCR5 

inhibitors 

• Anaemia 

• Anorexia 

• Psychiatric events (Insomnia and depression) 

• GI upset 

• Rash  

• Lab abnormalities  

Liver tests: increased transaminases and gamma-glutamyltransferase (GGT) 
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Despite not being reported in early randomised clinical trials, several other adverse events have 

been linked to the use of ART as shown in several case reports, observational studies, and in 

vitro and in vivo studies. People infected with HIV are now living longer due to the advent of 

ART and are therefore more likely to acquire additional chronic conditions related to normal 

ageing, HIV infection itself and ART (Guaraldi et al., 2011; Kalra et al., 2011; Kendall et al., 

2014). Several studies were conducted around the World to determine non-infectious 

comorbidities experienced among the HIV-infected population and the factors associated with 

the increased incidence of developing these comorbidities in HIV/AIDS infection. According 

to a retrospective study conducted by Kendall et al. (2014) in Canada, the most prevalent 

comorbidities among the HIV-infected population include diabetes mellitus, hypertension, 

asthma and chronic obstructive pulmonary disease. In Italy, a 7-year long study showed that 

diabetes, cardiovascular disease, hypertension, bone fractures and renal failure were the most 

common non-infectious comorbidities seen in PLWH (De Francesco et al., 2018). The 

comorbidities experienced in the HIV-infected population are more likely to be a result of the 

interplay of several factors such as older age, female gender, smoking (which is known to be 

higher amongst people living with HIV), genetic risk factors, low CD4 count, presence of 

hepatitis C infection, ART regimens, prolonged ART exposure and HIV severity (Bonfanti et 

al., 2001; Guaraldi et al., 2011; Kendall et al., 2014; Larson et al., 2006).  

Nevertheless, the main comorbidities reported following ART exposure usually fall into the 

category of metabolic complications such as disorders related to body fat distribution (i.e., 

lipodystrophy), dyslipidaemia, insulin resistance and diabetes mellitus (Apostolova et al., 2017; 

De Francesco et al., 2018; Jain et al., 2001; Kendall et al., 2014; Samaras, 2009). Several 

studies have shown that HIV infection itself causes several metabolic complications such as 

hypertriglycaemia, hyperlipidaemia, osteoporosis, and hepatic lipogenesis (Brown & Qaqish, 

2006; Côté et al., 2002; Jain et al., 2001; Peters et al., 2013).  

ART-associated adverse events were extensively investigated by many studies which shed 

some light into the incidence rates and potential mechanisms underlying the clinical 

manifestations of these adverse effects. The following section will discuss ART-associated 

adverse events while giving insight into potential cellular and molecular mechanism(s) behind 

the adverse events seen in PLWH on ART. 
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1.3.1 Lipodystrophy and alterations in lipid metabolism in HIV 
 

1.3.1.1 Epidemiology 
 

The main adverse effects reported following long-term ART exposure usually fall into the 

category of metabolic complications such as changes in body morphology due to fat 

maldistribution throughout the body (lipodystrophy) and dyslipidaemia (elevated plasma 

triglycerides and cholesterol) (Apostolova et al., 2017; El Hadri et al., 2004; Jain et al., 2001; 

Samaras, 2009). The observation that HIV-infected subjects with changes in fat mass or 

adipocyte dysfunction experienced, in addition to these effects, metabolic dysregulation, 

prompted several studies to explore abnormal adipose tissue function in this patient population 

(Hruz, 2010). The findings suggest that NRTIs, NNRTIs, protease inhibitors and integrase 

inhibitors may play an important role in the development of HIV-associated lipodystrophy 

syndrome (Pérez-Matute et al., 2013). Lipodystrophy syndrome is characterised by peripheral 

lipoatrophy and visceral fat redistribution, associated with dyslipidaemia and insulin resistance 

(Lagathu et al., 2005). HIV infection per se can affect adipose tissue as many ART-naïve HIV-

infected individuals developed fat alterations (Delpierre et al., 2007 and Koethe et al., 2020). 

While it is appreciated that HIV itself can play a role in impairing adipocyte function in PLWH, 

ART remains a research area of interest due to its direct role in mediating fat alterations in 

PLWH.  

Early studies have shown that lipodystrophy occurred in patients treated with NRTIs, 

independent of protease inhibitor therapy (Galli et al, 1999; Saint-Marc et al. 1999; Boufassa 

et al. 2000; Mallal et al. 2000; Molina et al. 2000; Jain et al. 2001). Later studies suggested that 

NRTIs, NNRTIs and protease inhibitors act in synergy in causing HIV-associated lipodystrophy 

syndrome (HALS) (Pérez-Matute et al., 2013). The first-generation NNRTI efavirenz and 

several protease inhibitors were associated with an increased risk of developing lipodystrophy 

as per the ACTG 5005 and ACTG 5142 studies (Sension & Deckx, 2015). A recent randomised 

trial called the Strategic Timing of Antiretroviral Treatment (START) involving a diverse 

global population of HIV-positive participants with preserved immunity (i.e., with high CD4 

cell counts) concluded that initiation of the first-generation NNRTI efavirenz was associated 

with dyslipidaemia, as the data obtained showed increases in total cholesterol, LDL cholesterol 

and HDL cholesterol (Baker et al., 2017).  Besides, one cohort study investigated the lipid 

profile of dyslipidaemic HIV-positive patients on efavirenz in comparison to their lipid profile 

after switching to the second-generation NNRTI rilpivirine (Thamrongwonglert et al., 2016). 
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After the switch to rilpivirine, total cholesterol, LDL cholesterol, HDL cholesterol and 

triglyceride levels were significantly reduced (Thamrongwonglert et al., 2016). This data 

prompted the use of rilpivirine instead of efavirenz in these patients for an improved lipid 

profile.  Two recent cohort studies confirmed the improvement of lipid profile after switching 

to rilpivirine in HIV-positive patients from a PI-boosted or other NNRTI based therapy (Bagella 

et al., 2018; Gatechompol et al., 2019). 

Whether ART or HIV infection itself is responsible for the lipodystrophy and dyslipidaemia 

observed in PLWH remains a topic of controversy. Therefore, investigation into the role of 

ART on adipose cells has proven to be useful for initial assessment of the potential of NRTIs, 

NNRTIS, protease inhibitors and integrase inhibitors to cause a disturbance in lipid metabolism 

and adipose tissue in PLWH.  

1.3.1.2 Mechanisms 

 

Traditionally, adipose tissue is known for its role as a site for fat storage, but it also has an 

important role in releasing regulatory factors such as adipokines and proinflammatory cytokines 

that act both locally and on other organs (e.g., pancreas, liver, muscles, heart) to affect overall 

metabolism (Díaz-Delfín et al., 2011). For example, adipose tissue releases adiponectin, an 

insulin-sensitising hormone, that affects insulin resistance, as well as the release of 

inflammatory cytokines including tumour necrosis factor α (TNFα) and interleukin-6 (IL-6) 

(Díaz-Delfín et al., 2011).  

The action of several NNRTIs has been investigated in previous studies, exposing the profound 

effects of efavirenz on adipocyte function. A study conducted in human preadipocytes showed 

that efavirenz was cytotoxic and significantly impaired differentiation (Díaz-Delfín et al., 

2011). Indeed, efavirenz was associated with inhibition of adipocyte differentiation, and 

produced an anti-adipogenic and proinflammatory response patterns, effects that could explain 

the development of lipodystrophy observed in clinical settings (Sension & Deckx, 2015).  

The effects of rilpivirine on adipocytes were not investigated until 2013, when Díaz-Delfín et 

al. (2012) compared the effects of the first-generation and second generation NNRTIs, 

efavirenz and rilpivirine, on adipose cells to further investigate lipodystrophy and changes in 

lipid metabolism in HIV-1 treated patients (Díaz-Delfín et al., 2012). A 10 μM concentration 

of both antiretroviral agents revealed that efavirenz was massively cytotoxic to preadipocytes 

(98% cytotoxicity) in comparison to a moderately cytotoxic rilpivirine (5.1%) (Díaz-Delfín et 
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al., 2012). It was revealed that both efavirenz and rilpivirine caused an impairment in adipocyte 

differentiation, however, the deleterious effects were more profound following efavirenz 

exposure. Behl et al’s study (2019) found that rilpivirine had no effect on cell viability, however 

it reduced adiponectin, leptin, and increased resistin levels in adipose cells. Overall, efavirenz 

can cause deleterious effects in adipocytes, while rilpivirine, at moderate concentrations, did 

not exert profound damaging effects on adipose cells and endocrine function of adipose cells 

(Díaz-Delfín et al., 2012).  In a study comparing the effects of efavirenz and elvitegravir, an 

integrase inhibitor, it was shown that elvitegravir altered adipocyte differentiation and function, 

and promotes induction of proinflammatory cytokines, in a similar way to efavirenz (Moure et 

al., 2016). Protease inhibitors have also been associated with lipodystrophy and in vitro studies 

support these findings. Protease inhibitors such as ritonavir were shown to induce apoptosis in 

adipocytes (Grigem et al., 2005).  

Mitochondria are complex, unique, dynamic, and semi-autonomous organelles in the centre of 

a wide range of important cellular physio-pathological roles.  These organelles produce large 

quantities of cellular energy in the form of adenosine triphosphate (ATP), via the electron 

transport chain (ETC) composed of complexes I through IV. They are also involved in cell 

growth, signalling, regulation of cell death pathways, ROS generation and oxidative stress. 

Mitochondria have been implicated in several pathologies such as diabetes, neurodegenerative 

diseases and cancer, and there is growing evidence that suggests the mitochondria is a targeted 

organelle in ART-induced toxicities (Apostolova et al., 2011b; Monsalve et al., 2007). These 

include mitochondrial DNA (mtDNA), mitochondriogenesis, membrane structure and transport 

(Complex I-IV), matrix metabolism, respiration, and ATP generation (Apostolova et al., 

2011b).  

Mitochondrial dysfunction is particularly relevant to the aetiology of ART-associated 

lipodystrophy, which consists of a series of metabolic disturbances caused by changes in 

adipocyte differentiation, an imbalance between lipogenesis and lipolysis, and induction of 

apoptosis (Apostolova et al., 2011a; Apostolova et al., 2011b).   

Boothby et al. (2009) compared subcutaneous fat in HIV-infected individuals before a six-

month treatment with the NRTI zidovudine versus the NRTI tenofovir DF and concluded that 

zidovudine altered several key mitochondrial electron transport genes and subsequently 

triggered oxidative stress. Older NRTIs such as zidovudine, stavudine and didanosine were also 

shown to cause mitochondrial dysfunction in adipocytes by depleting mitochondrial DNA 
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(mtDNA) and reducing mitochondrial proliferation (Chen et al., 1991; Nolan et al., 2003).   

These depletion in mtDNA were explained by the so-called ‘Polymerase γ hypothesis’ (Kakuda, 

2000). As discussed previously, NRTIs effectively inhibit HIV replication by acting on the viral 

DNA polymerase, reverse transcriptase. However, they can also, unintentionally, inhibit 

structurally similar human DNA polymerases such as the mtDNA polymerase γ. The depletion 

in mtDNA disrupts the production of ETC proteins and comprises mitochondrial function by 

decreasing mitochondrial membrane potential (Δψm), respiration rate and ATP levels in the 

mitochondria, while increasing ROS production (Apostolova et al., 2011a). This, in turn, affects 

the critical metabolic functions of the mitochondria such as oxidative phosphorylation 

(OXPHOS) and oxidation of fatty acids (Margolis et al., 2014).  

Both studies conducted by Díaz-Delfín et al. (2011) and (2012) showed that the first-generation 

NNRTIs efavirenz and nevirapine heavily impaired adipocyte function by affecting decreasing 

the number of gene transcripts responsible for adipogenic differentiation  and of peroxisome-

proliferator-activated receptor (PPAR) and CCAAT-enhancer-binding protein alpha (C/EBPα), 

which are major transcription factors in adipose tissue cells (Díaz-Delfín et al., 2011). In Diaz-

Delfin et al.’s study (2011), the inhibition of adipocyte differentiation in human preadipocytes 

exposed to efavirenz occurred in parallel with the induction of proinflammatory pathways (i.e., 

secretion of proinflammatory cytokines interleukin-6 and -8). Rilpivirine impaired expression 

of the master transcription factors of adipogenesis and lipid accumulation PPARγ, C/EBPα and 

sterol regulatory element binding transcription factor 1 (SREBP-1), and their metabolic (LPL) 

and adipokine (adiponectin) targets (Diaz-Delfin et al., 2012). Interestingly, the latter effects 

were observed at relatively high concentrations of rilpivirine and low concentrations of 

efavirenz. Additionally, the expression of genes for proinflammatory cytokines such as IL-6 

and interleukin-8 (IL-8) were markedly increased in adipocytes exposed to low concentrations 

of efavirenz (2 and 4 μM) and 10 μM rilpivirine (Diaz-Delfin et al., 2012). Similar findings 

were shown in a recent study were a higher concentration of rilpivirine (10 μM) evoked a 

significant release of IL-8 in human adipocytes (Behl et al., 2019).  

Recently, the integrase inhibitors dolutegravir and raltegravir were shown to directly impact 

adipocytes and adipose tissue. Indeed, dolutegravir and raltegravir induced adipogenesis, 

lipogenesis, oxidative stress, mitochondrial toxicity and fibrosis in human/simian adipose tissue 

and human adipocytes (Gorwood et al., 2020).  
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Changes in lipid metabolism and lipodystrophy caused by ART may play a role in increasing 

the risk of further metabolic complications such as insulin resistance and diabetes, due to their 

blunting role on insulin sensitivity and glucose homeostasis.  

Gradually, the accumulation of dysfunctional mitochondria, resulting from mitochondrial 

toxicity caused by older NRTIs, NNRTIs and integrase inhibitors may manifest in clinical signs 

and symptoms related to lipodystrophy.  

1.3.2 Cardiovascular complications 
 

1.3.2.1 Epidemiology  
 

It is well established that HIV infection per se increases the risk for cardiovascular disease 

(CVD), however, certain antiretroviral agents have been implicated in increasing the risk of 

cardiovascular disease through their potential in causing alterations of lipid profiles, platelet 

dysfunction, and/or endothelial dysfunction (Baker et al., 2017; Butt et al., 2011; Freiberg et 

al., 2013; Sico et al., 2015). HIV-infected patients are at increased risk for early CVD, which 

is, currently, a major cause of morbidity and mortality. HIV-associated CVD is usually 

manifested as atherosclerotic disease, which causes coronary heart disease, stroke, heart failure 

and even sudden cardiac death (Baker et al., 2017; Butt et al., 2011; Freiberg et al., 2013; Sico 

et al., 2015). HIV-associated atherosclerosis has distinct mechanisms including chronic 

inflammation and immune activation due to HIV infection but also, due to ART (Hsue & 

Waters, 2018). A study involving over 24,500 patients infected with HIV showed that exposure 

to the first-generation NNRTI efavirenz and the NRTIs lamivudine, abacavir and zidovudine, 

was significantly associated with increased risk of cardiovascular events (Desai et al., 2015).  

In summary, certain ART agents increase the risk of cardiovascular disease, mediated, partly, 

via traditional CVD disease risk factors such as lipodystrophy, dyslipidaemia and insulin 

resistance (Fiala et al., 2004). However, several NRTIs and NNRTIs were shown to cause 

endothelial dysfunction, an initiating event in the development of atherosclerosis (Xue et al., 

2013).  
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1.3.2.2 Mechanisms 
 

NRTIs such as zidovudine were found to induce endothelial dysfunction and increase cell death 

(Hebert et al., 2004; Xue et al., 2013). Furthermore, zidovudine was found to disrupt 

mitochondrial function and junctions in endothelial cells, which could potentially cause 

vascular damage (Fiala et al., 2004). Culminating evidence suggests that mitochondrial 

dysfunction and its subsequent ROS generation are key factors in the pathogenesis of NRTI-

induced endothelial dysfunction (Xue et al., 2013). The direct inhibitory effects of NRTIs on 

the activity of complexes I to IV have been reported and seem to justify the increased ROS 

production seen in NRTI-induced endothelial dysfunction (Xue et al., 2013). 

As for NNRTIs, exposure to efavirenz for 24 hours has been shown to cause a dose-dependent 

increase in apoptosis and necrosis rates, while reducing cell viability in endothelial cells (Faltz 

et al., 2017). In vitro and in vivo evidence points to the ability of efavirenz to cause 

mitochondrial dysfunction and induce oxidative stress and ER stress in endothelial cells. 

Jamaluddin et al. (2010) concluded that efavirenz increased oxidative stress in human coronary 

artery endothelial cells, reflected by a rise in superoxide production and a decrease in 

glutathione. Furthermore, efavirenz has been shown to increase mitogen activated protein 

kinase (MAPK) and c-Jun N-terminal kinase (JNK) phosphorylation and transcription factor 

nuclear factor κB (NF-κB) activation in these cells (Jamaluddin et al., 2010). Interestingly, the 

latter effects observed were believed to be linked to a loss in Δψm and increases in oxidative 

stress levels (by promoting superoxide production and reducing GSH levels) in endothelial cells 

(Apostolova et al., 2011b). Efavirenz was shown to also induce ER stress with a concomitant 

increase in autophagy in endothelial cells (Weiß et al., 2016b). Faltz et al. (2017) study 

demonstrated that the efavirenz component of Atripla®, but not tenofovir nor emtricitabine, 

causes cellular dysfunction in endothelial cells. Exposure to efavirenz in male rat aortic rings 

ex vivo resulted in an impaired acetylcholine-mediated relaxant response. Furthermore, the 

efavirenz-induced endothelial dysfunction observed was mediated by an increased level of 

oxidative stress and activity of the DNA repair enzyme poly (ADP-ribose) polymerase (PARP). 

PARP activation has been shown to cause disruption of Δψm and may lead to the destruction 

of the mitochondria as demonstrated by broken cristae and swelling (Virág et al., 2013).  

In summary, the first-generation NNRTI efavirenz and NRTI zidovudine cause cellular stress 

and dysfunction in endothelial cells, contributing to the development of cardiovascular 

complications in PLWH on ART.  
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1.3.3 Hepatotoxic effects 

 

1.3.3.1 Epidemiology  
 

Since the widespread use of ART, liver diseases represent an important cause of morbidity and 

mortality in the HIV population, owing to its significance. Data obtained from the Data 

Collection on Adverse events of Anti-HIV Drugs (D:A:D) concluded that liver-related death 

was the one of leading causes of non-AIDS-related death in the HIV population (Weber & 

Sabin, 2006). PLWH who are receiving antiretroviral treatment frequently have mildly 

abnormal liver test results (Table 1.2) that, to date, have not been linked unambiguously to the 

toxic effects of several antiretroviral agents. However, several studies found that the incidence 

of hepatotoxic effects in PLWH was higher in HIV patients on ART than in treatment naïve 

HIV patients.  

Evidence shows that first-generation NNRTIs such as nevirapine and efavirenz have been 

associated with liver toxicity in several studies (Casado, 2013; van Leth et al., 2004). A large, 

randomised trial, the 2NN trial, found that the use of efavirenz and nevirapine alone or in 

combination induced liver toxicity, however the frequency of liver toxicity was higher in 

subjects treated with nevirapine alone (13.2%) in comparison to subjects treated with efavirenz 

alone (4.5%) (van Leth et al., 2004). Similar findings were demonstrated in other studies, 

determining that the incidence of hepatotoxicity in patients on nevirapine (4-18%) was higher 

than in patients on efavirenz (1-8%) (Casado, 2013; Shubber et al., 2013; Terelius et al., 2016). 

On the other hand, second-generation NNRTIs show more promising clinical and pathogenic 

data on hepatotoxicity in the HIV population. As explained by Casado (2013), both the second-

generation NNRTIs rilpivirine and etravirine were not linked to liver toxicity, thus suggesting 

it is safe to use in clinical setting in patients with or without liver abnormalities at baseline.  

Protease inhibitors, particularly ritonavir was linked to the highest incidence of hepatotoxicity 

among other protease inhibitors (nelfinavir, saquinavir and indinavir) and NRTIs (Sulkowski, 

2004). Clinical manifestations of NRTI-associated hepatotoxicity have an average of 1.3 

patients per 1000-person years (Fortgang et al., 1995). Asymptomatic elevated 

aminotransferases are noted in PLWH on NRTI-based therapy. However, symptoms of liver 

damage typically develop gradually over a few days to over several months of ART initiation. 

Progression of liver damage to fulminant hepatic failure can occur but only infrequently 

(Casado, 2013). This progressive injury caused by the use of long-term ART, however, may be 
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of importance in the presence of pre-existing liver disease such as chronic hepatitis co-infection 

or alcoholic liver disease, and immunodeficiency as reflected by the increased hepatic mortality 

seen in the HIV population (Antiretroviral Therapy Cohort Collaboration, 2010; Lemoine et 

al., 2012; Weber & Sabin, 2006).  Due to a lack of standardised markers of liver toxicity, there 

has been a wide variation for the incidence of hepatotoxicity among the HIV population 

worldwide.  

Although several NRTIs and protease inhibitors were associated with hepatotoxic effects, the 

first-generation NNRTIs efavirenz and nevirapine were found play a key role in ART-

associated liver toxicity (Casado, 2013; Ena, 2003; Hernandez et al., 2001).  

1.3.3.2 Mechanisms  
 

A number of discrete mechanisms of liver injury in the ART context were identified. These 

include mitochondrial toxicity, oxidative stress, and ER stress.  

The mitochondria are the primary source of useful energy to the hepatocyte. Therefore, any 

damage to mitochondrial function can lead to hepatic injury. It was reported that the first-

generation NNRTI efavirenz, but not the second-generation NNRTI rilpivirine, the integrase 

inhibitor raltegravir and the protease inhibitor darunavir, was shown to cause mitochondrial 

toxicity in hepatocytes (Blas-García et al., 2014). Efavirenz triggered mitochondrial 

dysfunction in hepatocytes, characterised by a loss of Δψm and reduction of cellular ATP levels 

(Blas‐García et al., 2010; Ganta et al., 2017). These events were linked to efavirenz’s direct 

inhibitory effect on mitochondrial complex I. By inhibiting complex I activity, efavirenz 

profoundly increased the production of ROS in hepatocytes (Apostolova et al., 2010; Blas-

García et al., 2014; Blas‐García et al., 2010). Further, efavirenz induced cell apoptosis through 

the mitochondrial pathway in hepatic cell lines (Apostolova et al., 2017; Apostolova et al., 

2011b; Apostolova et al., 2010; Ganta et al., 2017). These findings were replicated in human 

hepatic cell lines, as efavirenz was shown to activate apoptosis through the intrinsic pathway, 

confirmed by an observation of several cell death parameters such as phosphatidylserine 

exposure to the outer cell membrane, chromatin condensation, mitochondrial pro-apoptotic 

protein translocation and caspase activation (Apostolova et al., 2010; Ganta et al., 2017).  

Furthermore, efavirenz but not rilpivirine, caused a significant induction of ER stress in hepatic 

cells (Blas-García et al., 2014). Indeed, the mRNA and protein expression of ER stress markers 

such C/EBP homologous protein (CHOP) and glucose-regulating protein 78 (GRP78) was 

upregulated in hepatocytes exposed to efavirenz (Apostolova et al., 2013). Other signs 
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suggestive of ER stress, such as morphological changes in the ER and enhanced cystolic Ca2+ 

content, were also observed in efavirenz treated primary human hepatocytes and Hep3B cells 

(Apostolova et al., 2013). 

In all, it is plausible that the deleterious effects caused by older NRTIs and the first-generation 

NNRTI efavirenz may be relevant to the development of ART-associated hepatotoxicity.  

1.3.4 Neuropsychiatric and neurocognitive disorders  
 

1.3.4.1 Epidemiology  
 

Certain antiretroviral agents were reported to mediate neuropsychiatric and neurocognitive 

disorders. HIV-associated neurocognitive disorders (HAND) encompass a syndrome of 

progressive deterioration of memory, cognition, behaviour, and motor function induced by HIV 

infection and fuelled by immune activation. Immune activation plays a central role in 

neuropathology and neurodegeneration in HAND, by inducing neuronal apoptosis possibly via 

oxidative stress (Gray & Heart, 2010). Antiretroviral agents with central nervous system 

penetration effectiveness can be useful in the treatment of HIV-induced neurocognitive 

disorder. However, there is an important shortcoming: NNRTIs, NRTIs, protease inhibitors and 

integrase inhibitors are potential contributors to the persistence and evolution of clinical 

presentation of HAND. 

 

1.3.4.2 Mechanisms 

The most researched antiretroviral agent in the context of neurodegeneration in HIV is the first-

generation NNRTI efavirenz. Efavirenz has been shown to undermine cellular viability in 

neurones and astrocytes, as well as induce apoptosis and autophagy in neurones, astrocytes, and 

glial cells (Apostolova et al., 2017; Apostolova et al., 2015; Stauch et al., 2017). Older NRTIs 

were also found to induce neuronal apoptosis. More specifically, zalcitabine was shown to 

increase pro-apoptotic proteins and decrease anti-apoptotic proteins in neuronal cells (Bertrand 

et al., 2019).  

It is widely accepted that mitochondrial dysfunction plays a fundamental role in the 

pathogenesis of neurodegenerative diseases (Apostolova et al., 2017; Apostolova et al., 2015; 

Stauch et al., 2017).  

Efavirenz has been shown to directly affect mitochondrial function in in vitro studies. Signs of 

mitochondrial dysfunction such as decreased Δψm, increased ROS and reduced cellular ATP 
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stores were observed in efavirenz-treated SweAPP N2a neurones, striatal nerve terminals, glial 

cells and astrocytes (Brown et al., 2014). In addition, longer exposure to efavirenz induced 

nitric oxide synthase (iNOS) expression in cultured glial cells and neurons, which in turn 

resulted in higher levels of nitric oxide (NO), which is a known mediator of mitochondrial 

dysfunction in HIV-associated central nervous system symptoms (Apostolova et al., 2015). 

Efavirenz is believed to cause mitochondrial dysfunction in neurones and glial cells by its 

established direct inhibitory effect on complex I previously seen hepatocytes (Apostolova et 

al., 2015). This effect could explain the increased generation of ROS and disruptions in Δψm 

seen in efavirenz-treated neurones and glial cells (Apostolova et al., 2015). On the other hand, 

Streck et al. (2011) demonstrated that efavirenz inhibited the activity of mitochondrial complex 

IV (Streck et al., 2011). Additionally, Jin et al. (2016) found that exposure to efavirenz lead to 

a decrease in the proliferation of neuronal stem cells in both in vitro and in vivo, ensuing the 

presence of mitochondrial effects such as a significant drop in ∆ψm and ATP levels. In general, 

oxidative stress has been shown to be a common denominator in the progressive and selective 

loss of neuronal structure and function seen in neurodegeneration (Apostolova et al., 2017). 

With this in mind, efavirenz-induced oxidative stress in neurones, glial cells and astrocytes may 

be of great relevance. As for nevirapine, it was found to cause damaging effects on 

mitochondrial respiration in the striatal nerve terminals, although these effects were not as 

significant compared to efavirenz (Stauch et al., 2017).  

The toxicity of NRTIs, and particularly the first-generation NNRTI efavirenz in neurones, glial 

cells, astrocytes and striatal nerve terminals may contribute to the development of 

neurodegenerative disease in HIV patients on efavirenz-containing regimens.  

In summary, several antiretroviral agents, particularly the first-generation NNRTI efavirenz, 

older NRTIs and protease inhibitors, have been associated with numerous adverse events 

including lipid metabolism disorders, lipodystrophy, hepatic injury, cardiovascular 

complications, neurocognitive and neuropsychiatric disorders.  

Alterations in lipid metabolism is often accompanied with the development of T2D, another 

commonly reported adverse event in PLWH. The following section will focus on one of the 

most commonly reported metabolic disorders in the HIV population: diabetes mellitus.
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1.4 HIV and Type 2 Diabetes  
 

An ageing HIV-infected population has augmenting recognition for its unique risk factors for 

developing metabolic diseases, including T2D. Several studies around the world investigated 

the rate of incidence of diabetes in PLWH and identified key risk factors for the development 

of diabetes in the HIV population.    

 

1.4.1 Epidemiology  
 

The Multicenter AIDS Cohort Study conducted across several states in the USA determined a 

higher incidence of diabetes in HIV-infected men in comparison to non-HIV-infected men 

(Brown et al., 2005a). The incidence of T2D was reported to be increased by 4-fold in HIV-

positive men on HAART in comparison to HIV-seronegative men (Table 1.3). Another 10-year 

long follow up study conducted in France reported an incidence rate of 14.1 per 1000 person-

years of follow-up in HIV-infected patients after ART initiation (Capeau et al., 2012) (Table 

1.3). In Taiwan, the incidence rate for developing diabetes was 13.1 cases per 1000 person-

years in HIV-infected patients receiving ART (Lo et al., 2009) (Table 1.3). The incidence rate 

of new-onset diabetes reported in the Data Collection on Adverse Events of Anti-HIV Drugs 

cohort study (n = 33,389 HIV-infected subjects) conducted in Europe, USA, Argentina, and 

Australia was 5.72 per 1,000 per-year follow up (Wit et al., 2008). In South Africa, a recent 

large cohort study which included 56,298 HIV-infected subjects on ART reported an incidence 

rate of new-onset diabetes of 13.24 per 1000 person-year follow up (Karamchand et al., 2016). 

In the Asia-Pacific region, the incidence of T2D was reported as 1.08 per 100 person-years 

(Han et al., 2019). 

In sum, the incidence rate of diabetes varied among the global HIV population (5.72 to 47 cases 

per 1000 person-years), however, it is clear that the incidence of T2D in the HIV-infected 

population is higher than in the non-HIV population. The differences in incidence rates may be 

due to several factors. Discrepancies in incidence rates may be due to socio-economic (i.e., diet, 

lifestyle particularly access to exercising facilities) and socio-demographic (i.e., gender, 

ethnicity, and age) factors and lack of non-standardised diagnostic criteria of diabetes, as well 

as differences in research design and length of follow-up time. Also, differences in ART 

regimens across studies may have played a role in the differences of incidence rates.  
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1.4.2 Risk factors for diabetes in HIV 
 

While the traditional risk factors for diabetes (older age, specific ethnicities and obesity) are 

partially responsible for the increased risk of diabetes in the HIV-infected population, numerous 

studies suggest that long-term chronic inflammation, ART, presence of metabolic syndrome 

and presence of lipodystrophy contribute to a higher risk of diabetes in the HIV population 

(Karamchand et al., 2016; Palacios et al., 2003; Peters et al., 2013; Tebas, 2008; Tien et al., 

2007; Vigouroux et al., 1999; Wit et al., 2008). According to Capeau et al. (2012), older age, 

being overweight, increased waist-to-hip ratio and lipoatrophy seem to increase the risk of 

developing diabetes among the HIV population. Similarly, Moyo et al. (2013) found that being 

overweight is associated with the diagnosis of diabetes mellitus in the HIV population in 

Botswana. More recently, an Ethiopian study reported a link between an increased incidence of 

diabetes and older age and a high body mass index (BMI) (Getahun et al., 2020). Similar 

findings were found in a recent study conducted in Thailand, where older age, a high BMI, 

history of pancreas disease and hyperlipidaemia were identified as risk factors (Paengsai et al., 

2019). Another study, conducted by Lo et al. (2009), showed that a family history of diabetes 

was a prominent risk factor for developing diabetes among HIV-infected individuals. In 

Taiwan, a nationwide cohort study reported that hypertension and hepatitis C virus co-infection 

increased the risk of diabetes in HIV-infected patients (Lin et al., 2018). In the USA, Tripathi 

et al. (2014) reported that older age, the female gender, non-Caucasian ethnicity, obesity, pre-

existing hypertension, dyslipidaemia and hepatitis C infection were linked to a higher risk of 

diabetes incidence. As for a cohort study conducted in the UK, it was shown that hepatic 

steatosis, hypertension and HIV infection increased the risk of diabetes in HIV-infected subjects 

(Duncan et al., 2018). 

Despite the fact that some factors may overshadow antiretroviral-mediated effects, specific 

ART regimens have been directly associated with the development of T2D in PLWH (Brown 

et al., 2005a; Butt et al., 2009; Karamchand et al., 2016; Lin et al., 2018; Wit et al., 2008). 

Table 1.3 summarises the main findings of studies focusing on ART use and the risk of diabetes 

in PLWH.  

Since the advent of potent cART in 1996, many HIV-infected patients on ART developed T2D 

(Carr et al., 1999; Dubé et al., 2005; Jain et al., 2001; Kalra et al., 2011; Vigouroux et al., 

1999). Brown et al.’s (2005a) large cohort study found that exposure to HAART increased the 

risk of incident diabetes. Similar findings have been reported in a large cohort study in South 
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Africa, where exposure to antiretroviral agents increased the risk of incident diabetes, after 

adjustment of other risk factors such as age and BMI (Karamchand et al., 2016). A study 

conducted across Europe, the US, Argentina, and Australia reported that exposure to ART 

increased the risk of diabetes in HIV-infected subjects, ensuing adjustment of other risk factors 

such as increased lipids and lipodystrophy (Wit et al., 2008). As for the UK, a large cohort 

study revealed that weight gain following ART initiation increased the risk of diabetes in HIV-

infected individuals (Duncan et al., 2018). A nationwide Taiwanese cohort study reported that 

the HAART cohort had a significantly higher 10-year incidence of diabetes compared to the 

non-HAART cohort (Lin et al., 2018).  

1.4.2.1 Protease inhibitors 
 

According to several studies, most protease inhibitors have been associated with an increased 

risk of reporting T2D (Capeau et al., 2012; Carr et al., 1999; Justman et al., 2003; Murata et 

al., 2002; Palacios et al., 2003; Tebas, 2008; Tien et al., 2007) (Table 1.3). The FDA generated 

labels indicating that protease inhibitors have the potential to cause hyperglycaemia in some 

HIV-infected patients (Jain et al., 2001). This warning prompted several researchers to conduct 

studies in order to explore the potential role of protease inhibitors in increasing the risk of 

developing of T2D. Early studies such as Carr et al. (1999) study and Behrens et al. (1999) 

study reported that 7% and 13% of the subjects on protease inhibitors were diagnosed with 

diabetes mellitus, respectively. Protease inhibitor use was determined as an independent risk 

factor for diabetes mellitus and was associated with a threefold increase in the risk of reporting 

incident diabetes (Justman et al., 2003). The Women’s Interagency HIV Study showed that the 

HIV-infected ART-naïve women had a diabetes incidence of 1.53/100 person-years which was 

lower in comparison to the HIV-infected women on an ART regimen containing a protease 

inhibitor (2.5/100 person-years) (Tien et al., 2007). According to Lo et al. (2009), the use of 

protease inhibitors was significantly associated with an increased incidence of diabetes mellitus. 

However, research suggests that not all protease inhibitors have the potential to cause T2D, 

suggesting a drug-specific effect on the development of T2D (Jain et al., 2001).  
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1.4.2.2 Reverse transcriptase inhibitors 
 

According to several studies, certain reverse transcriptase inhibitors have also been associated 

with an increased risk of reporting T2D (Butt et al., 2009; Kalra et al., 2011; Peters et al., 2013) 

(Table 1.3). The Women’s Interagency HIV Study concluded that a NRTI- or NNRTI-

containing regimens were associated with a higher diabetes rate (2.89/100 person-years) 

compared to ART-naïve HIV-infected women (1.53/100 person-years). This study also 

concluded that longer cumulative exposure to NRTIs (over 3 years exposure) was linked to an 

increased incidence of diabetes in HIV-infected women (relative hazard 2.64) compared to an 

exposure of 0 to 3 years (relative hazard 1.81) (Tien et al., 2007). A large cohort study 

consisting of HIV-infected non-HIV-infected veterans reported that HIV infection itself is not 

associated with an increased risk of diabetes, however, exposure to an NRTI- or NNRTI-based 

ART regimens increased the risk of developing diabetes in HIV-infected people (Butt et al., 

2009). An increased risk of diabetes in the context of HIV infection was significantly associated 

with the use of zidovudine (an NRTI), stavudine (an NRTI), and didanosine (an NRTI) (Capeau 

et al., 2012; Lo et al., 2009; Wit et al., 2008). However, several reverse transcriptase inhibitors 

such as abacavir (an NRTI) and nevirapine (an NNRTI) were not associated with an increased 

risk of developing diabetes (Hetherington et al., 2001; Wit et al., 2008). 

The first-generation NNRTI efavirenz was also associated with an increased of T2D in HIV-

infected individuals (Karamchand et al., 2016; Moyo et al., 2013; Paengsai et al., 2019) (Table 

1.3). Regarding nevirapine, a prospective observational study observed that the use of 

nevirapine was associated with a reduced risk of developing diabetes  (Wit et al., 2008). 

However, to date, no study has attempted to investigate the impact of the use of newer NNRTIs 

on diabetes in the HIV population. A recent large study conducted across several countries in 

the Asia-Pacific region observed that NNRTI-based regimens but not NRTI (stavudine and 

didanosine)-based regimens were associated with incident diabetes mellitus in HIV-infected 

participants (Han et al., 2019). These findings contradict earlier studies that found an 

association between stavudine and didanosine use with incident diabetes in HIV.  

 

1.4.2.3 Integrase inhibitors 
 

Limited research focused on the adverse effects of integrase inhibitors; however, integrase 

inhibitors have recently been shown to cause metabolic effects such as weight gain and new 

onset diabetes. Following a case report, (Fong et al., 2017) suggested that the use of integrase 
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inhibitors was associated with diabetes. Recently, a 10-year study with over 22,000 individuals 

determined that initiating integrase inhibitor- based cART regimens may confer greater risk of 

diabetes in comparison to NNRTI- based regimens, likely through weight gain (Rebeiro et al., 

2021) (Table 1.3). 



51 
 

Table 1.3. Summary of key findings studies investigating T2D incidence in the context of HIV ART 

Study details Study design      

Participants 

Key findings 

Justman et al. (2003) 

USA 

Prospective 

cohort study 

HIV-infected 

women 

• PI use was associated with a threefold increase in the risk of reporting incident diabetes  

Brown et al. (2005b) 

USA  

Cohort study HIV-infected men 

and non-HIV-

infected men  

• The incidence of developing T2D was reported to be increased by 4-fold in HIV-positive 

men on ART in comparison to HIV-seronegative men 

• The incidence reported was 4.7 cases per 100 person-years in HIV-positive men on ART 

vs 1.4 cases per 100 person-years in HIV-seronegative men 

Tien et al. (2007) 

USA 

Prospective 

cohort study 

HIV-infected 

women vs non-

HIV-infected 

women 

• Cumulative (> 3 years) exposure to NRTIs significantly increased the risk of incident 

diabetes  

Ledergerber et al. (2007) 

Switzerland 

Cohort study HIV-infected 

adults 

• Treatment with NRTI- and PI-containing regimens was associated with the risk of 

developing T2D 

• The incidence rate reported was 4.42 cases per 1000 per-year follow up (PYFU) 

Wit et al. (2008) 

Europe, USA, Argentina, 

and Australia 

Prospective 

observational 

study 

HIV-infected men  • The incidence rate of new-onset diabetes was 5.72 per 1,000 PYFU 

• The NRTIs stavudine and zidovudine were significantly associated with diabetes even 

after adjustment for potential risk factor for diabetes  

Lo et al. (2009) 

Taiwan 

Retrospective 

case-control 

study 

HIV-infected 

adults 

• The incidence rate for developing T2D was 13.1 cases per 1000 person-years in HIV-

infected patients receiving ART 

• Treatment with protease inhibitors or zidovudine (NRTI) increased the risk of incident 

diabetes 

Capeau et al. (2012) 

France 

Cohort study HIV-infected 

adults  

• The incidence rate of developing T2D reported was 14.1 per 1000 person-years of 

follow-up in HIV-infected patients after ART initiation 

• Short-term treatment with indinavir (PI), stavudine (NRTI) or didanosine (NRTI) 

increased the risk of incident diabetes 
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Moyo et al. (2013)  

Botswana  

Retrospective 

case-control 

study 

HIV-infected 

adults 
• Treatment with efavirenz (NNRTI) or protease inhibitors increased the risk of incident 

diabetes 

 

Tripathi et al. (2014) 

USA  

Cohort study HIV-infected 

adults vs non-

HIV-infected 

adults 

• Incidence rate of diabetes was higher in the non-HIV-infected group compared with the 

HIV-infected group (13.60 vs. 11.35 per 1000 person-years) 

•  HIV infection may not be independently associated with increased risk of diabetes 

• Treatment with protease inhibitors but not NNRTIs significantly increased the risk of 

incident diabetes in HIV-infected adults  

Karamchand et al. (2016) 

South Africa  

Cohort study HIV-infected 

adults 
• The incidence rate of new-onset diabetes in HIV-infected patients on ART reported 

was 13.24 per 1000 person-year follow up  

• Treatment with efavirenz (NNRTI), stavudine (NRTI) or zidovudine (NRTI) increased 

the risk of incident diabetes  

Duncan et al. (2018) 

UK 

Cohort study HIV-infected men 

(several 

ethnicities) 

• T2D prevalence reported was 15.1% in HIV-infected men 

• ART initiation increased the risk of incident diabetes 

Lin et al. (2018) 

Taiwan  

Nationwide 

cohort study 

HIV-infected 

adults 
• HAART cohort (7.16%) had significantly higher 10-year incidence of diabetes 

compared to the non-HAART cohort (2.24%) 

Han et al. (2019) 

Cambodia, India, China, 

Hong Kong, Indonesia, 

Malaysia, Japan, the 

Philippines, Singapore, 

Taiwan, Thailand, Vietnam 

and South Korea 

Cohort study HIV-infected 

adults 
• The incidence rate of T2D was 1.08 per 100 person-years  

• No association was found between incident diabetes and NRTI- or PI- based ART 

regimens 

• Association was found between incident diabetes and NNRTI-based regimens 

• T2D in HIV-infected Asians was associated with later years of follow-up, high blood 

pressure, obesity and older age 

Paengsai et al. (2019) 

Thailand 

Cohort study HIV-infected 

adults  
• Regimens containing tenofovir/lamivudine/ritonavir-boosted lopinavir or efavirenz-

based regimens were associated with an increased risk of diabetes  

• The reported incidence of T2D was 11.9 per 1000 PYFU 

Fiseha and Belete, 2019 

Ethiopia 

Cross-

sectional 

study  

HIV-infected 

adults 
• Longer duration (>5 years) of ART increased the risk of incident diabetes  
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Getahun et al. (2020) 

Ethiopia  

Cross-

sectional 

study 

HIV-infected 

adults   
• Tenofovir (NRTI)-based ART regimens significantly increased the risk of incident 

diabetes 

• The prevalence of diabetes reported was 8.6% in HIV-infected adults 

Rebeiro et al., (2021) 

USA and Canada 

Cohort study HIV-infected 

adults 
• The incidence of diabetes reported was 10.7 cases per 1000 persons/year 

• Initiating first cART regimens with INSTIs or protease inhibitors vs NNRTIs may confer 

greater risk of diabetes 
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In summary, conflicting data regarding the incidence of diabetes exists, however, it is apparent 

that ART is associated with an increased risk of developing T2D in the context of HIV. Certain 

protease inhibitors, NNRTIs, NRTIs and integrase inhibitors have been associated with an 

increased incidence of developing diabetes in PLWH. Below, we discuss the iatrogenic effects 

of these antiretroviral drug classes. In order to explore diabetes in the context of HIV/AIDS, it 

is necessary to understand the pathophysiology behind T2D, investigate the potential factors 

linked to an increased rate of incidence of new-onset diabetes in the HIV population and review 

the current understanding of the molecular basis for diabetes linked to ART. 

 

1.4.3 Pathogenesis of type 2 diabetes in HIV 

Due to its complex health and economic sequels, in addition to its steadily increasing 

prevalence, T2D remains a serious global health problem of our modern day and age. Diabetes 

has been described as a global burden by the World Health Organization (2016), with an 

estimated 422 million people living with diabetes worldwide. T2D accounts for more than 90% 

of all cases of diabetes (Chatterjee et al., 2017). The latest prevalence figures estimate that 3.9 

million people in the UK have been diagnosed with T2D during the 2018-2019 period, and 90% 

of those with T2D. Data obtained from (Diabetes UK, 2018) showcase a frighteningly sharp 

increase in the number of people diagnosed with T2D, exceeding 100,000 more diagnoses from 

2019. At this rate, the number of people living with diabetes is expected to exceed 5 million by 

2025 (Diabetes UK, 2018). 

T2D has been recognised for its complex pathogenesis and several factors may prevail in 

individual cases, making it a disease requiring complex personalised care. T2D, previously 

known as Non-Insulin Dependent Diabetes Mellitus or adult-onset, is a multifactorial disease 

in which patients suffer from hyperglycaemia ensuing insufficient insulin release, and insulin 

resistance in target tissues (Chatterjee & Scobie, 2002; Ježek et al., 2019). Hyperglycaemia is 

followed by hyperinsulinaemia as an over compensatory response of beta cells. This causes a 

combination of a progressive beta cell dysfunction and loss of beta cell mass, causing further 

hyperglycaemia (Chatterjee & Scobie, 2002; Ježek et al., 2012). Therefore, the pathogenesis of 

T2D consists of a vicious cycle between beta cell dysfunction and impaired glucose control. 

Environmental factors surrounding obesity, which include a sedentary lifestyle and a diet rich 

in saturated fats, combined with genetic predisposition, contribute to the development of T2D, 

progressive loss of beta cell function and subsequent beta cell failure (Cnop et al., 2005; Cunha 

et al., 2008). 
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The prevalence of T2D in the world is frighteningly increasing and has more than doubled 

during the past 20 years. Rising obesity rates in both developed and developing countries is 

partially responsible for this doubling in prevalence (Ciregia et al., 2017; World Health 

Organization, 2021b). Subjects who are at risk of developing T2D are subject to an initial stage 

of insulin resistance (IR), defined as ‘a subnormal biological response to normal insulin 

concentrations’, followed by beta cell hypersecretion of insulin (hyperinsulinaemia), as a 

mechanism of compensation (Mantzoros, 2018; Zaccardi et al., 2016). However, beta cells 

eventually become exhausted and are unable to cope with required insulin secretion. Obese 

euglycaemic subjects are believed to have reduced insulin sensitivity (approximately -30%) 

compared to lean euglycaemic subjects. After some time, euglycaemic obese subjects 

experience further reductions in insulin sensitivity and the subsequent exhausted beta cells are 

no longer able to secrete enough insulin to normalise blood glucose levels. Therefore, these 

patients experience hyperglycaemia and hypoinsulinaemia (Zaccardi et al., 2016). 

Therefore, T2D is characterized by an interplay between IR and subsequent insufficient insulin 

secretion (Skelin Klemen et al., 2017). The tissues that are normally involved in glucoregulation 

such as skeletal muscles, adipose tissue, liver, and pancreas, have been found to be affected by 

antiretroviral drugs (Hruz, 2010). The relationship between these tissues and their role in 

glucoregulation should be understood in order to explore the aetiology behind ART-induced 

metabolic changes seen in PLWH. 

1.4.3.1 Insulin Resistance 
 

The susceptibility to T2D is linked to both genetic and acquired factors and its pathogenesis 

involves the interplay of both IR and beta cell dysfunction (Chatterjee & Scobie, 2002; Skelin 

Klemen et al., 2017). IR may be defined as an inability of insulin to produce its usual biological 

effects at circulating concentrations effective in normal subjects. There is failure to stimulate 

glucose uptake in peripheral insulin-target tissues and to suppress hepatic glucose output 

(Chatterjee & Scobie, 2002; Garvey, 1992). IR is closely associated with T2D. In considering 

mechanisms behind IR, it is imperative to summarise the signalling pathway that is triggered 

by insulin and the downstream metabolic consequences in tissues normally involved in 

glucoregulation (i.e. skeletal muscle, adipose tissue and the liver) (Fazakerley et al., 2018; Ijuin 

et al., 2015; Summers et al., 2000). Insulin binds to the insulin receptor which in turn stimulates 

the latter's tyrosine kinase activity, which phosphorylates prototypes of the family of insulin 

receptor substrate proteins (IRS 1-4) (Ijuin et al., 2015; Summers et al., 2000). This then 
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activates phosphatidylinositol (PI) 3-kinase and increases phosphatidylinositol 3,4,5-

triphosphate (PIP3). PIP3 is responsible for the activation of Akt2 at the plasma membrane, 

which is essential for the subsequent glucose uptake into the skeletal muscle (Ijuin et al., 2015). 

While the role of HIV infection and associated inflammation have been increasingly 

appreciated, ART remains a key contributing factor in IR in PLWH. Protease inhibitors, 

NNRTIs, NRTIs and integrase inhibitors have the potential to cause IR, which is considered to 

be the first step in the development of diabetes in the context of HIV (Gorwood et al., 2020; 

Larson et al., 2006). 

According to Dubé et al. (2005), combinations of ART containing zidovudine (an NRTI), 

lamivudine (an NRTI) and efavirenz (an NNRTI) or didanosine (an NRTI), stavudine (an 

NRTI) and efavirenz were linked to an increased risk of IR in HIV-infected subjects. Similarly, 

Wit et al. (2008)’s findings suggest that stavudine and zidovudine cause IR. Several studies 

have come across the deleterious effects of stavudine on glucose metabolism (Dubé et al., 2005; 

Hadigan et al., 2002; Karamchand et al., 2016; Wit et al., 2008). Stavudine is believed to be a 

strong positive predictor of IR as shown by insulin response to glucose stimulation, after 

adjustment of known risk factors of IR (exposure to protease inhibitors, high BMI, older age 

and high waist-to-hip ratio) in HIV-infected subjects (Hadigan et al., 2002). Additionally, a 

study conducted by Fleischman et al. (2007) observed that insulin sensitivity, evaluated by 

hyperinsulinaemic euglycaemic clamp significantly decreased after one month of stavudine use 

in HIV-seronegative subjects. Recently, the integrase inhibitors dolutegravir and raltegravir 

have shown to induce IR in human and simian adipose tissue and human adipocytes (Gorwood 

et al., 2020).  

As previously discussed, tissues involved in the pathology of IR include skeletal muscle, 

adipose tissue and the liver. The effects of protease inhibitors, NNRTIs, NRTIs and integrase 

inhibitors on these tissues are described in the next section.  

 

1.4.3.1.1 Skeletal muscle insulin resistance 
 

Approximately 80% of the insulin-stimulated glucose disposal in the body is found in the 

skeletal muscles, which reflects the major role of this tissue in the pathogenesis of IR (Phielix 

& Mensink, 2008). Insulin and contraction stimulate glucose uptake in the skeletal muscles by 

stimulating the translocation of the glucose transporter type 4 (GLUT4) to the membrane (Hruz, 
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2010). GLUT4 is vastly abundant in muscle fibres and is responsible for most of the insulin-

stimulated glucose transport that occurs in the muscle (Mueckler, 2001). Functional limitation 

of GLUT4 translocation is believed to predispose individuals to IR. There are two main 

mechanisms involved in IR in skeletal muscles. These include increased levels of free fatty 

acids (FFAs) in the plasma and an accumulation of intramyocellular lipid metabolites within 

the skeletal muscle i.e., long-chain fatty acyl-CoA (LCFA-CoA), diacylglycerol (DAG) and/or 

ceramide (Phielix & Mensink, 2008). Phielix and Mensink (2008) suggested that increased 

intramyocellular lipid metabolites are potentially damaging to mitochondrial function, which 

further exacerbates intramyocellular lipid accumulation.  

One of the mechanisms involved in IR induced by ART is the interference with glucose uptake 

in the skeletal muscle. It is believed that protease inhibitors cause IR by inhibiting the intrinsic 

activity of the GLUT4 (Noor et al., 2002; Kino et al., 2003; Leow et al., 2003; Murata et al., 

2002). According to Ben-Romano et al. (2003), the inhibition is rapid, direct, and reversible. 

According to Nolte et al. (2001), indinavir caused a dose-dependent reduction of insulin-

stimulated increase in 3-0- methyl-D-glucose transport in rat epitrochlearis muscles, reaching a 

58% reduction. Moreover, insulin-stimulated increase in cell-surface GLUT4 was reduced by 

approximately 70% following exposure to indinavir. These findings suggest that indinavir 

directly inhibits GLUT4 translocation or intrinsic activity rather than insulin signalling. 

Interestingly, changes in skeletal muscle glucose uptake caused by the blockade of GLUT4 by 

lopinavir, ritonavir and amprenavir correlated with reductions in glucose disposal rate as seen 

in vitro. This suggests that protease inhibitor-induced IR is most likely a consequence of a direct 

mechanistic effect on glucose uptake (Yan & Hruz, 2005). 

 

1.4.3.1.2 Adipose insulin resistance 

Adipose tissue plays a critical role in glucoregulation via its role as a storage site for excess 

energy and endocrine organ (Galic et al., 2010). Beyond its function as a storage site, adipose 

tissue releases adipocytokines such as adiponectin, leptin and resistin, which have favourable 

effects on insulin signalling (Hruz, 2010). Research has shown that dysregulation of 

adipocytokines is an emerging and important mediator by which adipose tissue contributes to 

systemic IR and metabolic disorders (Waki & Tontonoz, 2007). Changes in adipocytokine 

secretion by adipose tissue have been observed in the HIV individuals on ART  (Hruz, 2010; 

Jones et al., 2005a; Lagathu et al., 2007). These cytokines, in deficit or excess, are likely 
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mediators of IR and may contribute to the pathogenesis of diabetes among HIV-infected 

patients on ART. The protease inhibitors nelfinavir, saquinavir and ritonavir were shown to 

reduce adiponectin expression in cultured adipocytes (Jones et al., 2005a). Furthermore, studies 

have reported that several protease inhibitors were associated with altered adipocytokine 

secretion, which in turn, is linked to the induction of ROS in cultured human adipocytes 

(Lagathu et al., 2007). NRTIs such as stavudine and zidovudine have also been associated with 

lower levels of adiponectin (Jones et al., 2005b). Elvitegravir, an integrase inhibitor and the 

first-generation NNRTI efavirenz, were shown to promote the induction of proinflammatory 

cytokines and reduce the mRNA expression and release of adiponectin in adipocytes (Moure et 

al., 2016). Additionally, while elvitegravir had no to little effect on leptin release, efavirenz 

reduced the release of leptin from adipocytes (Moure et al., 2016).  

Obesity, defined as ‘increased storage of fatty acids in an expanded adipose tissue mass’, is 

strongly associated with the development of IR in skeletal muscles and the liver (Galic et al., 

2010). Previous research has shown that a longer exposure to certain protease inhibitors can 

lead to disturbance of insulin signalling in adipocytes, which in turn causes an indirect alteration 

of glucose uptake (Hruz, 2010). Nelfinavir increased intracellular ROS generation and impaired 

the phosphorylation of protein kinase B in 3T3-L1 adipocytes. 

Moreover, protease inhibitors have been shown to interfere with peripheral glucose disposal in 

in vitro studies. Murata et al. (2000) observed that indinavir, ritonavir and amprenavir 

significantly decreased insulin-stimulated glucose uptake in 3T3-L1 adipocytes through a 

specific and direct inhibition of the activity of the GLUT4 transporter. More specifically, 

indinavir, at clinically relevant concentrations, seems to selectively inhibit GLUT4 (Murata et 

al., 2002). Similarly, Yan and Hruz (2005) reported that ritonavir, amprenavir and lopinavir 

significantly reduced glucose uptake in primary rat adipocytes. However, they also reported 

that atazanavir had no effect on glucose uptake in vitro. These findings are contradicted by a 

later study conducted by Noor et al. (2006). This study concluded that atazanavir alone 

significantly inhibited glucose uptake by differentiated human adipocytes compared to ritonavir 

alone (Noor et al., 2006). The mRNA expression of GLUT4, was repressed by the first-

generation NNRTI efavirenz and the integrase inhibitor elvitegravir in adipocytes (Moure et 

al., 2016). By decreasing the levels of adiponectin, rilpivirine may increase the risk of IR (Lihn 

et al., 2005). Obesity has also been linked to ER stress. The effects of ER stress include 

activation of JNK or the inhibitory kappa B kinase (IKK) directly or through increased 
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production of ROS with subsequent serine phosphorylation of IRS-1 (Hruz, 2010). 

In summary, NNRTIs, NRTIs, protease inhbitors and integrase inhibitors are associated with 

IR in muscle and adipose tissue. 

 

1.4.3.1.3 Hepatic insulin resistance 

 

Chronic inflammation associated with visceral obesity induces IR in the liver. Chronic 

inflammation is linked to the production of abnormal adipokines and cytokines which include 

TNF-α, IL-1, IL-6, leptin, resistin and FFA. These adipokines and cytokines inhibit insulin 

signalling in hepatocytes by activating several kinases (i.e., JNK, IKK-β and PKC), protein 

tyrosine phosphatases and suppressors of cytokine signalling (SOCS) proteins. Subsequently, 

insulin signalling is impaired at insulin receptor and IRS level. Hepatic IR, in turn, causes 

impaired hepatic glucose production (HGP) by insulin (Meshkani & Adeli, 2009). These defects 

in hepatic glucose metabolism are believed to be a consequence of increased plasma FFAs 

(Buettner & Camacho, 2008; Burcelin et al., 2000; Phielix & Mensink, 2008). Hepatic IR has 

been observed in individuals following exposure to ART. A study showed that in the absence 

of HIV infection, a 4-week exposure to indinavir resulted in a worsening of hepatic insulin 

sensitivity in healthy individuals (Schwarz et al., 2004). Moreover, indinavir impaired insulin 

signalling in HepG2 hepatocytes (Schütt et al., 2000).  

Because the transporter GLUT2 was inhibited after exposure to indinavir in oocytes, this led to 

the speculation that the blockade of this GLUT2 may be the kinetic mechanism causing these 

observed effects (Hruz, 2010; Murata et al., 2002). 

The cellular and molecular mechanisms of ART-mediated insulin resistance in adipocytes and 

hepatocytes are outlined in Figure 1.6.  
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Figure 1.6 Mechanisms of ART-mediated insulin resistance in adipocytes and hepatocytes. Figure adapted from 

“Cell Membrane Panels Comparison (Layout 3x1)”, by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates  

 

It is now widely accepted that when IR develops ensuing environmental factors such as obesity, 

individuals who are predisposed genetically, fail to effectively compensate for the increased 

insulin demand, resulting in beta cell failure (Poitout et al., 2010b). However, it is as important 

to review the role of ART on beta cell dysfunction in the context of diabetes in HIV. 

 

1.4.3.2 Beta cell dysfunction and failure 

 

1.4.3.2.1 Functional identity of beta cells 

 

Pancreatic beta cells are endocrine cells that uniquely synthesise, store and release insulin in a 

tightly dependent manner (Marchetti et al., 2017). Insulin is an anti-hyperglycaemic hormone 

that antagonizes the effects of glucagon, glucocorticosteroids, epinephrine, growth hormone 

and other hyperglycaemic hormones in order to maintain circulating glucose concentration in 

the physiological range (Marchetti et al., 2017). Beta cells contain approximately 20 pg insulin 

per cell and constitute around 50 to 80% of all pancreatic islet endocrine cells. In the human 

pancreas, beta cell mass was reported to be around 0.6 to 2.1 g (DeFronzo et al., 2015). In an 

adult human being, beta cells release about 30-70 units of insulin per day, mainly depending on 

body weight (Marchetti et al., 2017). The release of insulin is regulated by a complex network 

https://app.biorender.com/biorender-templates
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of several inhibiting, triggering and potentiating signals, which enables the supply of insulin in 

amount, adaptability, and kinetics to match the minute-by-minute needs of the body (Henquin 

et al., 2005; Marchetti et al., 2017). Of the secretagogues compounds known to stimulate insulin 

secretion (e.g., amino acids, FFAs, GLP-1, glucagon, gastrin) glucose is far the most important. 

Pancreatic beta cells exert their secretory function in a dynamic manner by metabolising 

glucose, relative to its extracellular concentration by secreting insulin (Joslin & Kahn, 2005; 

Marchetti et al., 2017). Indeed, intravenous (IV) glucose infusion determines a biphasic insulin 

response, consisting of an early rapid peak (first phase), followed by a more prolonged and 

slower increase (second phase) (Marchetti et al., 2017). It is important to maintain an adequate 

beta cell mass in response to various changes due to the important nature of insulin secretion 

and overall control of blood glucose levels. 

Models of stimulus-insulin coupling are intermingled mechanisms responsible for the exertion 

of glucose effects on a cellular level. Glucose which is both a trigger and an amplifier of insulin 

secretion, enters the beta cell via GLUT-1 and -2 (Marchetti et al., 2017). The rapid influx of 

glucose into the beta cell ensures glucose sensing. This means that the rate of glucose entry is 

proportional to blood glucose levels. Once in the cell, glucose is rapidly phosphorylated to 

glucose-6-phosphate (G6P) by the hexokinase enzyme glucokinase (GCK), the molecular 

glucose sensor that regulates insulin release from beta cells (Skelin Klemen et al., 2017). G6P 

then undergoes glycolysis in order to produce pyruvate, the three-carbon molecule that enters 

the mitochondria to be oxidated. In the mitochondria, pyruvate is converted by pyruvate kinase 

to acetyl-CoA, which in turn reacts with oxalocetate in a reaction catalysed by citrate synthase 

in order to obtain citrate, a key component of the tricarboxylic acid (TCA) cycle. The TCA 

cycle leads to the generation of NADH and FADH2, which are used in the production of ATP 

in the electron chain transport (ETC). Following the ATP production in the mitochondria, ATP 

is transported to the cytoplasm by the adenine nucleotide translocation (ANT), subsequently 

triggering the closure of ATP-sensitive potassium (KATP) channels (Marchetti et al., 2017). 

Consequently, K+ efflux is decreased which causes membrane depolarization and subsequent 

opening of voltage dependent calcium channels, and influx of calcium (Ca2+) ions. This in turn 

results in increased cytosolic concentrations of Ca2+ which allows the fusion of insulin-

containing vesicles with the plasma membrane (Skelin Klemen et al., 2017). 

Energy in the form of ATP produced by mitochondrial metabolism is the main coupling factor 

relating glucose metabolism with insulin secretion, whereas other cues amplify and preserve 

insulin secretion (Marchetti et al., 2017). In T2D, there are several alterations of insulin 
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secretion (DeFronzo et al., 2015; Marchetti et al., 2017). Reported alterations include absent or 

blunted first phase insulin release to IV glucose, reduced and/or delayed responses to ingestion 

of a meal, and progress into decreases in second phase release and secretion to non-glucose 

stimuli (Marchetti et al., 2017). An early study conducted by Fernandez-Alvarez et al. (1994) 

showed that glucose-stimulated insulin secretion (GSIS) was decreased from T2D isolated 

human islets. These findings were confirmed in the same setting, where T2D human islets were 

shown to secrete lower amounts of insulin upon stimulation, while also showing a higher 

threshold required to trigger insulin release (Deng et al., 2004). Therefore, a key feature of T2D 

is beta cell dysfunction with subsequent partial or complete lack of insulin release. Several 

longitudinal studies in type 2 diabetics, including one conducted in the UK, showed that, 

regardless of the antidiabetic therapy regimen, beta cell function deteriorates during the years 

following diagnosis with T2D (Kahn et al., 2006a; Poitout et al., 2010a; U.K Prospective 

Diabetes Study Group, 1995). Insulin insufficiency is present early in the pathogenesis T2D 

and continues to worsen overtime. It is widely accepted that insufficient insulin secretion by 

pancreatic beta cells is due to both functional beta cell defects and a loss of beta cell mass by 

apoptosis (Cunha et al., 2008). In conjunction with IR that develops in peripheral tissues, the 

impairment of the secretory function of beta cells is a major pathophysiological phenomenon 

of diabetes resulting in insufficient insulin secretion and chronic hyperglycaemia (Wang & 

Wang, 2017). Oxidative stress driven by hyperglycaemia results in clinical outcomes: 

peripheral tissue IR and beta cell dysfunction (Newsholme et al., 2019; Wang & Wang, 2017).  

 

1.4.3.2.2 The role of oxidative stress 
 

Oxygen is responsible for the expansion of life and Earth, however, there are two sides to this 

molecule: it is crucial for energy production in the mitochondria of cells, but it can be damaging 

if not fully reduced to water (Newsholme et al., 2019). Where reduction is incomplete (i.e., high 

-energy electron-transferring chemical reactions), oxygen can be converted to several highly 

reactive species collectively described as ROS. In mammalian cells, a delicate balance exists 

between ROS production and the removal of ROS through antioxidants. ROS are generated as 

products of normal cell metabolism and respiration and are essential for cellular function. In 

beta cells, basal amounts of ROS regulate islet gene expression, facilitate the regulation of the 

insulin-secretory function of beta cells and play an important role in apoptosis, immune 

response, calcium signalling, and kinase activation (Affourtit & Brand, 2008; Keane et al., 

2010; Newsholme et al., 2016; Newsholme et al., 2019; Robertson & Harmon, 2007).  
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However, elevated levels of ROS can negatively affect beta cell function and induce cellular 

stress and death. Mitochondrial respiration consumes molecular oxygen, the ultimate acceptor 

of electrons generated by glucose catabolism. During normal oxidative phosphorylation, 4% of 

all oxygen consumed is converted into the free radical superoxide (O2
•-) (Cadenas & Davies, 

2000; Newsholme et al., 2019). Superoxide may be converted into other ROS and may react 

with reactive nitrogen species (RNS) to produce the extremely destructive peroxynitrite 

molecule (Newsholme et al., 2016). Antioxidants are crucial to neutralise and/or attenuate the 

damaging effects of ROS and RNS. They can be classified as either enzymatic or nonenzymatic 

factors. The main enzymatic antioxidants include superoxide dismutase (SOD), catalase (CAT) 

and glutathione peroxidases (GPx). Superoxide generated are converted into H2O2 the 

antioxidant enzyme SOD. The H2O2 is then detoxified to H2O and O2 by GPx present in the 

mitochondria or is detoxified by catalases in peroxisomes (Newsholme et al., 2019). Oxidative 

stress is a cellular phenomenon generally considered as a physiological imbalance between 

ROS levels and antioxidant levels, favouring ROS production. Antioxidants, including SOD, 

CAT and GPx, are believed to be overwhelmed by ROS (Ighodaro & Akinloye, 2018). 

Furthermore, pancreatic beta cells are vulnerable to oxidative stress as a result of their low 

content of antioxidant enzymes, which means these cells are rather sensitive to ROS damage 

when they are exposed to oxidative stress (Ježek et al., 2019; Kajimoto & Kaneto, 2004). 

Indeed, although these defence mechanisms are present, it has been demonstrated that 

pancreatic beta cells exhibit a lower expression of CAT and GPx1, suggesting higher 

susceptibility to ROS damage (Gurgul-Convey et al., 2016; Wang & Wang, 2017). In addition 

to increasing ROS production, hyperglycaemia and hyperlipidaemia aggravate oxidative stress 

through reducing antioxidant capability, evidenced by the reduction in reduced oxidised 

glutathione in hyperglycaemia, and reduced SOD1 and SOD2 expression in hyperlipidaemia in 

human and rat beta cells (Dai et al., 2016b). ROS is produced via two different ways: enzymatic 

and non-enzymatic reactions. The enzymatic reactions involved in the generation of ROS 

include those involved in the mitochondrial respiration (Pham-Huy et al., 2008). The 

superoxide anion radical (O2
●-) is generated via NADPH oxidase, xanthine oxidase and 

peroxidases. In pancreatic beta cells, there is substantial evidence stating that acute and transient 

glucose-dependent ROS contributes to normal GSIS. Under pathological conditions, ROS can 

accumulate in excessive levels for prolonged periods of time, causing oxidative stress and 

subsequent oxidative damage to cellular lipids, DNA, and proteins through chemical alterations 

such as nitrosylation, peroxidation and carbonylation (Newsholme et al., 2019; Robertson & 
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Harmon, 2007). For example, ROS cause amino acid oxidation, lipid peroxidation, degradation 

of fatty acids of the membranes and damage to purine and pyrimidine bases (Cernea & 

Dobreanu, 2013). Some of the most common targets of ROS include proteins involved in 

membrane ion transport, metabolic enzymes, and regulation of gene expression and signal 

transduction (Gerber, 2017; Newsholme et al., 2019). 

Culminating evidence shows that oxidative stress plays a pivotal role in the pathological process 

of diabetes and diabetic complications, with a potential role in inducing beta cell dysfunction, 

beta cell apoptosis and decreasing pancreatic beta cell mass (Hou et al., 2008; Kajimoto & 

Kaneto, 2004; Keane et al., 2010; Newsholme et al., 2019; Newsholme et al., 2012; Robertson 

et al., 2004). Hyperglycaemia, hyperlipidemia, and inflammation are all potent factors 

contributing to ROS production in beta cells. It well established that hyperglycaemia induces 

ROS through mitochondrial respiratory chain enzymes, xanthine oxidases, lipoxygenases, 

cyclooxygenases, nitric oxide synthases, and peroxidases (Eguchi et al., 2021; Gerber, 2017; 

Volpe et al., 2018). In hyperglycaemic states, excessive ROS levels are also generated during 

anaerobic glycolysis and from other pathways when glycolytic capacity is exceeded (Cernea & 

Dobreanu, 2013; Kajimoto & Kaneto, 2004).  These pathways include non-enzymatic 

glycation, protein kinase C (PKC) activation, glucose auto-oxidation, the hexosamine pathway, 

the sorbitol pathway and the α-ketoaldheyde pathway (Cernea & Dobreanu, 2013; Kajimoto & 

Kaneto, 2004).  

Under hyperlipidaemic conditions, ROS production is increased through activation of NADPH 

oxidase (NOX), induction of matrix metalloproteinase 2 (MMP2), and stimulation of 

macrophage infiltration (Eguchi et al., 2012; Liu et al., 2014; Nemecz et al., 2019). In addition 

to increasing ROS production, hyperglycaemia and hyperlipidemia aggravate oxidative stress 

through reductions in antioxidant capacity, evidenced by the reductions in oxidised glutathione 

in hyperglycaemia, and reduced SOD1 and SOD2 expression in hyperlipidemia in human and 

rat beta cells (Alnahdi et al., 2019; Dai et al., 2016a; Eguchi et al., 2021). Similarly to 

hyperlipidemia, inflammatory cytokines increased production of H2O2 and other ROS products, 

which modulated activity of NOX and increased expression of genes that recruit macrophages 

to beta cells (Gurgul-Convey et al., 2016; Morgan et al., 2007).  

Oxidative stress has been shown to alter major pathways important for beta cell function and 

survival. Oxidative stress causes mammalian target of rapamycin (mTOR) inhibition, JNK and 

P38 pathway activation in beta cells. Long-term activation of the AMPK pathway by ROS 



65 
 

results in a reduced basal activity of beta cells, insulin release and beta cell proliferation and 

mass (Richards et al., 2005). ROS can also inhibit the mTOR pathway, a key regulator of 

apoptosis, hence resulting in beta cell mass loss. The inhibition of mTOR was also shown to 

decrease insulin secretion and impair mitochondrial function in beta cells (Maedler & 

Ardestani, 2017). JNK and P38 are members of the complex superfamily of mitogen-activated 

protein kinase serine/threonine protein kinases (MAPKs), which are activated in response to 

cellular stress such as oxidative stress. When activated, the JNK pathway increases the 

expression of proapoptotic genes, thus directly triggering the apoptotic process. The glycation 

reaction is also believed to be an important mediator in the pathogenesis of diabetic 

complications because, under hyperglycaemia, the production of reducing sugars i.e., glucose, 

G6P and fructose is increased through the polyol pathway and glycolysis. These reducing sugars 

promote the glycation reactions of several proteins (Kajimoto & Kaneto, 2004). More 

specifically glycated proteins such as glycosylated haemoglobin, albumin, and lens crystalline 

were produced in diabetic animals via the Maillard reaction (Kajimoto & Kaneto, 2004). 

Furthermore, the glycation reaction also produces Schiff base, Amadori product, AGEs and 

ROS (Kajimoto and Kaneto, 2004). ROS overproduction also triggers DNA single-strand 

breaks which then activates the nuclear poly (ADP-ribose) polymerase-1 (PARP) and 

subsequently depletes its substrate NAD+. Consequently, this slows the rate of mitochondrial 

respiration and glycolysis and inhibits the activity of glyceraldehyde 3-phopshate 

dehydrogenase (GADPH).  

The accumulation of cellular oxidative stress and subsequent oxidative damage can trigger the 

impairment of beta cell function and the activation of pro-apoptotic signals (Figure 1.7).   

 

1.4.3.2.3 The role of mitochondrial dysfunction 

 

The major contributor of ROS production is the mitochondrial ETC, with O2
●- being the most 

abundant ROS species in cells (Gray & Heart, 2010; Newsholme et al., 2019). The ETC in the 

mitochondria is considered as an important pathway in the generation of ROS. The most 

important producers of O2
●- are complexes I and III of the mitochondrial respiratory chain 

(Bleier & Dröse, 2013). The action of ROS on beta cell is considered a potential mechanism of 

glucotoxicity seen in diabetes (Robertson et al., 2004). Indeed, under diabetic conditions, 

hyperglycaemia leads to increased respiration rates in beta cells, which signifies that the 

electron transport via mitochondrial complexes exceeds their capacity. This process results in 
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induced electron flux through the ETC to the inside of the mitochondria, with subsequent 

production of ROS. 

Electron leak is a phenomenon that occurs at complex I and III of the ETC, describing electrons 

derived from NADH or FADH2 that have escaped normal processing with molecular oxygen to 

form superoxides which are subsequently detoxified by CAT or GPx (Newsholme et al., 2019). 

This would nullify the toxicity from electron leak. Additionally, beta cells may be subject to 

chronic exposure to high glucose levels in the diabetic milieu, leading to increased glucose 

oxidation and glycolytic flux, as well as elevated TCA cycle activity and Ca2+ oscillations 

(Newsholme et al., 2019). Altogether, this may lead to further ROS generation and the potential 

pathological consequences that may promote beta cell dysfunction and death. It is suggested 

that mitochondrial overwork, with eventual generation of ROS, is a potential mechanism 

causing the impairment of first phase GSIS observed in the early stages of T2D (Kajimoto & 

Kaneto, 2004).  

Under hyperglycaemic and hyperlipidemic conditions, expression of glycolytic, oxidative 

phosphorylation, and TCA related genes is decreased (Chen et al., 2013; Cnop et al., 2014; 

Eguchi et al., 2021; Haythorne et al., 2019). Furthermore, both hyperglycaemia and 

hyperlipidemia cause increased respiration, decreased ATP content, lowered mitochondrial 

membrane potential (Δψm), and increased mitochondrial volume, signs that indicate 

mitochondrial dysfunction and uncoupling (Carlsson et al., 1999a; Eguchi et al., 2021; 

Haythorne et al., 2019). Several other mitochondrial pathways are considered to be involved in 

ROS production in beta cells under hyperglycaemia, which include PKC activation, increased 

intracellular AGE product formation, hexosamine pathway activation, polyol pathway 

activation, and oxidative phosphorylation (Eguchi et al., 2021). This, in turn, inhibits 

mitochondrial ATP generation and GSIS, and results in the accumulation of glycolytic 

intermediates, hence inducing alternate metabolic pathways such as PKC, polyol and 

hexosamine. These processes eventually lead to a disruption of cellular function by altering 

gene expression and the endogenous non-enzymatic glycoxidation of nucleic acids, proteins, 

and lipids, eventually leading to the formation of AGEs.  

Proper mitochondrial function is crucial for insulin secretion from beta cells. The increased 

metabolism as a result of higher glycolytic flux leads to an increase in cytosolic ATP levels. 

This rise in cellular ATP causes the closure of KATP channels, which results in the depolarisation 

of beta cells and the subsequent opening of Ca2+ channels, which is coupled to the exocytosis 



67 
 

of insulin granules (Eguchi et al., 2021; Skelin Klemen et al., 2017). The coupling of glycolysis 

to mitochondrial ATP production is required for proper beta cell function and insulin exocytosis 

and defects in mitochondrial function impair this metabolic coupling and ultimately promote 

beta cell damage (Ciregia et al., 2017). 

This signalling cascade is significantly altered in T2D due to defects in mitochondrial 

metabolism (Anello et al., 2005). Compared to control islets, islets of patients with diabetes 

show reduced GSIS, which was associated with lower ATP/ADP ratio, decreased Δψm, and 

downregulation of expression of genes associated with energy metabolism (Anello et al., 2005; 

Segerstolpe et al., 2016). 

In T2D, the activities of the mitochondrial enzymes glycerol phosphate dehydrogenase, 

pyruvate carboxylase and succinyl-CoA:3-ketoacid-CoA transferase have been reported to be 

up to 90% lower in diabetic islets vs non-diabetic islets (MacDonald et al., 2009). Additionally, 

ATP citrate lyase was also decreased by more than 50% (MacDonald et al., 2009). In terms of 

mitochondrial morphology and size, it is reported that in T2D, beta cell mitochondria appear 

round shaped with lower density by electron microscopy analysis, and that ATP content was 

not increased upon acute glucose stimulations (Anello et al., 2005). Therefore, the ATP/ADP 

ratio was nearly 50% lower in diabetic islets vs non-diabetic islets, while depolarisation of the 

mitochondrial membrane (i.e., decreased Δψm), as well as increased expression of the 

mitochondrial uncoupling protein 2 (UCP2) were observed (Anello et al., 2005).  

Mitochondrial DNA and some mitochondrial proteins such as UCP2 are vulnerable targets for 

oxidative damage, further compromising mitochondrial function. In pancreatic beta cells, UCP2 

influences mitochondrial oxidative phosphorylation and insulin secretion. Activation of UCP2 

by ROS results in proton leak and hence, reduces ATP production and impairs GSIS in beta 

cells (Affourtit et al., 2011) (Figure 1.7). 

Mitochondria also serve an essential role in the control of beta cell mass. Previous data suggest 

that increased apoptosis underlies the loss of beta cell mass observed in islets from patients with 

T2D (Butler et al., 2003). Apoptotic pathways converge in the mitochondrion, where a cascade 

of caspase activation by cytochrome c, after being exported from mitochondria, is required for 

inducing apoptosis (Fex et al., 2018).  
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1.4.3.2.4 Pancreatic and duodenal homeobox factor 1 (PDX-1) 

  

PDX-1 is a member of the homeodomain-containing transcription factor family that plays a 

pivotal role in pancreatic development, beta cell function and differentiation (Jonsson et al., 

1994; Kajimoto & Kaneto, 2004; Sharma et al., 1999). One of the classical targets of ROS 

damage includes the pancreatic and duodenal homeobox 1 (PDX-1). In diabetes, 

hyperglycaemia induces glycation and oxidative stress in beta cells, leading to a marked 

decrease in the activity and expression of PDX-1 (Kajimoto & Kaneto, 2004). A reduction in 

PDX-1 activity leads to a decrease in insulin content and glucokinase activity, subsequently 

reducing insulin release from beta cells (Watada et al., 1996). Further, Kawamori et al. (2003) 

found that oxidative stress alters intracellular distribution of PDX-1 and thereby suppresses its 

activity in nuclei.  

 

1.4.3.2.5 Endoplasmic reticulum (ER) stress 

 

The endoplasmic reticulum (ER) is a highly dynamic organelle, playing a major role in protein 

and lipid biosynthesis. Additionally, the ER plays a pivotal role in Ca2+ storage and signalling, 

making it a key component of cellular processes such as apoptosis (Eizirik et al., 2008). The 

synthesis of protein begins with the translation of proteins by the ribosomes on the cytosolic 

surface of the ER, then, the unfolded polypeptide chains are translocated into the ER lumen 

(Eizirik et al., 2008). In the ER lumen, the unfolded polypeptide chains are then folded into 

secondary and tertiary structures stabilised by disulphide bonds (Eizirik et al., 2008). ER-

resident folding factors such as the chaperones GRP94 and Ig heavy chain binding protein (BiP 

or GRP78), play an essential role in assisting with folding and retaining client proteins in the 

ER until the maturely folded proteins meet all the quality standards (Eizirik et al., 2008). 

However, proteins formed in the ER may fail to achieve correct conformation due to Ca2+ 

depletion, a lack of chaperones, a disrupted redox state, proteins mutations and reduced 

disulphide bonds (Eizirik et al., 2008). ER stress is defined as an imbalance between the protein 

folding capacity of the ER and the functional demand. This imbalance leads to accumulation of 

unfolded or misfolded proteins in the ER lumen (Cnop et al., 2017).  

The accumulation of misfolded proteins that build-up in the ER lumen causes ER stress and 

activates the two unfolded protein responses (UPR): Adaptive UPR and apoptotic UPR, which 

work to promote either insulin biosynthesis and secretion or apoptosis, respectively. This 

adaptive response aims to increase the functional capacity of the organelle and to decrease the 

https://www.sciencedirect.com/topics/neuroscience/endoplasmic-reticulum
https://www.sciencedirect.com/topics/medicine-and-dentistry/protein-folding
https://www.sciencedirect.com/topics/medicine-and-dentistry/protein-folding
https://www.sciencedirect.com/topics/neuroscience/proteome
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arrival of newly synthesized proteins (Cnop et al., 2017). The role of the adaptive UPR is to 

alleviate ER stress and prevent cell death, by triggering coordinated responses such as: 1) 

increase the levels of ER chaperones; 2) reduce the arrival of new proteins into the ER; 3) 

induce the extrusion of irreversibly misfolded proteins and lastly; 4) trigger apoptosis in case 

the former steps fail (apoptotic UPR pathway) (Eizirik et al., 2008). All these steps depend 

partially on the expression of key genes and proteins ensuing signals from the ER to the nucleus. 

These signals are mediated by three transmembrane ER proteins also known as UPR inducers: 

double-stranded RNA activated kinase (PKR)-like ER kinase (PERK), activating transcription 

factor (ATF) and inositol requiring ER-to-nucleus signal kinase (IRE1). These proteins are 

activated by BiP dissociation from their luminal side, following the accumulation of unfolded 

proteins in the ER lumen (Eizirik et al., 2008). Therefore, the UPR attempts to attenuate global 

protein translation while upregulating ER chaperones. However, in case of UPR failure to solve 

ER stress, the apoptosis pathway is triggered (Eizirik et al., 2008). The apoptosis pathway is 

triggered following the recruitment of TNF receptor-associated factor 2 (TRAF2) and activation 

of the JNK and proapoptotic kinase apoptosis-signal-regulating kinase (ASK1) pathways. The 

prolonged activation of the protein kinase R-like ER kinase (PERK) pathway can lead to 

apoptosis via ATF4 overexpression and consequent CHOP and ATF3 activation (Eizirik et al., 

2008). In response to ER stress the transcription factor CHOP expression is markedly increased.  

Culminating evidence shows that ER stress plays an essential role in the development of T2D 

by contributing to beta cell loss and IR (Arunagiri et al., 2018; Eizirik et al., 2008). Under 

physiological conditions, the UPR proves to be beneficial to beta cells, however, under 

situations of chronic stress, the components of the UPR can cause beta cell dysfunction and 

death (Eizirik et al., 2008).  ER stress is induced by several factors such as glucose, FFAs and 

islet amyloid polypeptide (IAPP). One of the major conditions that lead to ER stress in beta 

cells under the presence of hyperglycaemia, is the increased insulin secretory request (Cernea 

& Dobreanu, 2013). Indeed, the beta cell secretory proteins proinsulin and IAPP are reported 

to be prone to misfolding. However, there is little data to convince the occurrence of IAPP 

misfolding in the ER. On the other hand, proinsulin misfolding in the ER has shown to be an 

important cause of beta cell ER stress (Arunagiri et al., 2018; Sun et al., 2015). Upon ongoing 

metabolic demand, proinsulin secretion is increased, however, there is an additional proinsulin 

synthesis if beta cells in islets fail to deliver sufficient signalling from PERK, a major ER sensor 

(Arunagiri et al., 2018). Even at low glucose levels, PERK function is lost leading to an 

enhancement in proinsulin synthesis and eventual proinsulin misfolding in the ER. 
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Accumulation of misfolded proinsulin beyond a certain threshold was found to diminish insulin 

production and cause hyperglycaemia, while further exacerbating ER stress (Arunagiri et al., 

2018). When beta cells are subject to severe, chronic ER stress and strong UPR, they undergo 

apoptosis through stress kinases and transcription factors (Cernea & Dobreanu, 2013). 

Figure 1.7 summarises the mechanisms involved in beta cell dysfunction and death in T2D.  

 

 

Figure 1.7 Mediators of beta cell dysfunction and death in T2D. UCP2, uncoupling protein 2; ROS, reactive 

oxygen species; ER, endoplasmic reticulum; mtDNA, mitochondrial DNA; PARP, poly adenosine diphosphate-

ribose polymerase. Figure created with BioRender.com. 

 

 

In summary, specific functional and molecular features characterise pancreatic beta cells and 

their functional identity as well as their survival properties. Several alterations occur in type 2 

diabetic beta cells, playing key roles in this metabolic disease. However, it is difficult to identify 

single culprits associated with the pathogenesis of T2D due to the pathophysiological interplay 

between many different mechanisms and pathways. When overwhelmed, the beta cell fails to 

secrete insulin and can undergo apoptosis, potentially leading to both beta cell dysfunction and 

a loss of beta cell mass, which constitute the hallmarks of T2D.  
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1.4.3.3 ART-induced beta cell dysfunction 
 

As previously discussed, certain antiretroviral agents have been associated with an increased 

risk of T2D in HIV, prompting the need to further investigate the direct effects of protease 

inhibitors, NNRTIs, NRTIs and integrase inhibitors on beta cell function and survival. 

However, the only antiretroviral drug class investigated in this context is the protease inhibitor 

class. 

An old study comparing serum proinsulin levels in HIV-infected patients on protease inhibitor-

containing regimens vs protease inhibitor-naïve HIV-patients showed that HIV-patients on 

protease inhibitors had significantly high concentrations of proinsulin, indicating beta cell 

dysfunction in these patients (Behrens et al., 1999). Yarasheski et al. (1999) showed that HIV-

infected subjects on indinavir had significantly higher fasting glucose levels compared to non-

treated-HIV-seronegative subjects. Woerle et al. (2003) concluded that beta cell function, 

assessed by the HOMA score, decreased by approximately 50% in HIV-infected individuals on 

protease inhibitor-containing ART regimens compared to baseline levels. Although these 

studies have employed different measurements to give insight into the effects of protease 

inhibitors in HIV-infected individuals, it is evident that protease inhibitor-containing regimens 

contribute to beta cell dysfunction in HIV patients.  

The direct effects of HIV protease inhibitors on beta cell function and survival were investigated 

in several in vitro studies. Koster et al. (2003) determined that indinavir acutely inhibited insulin 

release from MIN6 mouse insulinoma cells and rodent islets and impaired beta cell glucose 

sensitivity in rats. While glucokinase activity was not affected, 2-deoxyglucose uptake and 

glucose utilisation was impaired in MIN6 cells treated with indinavir (Koster et al., 2003). 

Schütt et al. (2000) showed that the protease inhibitors nelfinavir, ritonavir and saquinavir 

impaired GSIS from INS-1 cells. Similarly, Yarasheski et al. (1999) concluded that indinavir 

had no significant inhibitory effect on GSIS while also observing that indinavir had no effect 

on C-peptide secretion from INS-1 cells and rat islets. The different insulin secretory profiles 

between the MIN6 and INS-1 cell lines may account for the differences in effects observed after 

treatment with indinavir. Shütt et al.’s findings (2000) were replicated in rat pancreatic 

insulinoma INS-1E cells as both nelfinavir and saquinavir reduced GSIS from INS-1E cells 

(Chandra et al., 2009). Altogether, these findings suggest that several protease inhibitors impair 

beta cell function. Additionally, several HIV protease inhibitors reduced beta cell viability and 
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triggered apoptosis (Zhang et al., 2009). The mechanisms involved in protease inhibitor-

induced beta cell secretory dysfunction were also investigated. Figure 1.8 summarises these 

mechanisms. Chandra et al.’s work (2009) suggested that nelfinavir significantly increased 

ROS production while suppressing cytosolic superoxide dismutase levels. Nelfinavir also 

reduced ATP levels while increasing UCP2 levels. Additionally, Zhang et al. (2009) suggested 

that protease inhibitors impair the secretory function of beta cells and induce beta cell death 

through a loss in ∆ψm, translocation of cytochrome c, and activation of mitochondrial-

associated caspase-9 in INS-1 cells, suggesting that HIV protease inhibitors can trigger the 

mitochondria-dependent apoptotic pathway. While the mitochondrion seems to be a key player 

in protease inhibitor-induced beta cell apoptosis (Figure 1.8), ER stress was not involved in 

triggering apoptosis in INS-1 cells (Zhang et al., 2009). On the other hand, Koster et al. (2003) 

suggested that indinavir inhibits glucose uptake in MIN6 cells. Schütt et al. (2000) concluded 

that protease inhibitor-induced impairment of insulin secretion involves the reduction of the 

insulin-stimulated phosphorylation of insulin signalling parameters, particularly IRS-2 (Figure 

1.8). Additionally, ritonavir inhibited insulin secretion by lowering intracellular Ca2+ 

concentrations, independent of the opening of KATP channels or voltage-dependent Ca2+ 

channels in beta cells.  

However, it should be noted that there are significant differences between rodent and human 

pancreatic beta cells. For instance, the expression of glucose transporters in human and rodent 

beta cells is not identical (De Vos et al., 1995). However, the clinical data support the clinical 

relevance of the in vitro and animal models used in the studies discussed here.  
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Figure 1.8 Mechanisms in HIV protease inhibitor-induced beta cell dysfunction and death. UCP2, uncoupling 

protein 2; IRS-2, insulin receptor 2; ROS, reactive oxygen species; Δψm, mitochondrial membrane potential, 

SOD, superoxide dismutase. Figure created with BioRender.com. 

 

In sum, several NNRTIs, NRTIs, protease inhibitors and integrase inhibitors may contribute to 

the development of T2D in PLWH through the induction of peripheral IR, and in the case of 

protease inhibitors, IR is accompanied with the direct impairment of beta cell function and 

induction of beta cell death. Certain protease inhibitors have been shown to have direct 

detrimental effects on the secretory function of beta cells possibly through oxidative stress, 

mitochondrial dysfunction, impaired insulin signalling and/or disturbance in glucose transport 

in beta cells. ART may potentiate the effects of traditional risk factors (i.e., lipodystrophy and 

IR) in developing T2D in an ageing HIV population. The investigation into the role of protease 

inhibitors in beta cells has proven to be useful in clinical settings, as current recommendations 

suggest avoiding protease inhibitor-based therapy in the PLWH at risk of developing T2D. 
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1.5 Aims of the study 

To conclude, this literature review paints a picture of the reality of ART used in modern HIV 

care. Despite the benefits of ART, it is safe to say that antiretroviral agents have increasingly 

caused concern in the HIV population. Researchers investigated these concerns and undeniably 

found that several ART regimens increase the risk of developing T2D in HIV-infected 

individuals. Although being the most commonly recommended antiretroviral drug 

classes for treatment and prophylaxis of HIV infection, no existing study has attempted to 

establish the effects of NNRTIs and NRTIs on beta cell function and survival, despite the fact 

that previous studies have found that several NNRTIs and NRTIs cause damage to a variety of 

cell types mainly via oxidative stress and mitochondrial dysfunction (Apostolova et al., 2011a; 

Apostolova et al., 2011b; Apostolova et al., 2010; Blas-García et al., 2014; Blas‐García et al., 

2010; Jamaluddin et al., 2010; Weiß et al., 2016b) (Figure 1.9).   

 

Figure 1.9 Summary of cellular and molecular mechanisms for efavirenz-mediated cellular dysfunction and death. 

Figure adapted from ‘Virtual Background - Inside a Cell’ (2022) by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates 

 

Direct damaging effects on beta cell function and survival by either NNRTIs or NRTIs may 

predispose PLWH who are also type 2 diabetic to impaired glycaemic control and loss of beta 

cell mass, hence increasing the risk of diabetic complications and insulin dependency. The 

overall aim of this study was to investigate the direct effects of the NNRTIs 

efavirenz, rilpivirine and doravirine, and the NRTIs tenofovir DF, emtricitabine and 

https://app.biorender.com/biorender-templates
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lamivudine, on beta cell function and survival while giving insight into the potential cellular 

and molecular mechanism(s) underlying these effects. 
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2. Materials and Methods 
 

2.1 Materials 
 

The rat insulinoma INS-1E cell line was obtained from Addexbio (Cat#: 

C0018009, RRID: CVCL_0351). RPMI-1640 media, trypsin-EDTA (0.05%), heat-inactivated 

fetal calf serum and penicillin-streptomycin (10,000 U ml-1) were purchased 

from Gibco Thermo Fisher Scientific (Oxford, UK). The drugs 

efavirenz, rilpivirine, doravirine, tenofovir DF, emtricitabine and lamivudine were obtained 

from Carbosynth Limited (Compton, UK).  

Bradford reagent and Laemmli sample buffer were purchased from Bio-Rad Laboratories Ltd 

(Hertfordshire, UK).  [4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT), dimethyl sulfoxide (DMSO), bovine serum albumin, phosphate buffered saline, 2-

mercaptoethanol, tetramethylrhodamine ethyl ester perchlorate, carbonyl cyanide 3-

chlorophenylhydrazone and hydrogen peroxide solution 30% (w/w) were obtained from 

Sigma-Aldrich (Poole, UK). Annexin V-FITC, propidium iodide and annexin V binding 

buffer were purchased from BD Pharmingen (Berkshire, UK) and 2′,7′‐dichloro‐dihydro‐

fluorescein‐diacetate was purchased from Millipore UK Ltd (Hertfordshire, UK). The rat 

insulin ELISA kit was purchased from Alpco Diagnostics (New Hampshire, USA). The RT-

qPCR primers were obtained from Eurofins Genomics (Wolverhampton, UK). Anti-CHOP 

antibody (Cat#: sc-7351; RRID: AB_627411), anti-UCP2 antibody (Cat#: sc-390189; RRID: 

AB_2721285), goat anti-rabbit IgG (Cat#: sc-2004; RRID: AB_631746), mouse IgG 

antibody (Cat#: sc-516102; RRID: AB_2687626) and anti-GAPDH antibody (Cat#: sc-25778; 

RRID: AB_10167668) were obtained from Santa Cruz Biotechnology (Texas, USA). Anti-

PDX-1 antibody (Cat# PA5-78024; RRID: AB_2736337). ECL western blotting detection 

reagents was obtained from Thermo Fisher Scientific (Oxford, UK). Anti-

GRP78 antibody (Cat#: 3216-1; RRID: AB_2279866) was obtained 

from Epitomics (California, USA).  

Protease and phosphatase inhibitors were obtained from Roche 

(Mannheim, Germany). Cytotox 96® Non-Radioactive Cytotoxicity Assay (Cat #: G1780) was 

purchased from Promega (Wisconsin, USA). Amersham™ ECL™ 

Rainbow™ Marker (Cat#: RPN800E) was purchased from Sigma-Aldrich (Poole, UK) 
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and PageRuler Plus prestained protein ladder (Cat#: 26619) was obtained from Thermo Fisher 

Scientific (Oxford, UK). Anti-cleaved caspase-3 (Cat#: 9661; RRID: AB_2341188) was 

obtained from Cell Signalling Technology (New England Biolabs Ltd, Hitchin, UK). Goat anti-

rabbit Alexa Fluor™ 488 secondary antibody (Cat#: A-11008; RRID: AB_143165), goat anti-

mouse Alexa Fluor™ 488 secondary antibody (Cat#: A32766; RRID: AB_2762823) and 

SYBR™ Safe DNA Gel Stain were obtained from Invitrogen Thermo Fisher Scientific (Oxford, 

UK). Sodium palmitate was obtained from Sigma Aldrich (Poole, UK).  

All other reagents and cell culture plastics were purchased from Thermo Fisher Scientific 

(Oxford, UK) and Sigma-Aldrich (Poole, UK).     

The buffers and solutions used in this study are listed below in alphabetical order.  

 

0.5 M Tris (Western blot) 

0.5 M Tris-HCl 

Buffer adjusted to pH = 6.8 

 

1.5 M Tris (Western blot) 

1.5 M Tris-HCl 

Buffer adjusted to pH = 8.8 

 

100 mM Tris (glucokinase activity) 

100 mM Tris-HCl  

Buffer was adjusted to pH = 7.4 

 

100 mM Magnesium sulphate (glucokinase activity) 

100 mM MgSO4·7H2O 

Buffer was adjusted to pH = 7.4 

 

Blocking buffer (Western Blot) 

5% (w/v) non-fat milk powder in Tris-buffered saline with Tween 20   

 

Blocking Buffer (immunocytochemistry)  

1% BSA and 0.1% Triton X-100 in phosphate buffered saline  
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Gey and Gey Bicarbonate Buffered Salt solution (insulin release measurements) 

111 mM NaCl  

4.9 mM KCl  

27 mM NaHCO3  

1 mM MgCl2.6H2O  

0.2 mM KH2PO4  

0.3 mM MgSO4.7H2O  

0.7 mM Na2HPO4.2H2O  

0.1% fatty acid-free BSA  

2 mM of glucose 

2 mL of 1 M CaCl2 solution  

Buffer was adjusted to pH 7.4 by gassing with 95% O2/5% CO2 for 5 mins  

 

Hank’s Balanced Salt Solution (mitochondrial superoxide formation) 

0.14 M NaCl 

0.005 M KCl 

0.001 M CaCl2 

0.0004 M MgSO4·7H2O 

0.0005 M MgCl2 · 6H2O. 

0.0003 M Na2HPO4 · 2H2O 

0.0004 M KH2PO4 

Buffer was adjusted to pH 7.2 

 

Krebs Ringer Buffer (insulin release measurements) 

150 mM NaCl 

5 mM KCl 

2 mM CaCl2 

1 mM MgSO4 

2 mM KH2PO4 

15 mM NaHCO3 

1 mM HEPES 

0.2% BSA 

 

Radioimmunoprecipitation assay buffer (Western blot) 

50 mM Tris-HCL, pH 8.0 

150 mM NaCl 

1 mM sodium orthovanadate  

1 mM NaF 
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0.5% sodium deoxycholate 

0.1% sodium dodecyl sulphate (SDS)  

1% Triton X-100 

 

Phosphate buffered saline buffer  

137 mM NaCl 

2.7 mM KCl  

8 mM Na2HPO4 

2 mM KH2PO4 

 

Running buffer (Western blot) 

25 mM Tris  

190 mM glycine 

0.1% SDS  

 

Stripping buffer (Western blot) 

0.2 mM  glycine 

1% SDS  

10% Tween 20 

Buffer was adjusted to pH 2.2 

 

Tris-buffered saline (TBS) buffer (Western blot) 

20 mM Tris 

150 mM NaCl  

Buffer was adjusted to pH 7.6 

 

Transfer buffer (Western blot) 

25 mM Tris  

190 mM glycine  

20% methanol  

0.1% SDS  
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2.2 Methods  
 

2.2.1 Cell culture 
 

Most experiments in our study involved the use of the rat insulinoma cell line INS-1E, an insulin 

secreting beta cell derived line. INS-1E cells are widely used as a beta cell surrogate in diabetes 

mellitus research. They exhibit a secretory response to glucose within physiological range and 

contain a relatively high insulin amount (Skelin et al., 2010). Additionally, INS-1E cells are 

proven to be a highly differentiated and glucose-sensitive clone of parental INS-1 cells 

(Merglen et al., 2004).  

INS-1E cells were cultured as an adherent monolayer in 75 cm2 single-use sterile flasks 

(Corning, Germany). INS-1E cells were grown in RPMI-1640 medium supplemented with 10% 

heat-inactivated fetal calf serum (FCS), 5.5 mL of 5,000 U/mL (1%) penicillin-streptomycin 

and 100 μL of 100 µL/500 mL (50 µM) 2-mercaptoethanol. The cells were incubated in a 

humidified incubator at constant physiochemical conditions: 37oC, 95% air and 5% CO2. The 

cells were passaged twice a week (every third or fourth day) under aseptic conditions in a class 

II laminar flow cabinet. Prior cell harvesting, RPMI-1640 medium (supplemented with 10% 

heat-inactivated FCS, 5.5 mL of 5,000 U/mL (1%) penicillin-streptomycin and 100 μL of 100 

µL/500 mL 2-mercaptoethanol) and 0.05% w/v trypsin were warmed up in a water bath at 37oC. 

Then, the INS-1E cells were checked under the microscope to ensure the cells were healthy and 

to estimate confluence (Figure 2.1). Upon confluence (> 80%), the adherent monolayer of INS-

1E cells was enzymatically harvested using 3 mL of 0.05% w/v trypsin-EDTA (0.53 mM) 

before being incubated at 37oC and 5% CO2 for 3 mins. After cell detachment, the trypsin was 

neutralised with 6 mL of RPMI-1640 medium (supplemented with 10% heat-inactivated FCS), 

5.5 mL of 5,000 U/mL (1%) penicillin-streptomycin and 100 μL of 100 µl/500 mL 2-

mercaptoethanol). Then, the cell suspension was centrifuged for 5 min at 300 x g. After 

centrifugation, the supernatant was removed, and the cell pellet was resuspended in 12 mL of 

RPMI-1640 medium supplemented with 10% heat-inactivated FCS. The cell suspension was 

divided between four single-use sterile 75 cm2 flasks (2.5 or 3 mL of cell suspension in each 

flask) in 13 mL of RPMI-1640 medium (supplemented with 10% heat-inactivated FCS), per 

flask. The cells in the flasks were then incubated for three to four days at 37oC and 5% CO2 

(Figure 2.1).  
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Figure 2.1 Daily microscope images of INS-1E cells in adherent culture on day 0 to day 3 after seeding 

 

In order to prepare the cells for plating, the following protocol has been adopted. Upon 

confluence (> 80%) INS-1E cells were harvested and centrifuged as described above. Then, the 

cells were resuspended in RPMI-1640 media (supplemented with 10% heat-inactivated FCS, 

5.5 mL of 5,000 U/mL (1%) penicillin-streptomycin and 100 μL of 100 µL/500 mL 2-

mercaptoethanol) in order to obtain the appropriate seeding density depending on the 

application (Table 2.1). Optimal seeding densities of INS-1E cells for the different applications 

were pre-determined to reach the target number of cells (Table 2.1). In order to obtain the 

respective seeding density, the number of total cells were counted using a haemocytometer and 

to confirm, a Countess II FL Automated Cell Counter (Thermo Fisher Scientific). As part of 
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routine checks, 0.4% trypan blue solution was added to the cells to rapidly assess cell viability 

using Countess II FL Automated Cell Counter. 

 

After plating, INS-1E cells were incubated at 37°C in a humidified 37oC incubator with 5% 

CO2 for 24 or 48 hrs prior to conducting the treatment protocol (Table 2.1). INS-1E cells from 

passage 20 to passage 40 were used. The table below summarises the empirically determined 

cell seeding density, cell culture plate used and incubation time prior treatment protocol 

respective to each technique used in this study (Table 2.1). 
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Table 2.1 INS-1E cell plating and incubation conditions for the experiments used in this study. ER, endoplasmic 

reticulum; GSIS, glucose-stimulated insulin secretion; LDH, lactate dehydrogenase; RT-qPCR, quantitative 

reverse transcription polymerase chain reaction; ATP, adenosine triphosphate. 

 

 

 

 

Application Seeding density (in 
cells/well) 

Cell culture plate 
used 

Incubation time prior 
treatment (in hours) 

Insulin measurements (i.e., 
basal insulin release, GSIS 

and intracellular insulin 
content) 

2.0 x 105 24-well plate 48  

Cell viability (MTT assay) 3.5 x 104 96-well plate 24 

Apoptotic histone release 
measured by ELISA 

1.0 x 105 24-well plate 24 

Apoptosis and necrosis 
analysis using Annexin V-FITC 
and propidium iodide staining 

5.0 x 105 6-well plate  48  

 LDH release assay 1.0 x 104 96-well plate 24  

Antioxidant capacity (ABTS 
assay) 

 
 
 

14 x 104 48-well plate for 
the ABTS assay 

24 

Intracellular ROS generation 
(DCFH-DA assay) 

2.0 x 105 6-well plate  48 

Mitochondrial superoxide 
generation (MitoSOX™ 

probing) 

5.0 x 105 6-well plate  48 

Mitochondrial membrane 
potential changes (DiOC6 and 

TMRE probing) 

5.0 x 105  6-well plate 48 

CHOP 
measured by ELISA 

1.0 x 105 24-well plate 24 

Glucokinase activity assay 2.0 x 105 6-well plate 48 

Cellular ATP assay 1.0 x 104 White 96-well 
plate 

24 

RT-qPCR 0.5 x 106 6-well plate 48 

Western Blot 1.0 x 106 10-cm cell culture 
dish 

48 

Immunocytochemistry 0.5 x 105 Poly-ornithine-
coated coverslips 
placed in 6-well 

plates  

72 
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2.2.2 Treatment protocol 
 

The treatment protocol varies depending on the experiment. Each treatment protocol is detailed 

in each Results chapter. Stock solutions of NRTIs (tenofovir disoproxil fumarate, emtricitabine 

and lamivudine) and NNRTIs (efavirenz, rilpivirine and doravirine) were prepared by 

dissolving the NNRTI or NRTI in 1 mL of DMSO (all NNRTIs and NRTIs tested in this study 

are soluble in DMSO as per manufacturer’s instructions). The stock solutions were then stored 

appropriately at room temperature (approximately 25oC). Table 1, Appendix I summarises the 

weight of the drug calculated depending on the final stock concentration required (25 mM) and 

volume of vehicle used for all NNRTIs and NRTIs. 

The different concentrations investigated were prepared by diluting the appropriate volume of 

stock solution in RPMI-1640 media supplemented with 3% heat-inactivated FCS, 1% 

penicillin-streptomycin and 50 µM 2-mercaptoethanol. The concentrations used and how to 

prepare them will be discussed in more detail in each chapter.  

Most applications in this study involve the applications mentioned in Table 2.2 unless stated 

otherwise in the remaining chapters. In summary, following treatment protocol, treated INS-1E 

cells were incubated at 37°C in a humidified atmosphere of 95% air and 5% CO2 for different 

durations depending on the experiment (Table 2.2).  
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Table 2.2 Treatment exposure time according to experiments used in this study. ER, endoplasmic reticulum; GSIS, 

glucose-stimulated insulin secretion; LDH, lactate dehydrogenase; RT-qPCR, quantitative reverse transcription 

polymerase chain reaction; ATP, Adenosine triphosphate. 

 

Most of the methods mentioned in Table 2.2 and Table 2.3 are detailed below. The other 

methods will be detailed in the remaining Chapters.  

2.2.3 Insulin measurements 
 

2.2.3.1 Basal insulin release and glucose-stimulated insulin secretion  
 

Principle  

Pancreatic beta cells are endocrine cells that uniquely synthesise, store and release insulin in a 

tightly dependent manner (Marchetti et al., 2017). Beta cells exert their secretory function by 

secreting insulin through the metabolism of glucose, their most important secretagogue 

(Malmgren et al., 2009). Therefore, quantification of basal insulin release and glucose-

stimulated insulin secretion (GSIS) is necessary to assess the secretory function of INS-1E cells, 

while intracellular content measurements were determined to assess biosynthesis of insulin. To 

measure insulin release and intracellular insulin content in INS-1E cells, we used an insulin 

ELISA kit consisting of a microplate coated with a monoclonal antibody specific for insulin. 

 

 

Application Treatment exposure time (in hours) 

Insulin measurements (i.e., basal insulin release, GSIS 
and intracellular insulin content) 

24  

Cell viability (MTT assay) 24  

Apoptosis and necrosis analysis using Annexin V-FITC 
and propidium iodide staining 

24 

LDH release 24 

Apoptotic histone release measured by ELISA  24 

Intracellular ROS generation (DCFH-DA assay) 24 

Antioxidant capacity (ABTS assay) 24 

Mitochondrial superoxide generation (MitoSOX probing) 2, 4, 6 or 24 

Mitochondrial membrane potential changes (DiOC6 and 
TMRE probing) 

2, 4, 6 or 24 

CHOP measured by ELISA 24 

Glucokinase activity assay 24 

Cellular ATP assay 24 

RT-qPCR 24 

Western blot 24 

Immunocytochemistry 24 
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Protocol 

Following cell growth and treatment protocol, INS-1E cells were incubated for 1 hr in Krebs-

Ringer bicarbonate HEPES buffer (KRBH) containing 2 mM glucose and 0.2% bovine serum 

albumin (BSA) to achieve basal insulin secretion. Then, the cells were incubated for 30 mins 

with a further KRBH containing 2 mM glucose and 0.2% BSA to assess basal insulin secretion 

or KRBH containing 20 mM glucose and 0.2% BSA to assess insulin release in response to 

acute stimulus (GSIS).  

Following incubation, the supernatant was centrifuged and collected for quantification using a 

rat insulin ELISA kit according to the manufacturer’s instructions (Alpco, Cat#:80-INSRT-

E01, Windham, New Hampshire, United States). In more detail, 350 μL of the supernatant 

containing the released insulin was collected and centrifuged for 2 mins at 150 x g. After 

centrifugation, the supernatant was subject to a 1 in 40 dilution in phosphate buffer 0.03 M 1% 

BSA as per the dilution test. The dilution test consisted of serially diluting a sample in order to 

select a dilution factor (1:40) that would ensure absorbance values of samples fit within the 

standard curve. These constitute the samples used for measuring basal insulin release and GSIS. 

A 10 µL volume of each standard, control, and sample were pipetted into their respective wells 

in the ELISA plate provided. Then, Working Strength Conjugate (75 μL) was added into each 

well. The microplate was then incubated for 2 hrs at room temperature (~25oC) at 250 rpm. 

Following incubation, the solution was thoroughly removed by tapping and the microplate was 

washed six times with Working Strength Wash Buffer (300 μL) using a multi-channel pipette. 

Following washing, the wash buffer was completely removed and TMB substrate (100 μL) was 

added into each well. Then, the microplate was incubated for 15 mins at room temperature, 

shaking at 350 rpm. Following incubation, 100 μL of Stop Solution was added and absorbance 

was immediately read at 595 nm with a spectrophotometer (BioTek Synergy HT Microplate 

Reader, USA). 

Data analysis 

The average absorbance value for the blank control standards was subtracted from all the 

absorbance values. The concentration of insulin in the sample was determined by interpolating 

the blank control subtracted absorbance values against the standard curve. The resulting value 

was multiplied by the appropriate sample dilution factor, to obtain the concentration of insulin 

in the sample. Insulin measurements were normalised to total protein content determined by the 

Bradford assay (see 2.2.4). Data were expressed as % of vehicle (DMSO)-treated cells (control). 
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2.2.3.2 Intracellular insulin content  
 

Intracellular insulin content in INS-1E cells was measured as described previously (Nakatsu et 

al., 2015). INS-1E cells were washed twice with 1 mL of cold KRBH. Then, the cells were 

incubated with 0.1% Triton X-100 (1 mL) that contained a protease and phosphatase inhibitor 

cocktail at 4oC for 10 mins. The cells were then scraped from the culture plates using a cell 

scrapper and passed 15 times through a 27-gauge needle. The cell lysates were incubated at 4oC 

for 30 min and then centrifuged at 20,400 x g for 1 min. Insulin in cell lysates was quantified 

using a rat insulin ELISA kit according to the manufacturer’s instructions (Alpco, Cat#:80-

INSRT-E01, Windham, New Hampshire, United States) (see 2.2.3.1). Insulin measurements 

were normalised to total protein content determined by the Bradford assay.  

 

2.2.4 Bradford protein assay 
 

Principle 

The Bradford assay, developed by Marion Bradford, is a colorimetric assay used to determine 

the total protein concentrations in a sample (Bradford, 1976). The principle the Bradford assay 

is that the binding of protein molecules such as lysine, histidine and arginine, to the Coomassie 

dye, resulting in a change of colour from brown to blue. The protein-dye binding represents the 

various concentrations of proteins.  

Protocol 

To perform the Bradford protein assay, a standard curve was plotted by using different 

concentrations of BSA solution (0, 0.0625, 0.125, 0.25, 0.5 and 1 mg/mL) prepared by serially 

diluting a 1 mg/mL BSA stock solution (30 mg of BSA in 30 mL of distilled H2O) in distilled 

H2O. The standards and samples were assayed in duplicates. The cell lysate for each treatment 

was obtained by adding 0.2 mL of 0.1 M NaOH to the cells. The cell lysates constitute the 

samples to be assayed as they contain the proteins extracted from the cells. The standards and 

samples (10 µL) were pipetted into each well of a 96-well microplate before adding 200 μL of 

Bradford dye reagent (acidified Coomassie dye) to each well. A spectrophotometer (BioTek 

Synergy HT Microplate Reader, USA) was used at 595 nm to measure the absorbance of the 

standards.  
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Data analysis 

The average absorbance value for the blank control standards was subtracted from all the 

absorbance values. The exact protein concentration of the sample was determined by 

interpolation from a standard curve of the absorbance of the dilution series of protein standards 

within the linear response range of the assay.   

 

2.2.5 Cell viability (MTT assay) 
 

Principle 

Cell viability was determined by the 3-([4,5-dimethylthiazole-2-yl])-2,5-diphenyltetrazolium 

bromide (MTT) assay which involves the enzymatic reduction of MTT to MTT-formazan by 

mitochondrial dehydrogenases, a by-product of mitochondrial respiration (Mosmann, 1983).  

Protocol 

The following protocol was performed as first described by Mosmann (1983). A fresh MTT 

solution (0.5 mg of MTT/mL of 3% heat-inactivated FCS RPMI-1640 media) was prepared 

prior running the MTT assay. Following treatment protocol, the supernatant medium was 

removed from all the wells before adding 100 µL of freshly prepared MTT solution 

(0.5 mg/mL) to each well. The cells were then incubated for 30 mins in a humidified 37oC 

incubator with 5% CO2. After observing a colouring reaction, the MTT solution 

was carefully removed from all the wells and 100 µL dimethyl sulfoxide (DMSO) was added 

to each well in order to solubilise the MTT-formazan purple crystals. The quantity of MTT-

formazan was measured using a spectrophotometer (BioTek Synergy HT Microplate Reader, 

USA) at 540 nm.    

Data analysis 

The quantity of MTT-formazan measured by changes in absorbance is presumably directly 

proportional to the number of viable cells. The absorbance measurements of the treated cells 

were expressed as % of the absorbance observed in vehicle (DMSO)-treated cells (control). 
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2.2.6 Analysis of cell death  
 

It is important to detect cell death and distinguish between apoptosis and necrosis as an indicator 

of cellular stress. Whereas apoptosis is a regulated type of cell death that is generally triggered 

by normal healthy processes, necrosis is the premature death of cells, triggered by external 

factors or disease. Beta cell death, via apoptosis or necrosis, was detected using three different 

methods: Cell Death ELISAPLUS kit for preliminary data, flow cytometric analysis to confirm 

the preliminary data and lactate dehydrogenase release assay to confirm necrosis.  

 

2.2.6.1 Apoptosis measurements by ELISA  
 

Principle 

The cell death detection kit ELISAPLUS measures cytoplasmic mono- and oligonucleosomes 

levels in the cytoplasm of apoptotic cells that rise after apoptosis-associated DNA degradation.  

Protocol 

The cytoplasmic histone-complexed DNA fragments in INS-1E cells were assayed using the 

Cell Death Detection ELISAPLUS. Cytoplasmic histone-complexed DNA fragments in cell 

lysates were quantified according to the manufacturer’ instructions (Roche Diagnostics, 

Mannheim, Germany; Cat#: 11774425001). Following treatment protocol, the supernatant was 

removed carefully before lysing the cells with the provided lysis buffer (200 μL) for 30 mins at 

room temperature. The lysate was then centrifuged at 200 x g for 10 mins. Then, 20 μL of the 

supernatant was transferred into wells of the streptavidin coated microplate. Immunoreagent 

(80 μL) was added to each well. The microplate was then incubated for 2 hrs at room 

temperature rpm, shaking at 300 rpm. Following incubation, the solution was thoroughly 

removed by tapping. Then, each well was rinsed with 300 μL of incubation buffer. Following 

washing, the solution was removed carefully before adding 100 μL of ABTS solution in each 

well. The microplate was then incubated for 15 mins at room temperature, shaking at 250 rpm. 

Following incubation, ABTS Stop Solution (100 μL) was added to each well and absorbance 

was read immediately at 490 nm using a spectrophotometer (BioTek Synergy HT Microplate 

Reader, USA). 

Data analysis 

The average absorbance of the technical replicates was calculated. Then, the background value 

of the immunoassay was subtracted from each of these averages. The specific enrichment of 
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mono- and oligo-nucleosomes released into the cytoplasm was calculated from these values 

using the following formula:  

 

𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑚𝑈 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑈 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝐷𝑀𝑆𝑂 𝑎𝑙𝑜𝑛𝑒)
 

mU = absorbance [10-3] 

 

2.2.6.2 Flow cytometric analysis of apoptosis and necrosis 
 

Principle 

After preliminarily evaluating cell apoptosis with ELISA, a second method was used to confirm 

and distinguish apoptotic and necrotic beta cell death. Apoptosis and necrosis levels were 

detected by Annexin V and propidium iodide (PI) staining followed by flow cytometric 

analysis. Annexin V is commonly used to probe apoptotic cells, as it recognises 

phosphatidylserine (PS) externalisation during early apoptosis. It can also stain the PS that 

remains on the inner face of the membrane of cells undergoing late apoptosis or primary 

necrosis. PI detects the loss of plasma and nuclear membrane integrity, a classic characterisation 

of late apoptotic and necrotic cells (Brauchle et al., 2014) 

Protocol 

This protocol was optimised by testing several parameters (i.e., concentration of PI and 

harvesting method) after exposure to a positive control, etoposide. Etoposide inhibits DNA 

synthesis by forming a complex with topoisomerase II, hence induces apoptotic cell death. INS-

1E cells were treated with 100 μM of etoposide for 6 hrs to induce apoptosis.  

Following treatment protocol, the cells were enzymatically harvested with trypsin/EDTA 

(0.05%). Then, the cells were centrifuged for 5 mins at 300 x g and washed twice by gently 

resuspending cells with phosphate buffered saline (PBS) (3 mL) with intermittent centrifugation 

steps. Cells were then resuspended in Annexin V binding buffer (1 mL) (10 mM HEPES, pH 

7.4, 140 mM NaCl, 2.5 mM CaCl2) and 100 μL of cell suspension from each sample 

(∼105 cells/mL) was transferred for staining with Annexin V-FITC (5 μL) (BD Pharmingen, 

Cat#: 556419) and PI (2 μg/mL) (BD Pharmingen, Cat#: 556463) according to the 

manufacturer’s instructions. After a 15-minute staining period at room temperature, the cells 

were centrifuged for 5 mins at 300 x g and resuspended in 400 μL of Annexin V binding buffer. 

The cells were then immediately subject to flow cytometric analysis (BD C6 Flow Cytometer; 
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BD Biosciences; New Jersey, USA). The flow cytometer used was subject to routine 

maintenance and was calibrated prior each experiment using beads purchased from the 

manufacturer to ensure accuracy of the data (BD C6 Flow Cytometer; BD Biosciences; 

Dickinson Co., New Jersey, USA).  

Additionally, compensation controls were performed for each experiment. These include:   

• Unstained vehicle control (DMSO only) 

• Vehicle control stained with Annexin V FITC only 

• Vehicle control stained with PI only 

These controls were used to analyse the data as described below.  

Data analysis 

For each flow cytometric analysis, 10,000 events were recorded with the BD CSampler Plus 

software (BD Biosciences, New Jersey, USA). The recorded events were analysed using the 

BD Biosciences software and the FlowJo software (Treestar Inc, Ashland, US). A gating 

strategy was put in place to eliminate cell debris and doublets/clumps of cells using the 

unstained vehicle-treated (control) cells. To eliminate debris and dead cells, an FSC-A vs SSC-

A density plot was drawn up. FSC-A vs SSC-A plots were used for cell population gating and 

to identify any changes in the scatter properties of the cells. Cell debris and cell clumps tend to 

have lower forward scatter (FSC) levels and are found at the bottom left corner of an FSC vs 

SSC density plot, therefore a gate was set up to exclude cell debris (Figure 2.2).  
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Figure 2.2 Debris exclusion based on scattering parameters. Cell debris and clumps (bottom left) were excluded 

by drawing up a gate further from the bottom left on a SSC-A vs. FSC-A plot using FlowJo. The gate exclusively 

includes INS-1E cells without debris.  

 

Then, to obtain singlets (excluding doublets), an FSC-A vs FSC-H plot was created and the 

INS-1E cells along the densest diagonal were gated (Figure 2.3, A). The same gate was used 

for the analysis of all the samples to ensure reproducibility. Ultimately, a total of approximately 

95-99% of the events were analysed. Then, to set up the quadrants, the unstained control was 

used. The quadrants were set as to ensure that all the unstained cells were included in the lower 

left quadrant. An example of the gates and the quadrant set-up is shown below (Figure 2.3, B).  

The same gate was used for the analysis of all the samples to ensure reproducibility. The full 

gating strategy used to analyse the samples is shown in an example below (Figure 2.3, B). 
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A 

 

 

Figure 2.3 Discrimination of singlet INS-1E cells and gating strategy implemented in our study. (A) INS-1E cell 

population and singlets of a control sample were discriminated based on scatter parameters (FSC-A vs. FSC-H). 

INS-1E cell population and INS-1E singlet cells were determined and visualised using the back-gating tool. Red 

dots represent unchanged INS-1E cell population. Multi-coloured dots represent discriminated INS-1E cell to be 

further analysed. (B) Gating strategy based on unstained control on a FL1 vs. FL3 plot.  Each of the four quadrants 

represent the live cells (Annexin V-, PI- - lower left quadrant), cells undergoing early apoptosis (Annexin V+, PI- 

- lower right quadrant) or late apoptosis/early necrosis (Annexin V+, PI+ - upper right quadrant) and dead cells 

(Annexin V-, PI+ - Q1).  These plots were created using the FlowJo software. EF, Efavirenz.  

 

The compensation controls were used to reduce the spillover fluorescence in the two channels, 

using the BD C6 Accuri Software (Figure 2.4). To reduce the spillover fluorescence in the FL1 
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channel (Annexin V-FITC), the control stained with PI only was used as described in Figure 

2.4. Similarly, to reduce the spillover fluorescence in the FL3 channel (PI), control stained with 

Annexin V- FITC only was used (Figure 2.4). 

 

Figure 2.4 Correction of the FL3 (PI) signal with the FL1 (Annexin V-FITC) channel using the BD C6 Accuri 

Software. A value of the FL1 channel was subtracted from the FL3 channel (A) in order to ensure that the median 

of the lower right quadrant of the FL3 channel and the lower left quadrant of the FL3 channel were equal (B). 

Similarly, a value of the FL3 channel was subtracted from the FL1 channel in order to ensure that the median of 

the upper left quadrant of the FL1 channel and the lower left quadrant of the FL1 channel were equal (not shown). 

 

Then, a plot of the compensated FL1 channel vs. FL3 channel was drawn using the Flow Jo 

software (Tree Star Inc., USA) to visualise the percentage of viable, early apoptotic, late 

apoptotic/early necrotic, and dead cells for each sample. Viable cells remained unstained 

(Annexin V-FITC−/PI−). Early apoptotic cells showed Annexin V-FITC+/PI− staining patterns 

due to PS externalisation while late apoptotic and primary necrotic cells exhibited Annexin V-

FITC+/PI+ staining patterns due to a loss of plasma and nuclear membrane integrity (Brauchle 

et al., 2014). Cells that stain positive for PI and negative for Annexin V-FITC are considered 

as dead. 
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2.2.6.3 Lactate dehydrogenase (LDH) assay  
 

Principle 

Plasma membrane leakage from necrotic cells causes the release of intracellular contents into 

extracellular milieu which include the cytoplasmic enzyme LDH (Chan et al., 2013). Therefore, 

the release of the enzyme LDH from cells can act as a useful indicator of detection of necrotic 

cell death. When combined with detection of necrosis by flow cytometry, LDH can be useful 

in confirming necrosis.  

Protocol 

LDH release was assayed using the Cytotox 96® Non-Radioactive Cytotoxicity Assay as per 

manufacturer’s instructions (Promega, Cat #: G1780, Madison, 

Wisconsin, USA). Briefly, aliquots (50 µL) were collected in a fresh 96-well clear bottom plate 

after centrifuging the 96-well cell culture plate at 400 x g for 4 mins to remove cell 

debris. Then, 50 µL of CytoTox96® Reagent was added to each sample aliquot before 

incubating for 30 mins at room temperature, protected from light. Following the 30-minute 

incubation, 50 µL of stop solution was added to each sample aliquot. LDH release into the 

medium was measured at 490 nm using a spectrophotometer (BioTek Synergy HT Microplate 

Reader, USA). 

Data analysis 

The blank (average of three replicates) was subtracted from all the values. Then, LDH release 

(% of maximal LDH release) was calculated using the equation below.  

% 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 = 100 𝑥
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (490 𝑛𝑚)

𝑀𝑎𝑥𝑖𝑚𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (490 𝑛𝑚)
 

 

2.2.7 Detection of oxidative stress  
 

Given the fact that beta cells are extremely susceptible to oxidative stress due to their low 

antioxidant capacity, reactive oxygen species (ROS) attack is majorly involved in beta cell 

dysfunction and survival (Drews et al., 2010). Therefore, we measured the generation of 

intracellular ROS and mitochondrial superoxide, as well as antioxidant capacity.  
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2.2.7.1 Detection of intracellular ROS; The dichloro-dihydro-fluorescein 

diacetate (DCFH-DA) assay 
 

Principle  

Several fluorescent probes are used to detect intracellular ROS. These include general probes 

such as dihydro-compounds (i.e., dihydroethidium, dihydrorhodamine 123 and dihydrocalcein) 

and chloromethyl-2,7-dichlorodihydrofluorescien diacetate. Intracellular formation of ROS 

was detected using the fluorescent probe 2,7-dichlorodihydrofluorescien diacetate (DCFH-

DA). DCFH-DA enters the cell and is hydrolysed by 

intracellular esterases into dichlorodihydrofluorecein (DCFH), which, upon 

oxidation by intracellular ROS, turns into fluorescent 2’,7’-dichlorofluorescein (DCF) 

(Eruslanov & Kusmartsev, 2010; Gomes et al., 2005) 

Protocol 

For method optimisation purposes, a positive control (hydrogen peroxide) was used to 

empirically determine an optimal DCFH-DA concentration for detecting intracellular ROS 

generation. This, in addition to extensive literature search, was used to determine the most 

appropriate conditions for this experiment. The following conditions were tested:  

 

1. Optimal dye-loading concentration of H₂DCFDA (10 or 20 μM) 

The concentration of DCFH-DA used differs from study to study depending on several 

parameters (i.e., cell line used). However, several studies determined that 10 or 20 μM DCFH-

DA was sufficient to detect intracellular ROS generation. Therefore, we empirically determined 

the most appropriate DCFH-DA to detect ROS formation in INS-1E cells by exposing them to 

10 or 20 μM DCFH-DA for 30 mins. Figure 2.5 shows that DCFH-DA 10 µM was enough to 

visualise intracellular ROS formation (green fluorescence) in INS-1E cells exposed to hydrogen 

peroxide (H2O2) for 1 hr, therefore, this concentration was deemed sufficient to use in our study.  
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Figure 2.5 Effects of H2O2 on intracellular ROS generation on INS-1E cells assessed by the DCFH-DA assay. 

INS-1E cells were exposed to H2O2 for 1 hr before staining with DCFH-DA (10 μM). The fluorescent with 

brightfield overlay image of ROS level was obtained by laser scanning confocal microscopy. The green 

fluorescence represents DCF which was oxidised from DCFH by ROS. (Scale bar, 100 μm). 

 

2. DCFH-DA loading time (30 vs. 60 mins) 

Loading time varies from one study to another however, 30 to 60 mins were determined to be 

sufficient to detect intracellular ROS generation in INS-1E cells. To determine the optimal 

DCFH-DA loading time, INS-1E cells were stained with 10 μM DCFH-DA for 30 or 60 mins. 

A 30-minute staining period was enough to visualise DCF fluorescence using confocal 

microscopy (Figure 2.5).  

After determining the optimal conditions for the method, the optimised protocol for intracellular 

ROS generation measurements with the DCFH-DA probe is as follows. 

A 20 mM stock solution of 2ʹ,7ʹ-Dichlorodihydrofluorescein Diacetate (DCFH-DA) (MW = 

487.29 g/mol) was prepared by dissolving 1.5 mg of DCFH-DA in 1 mL of DMSO. Several 

aliquots of DCFH-DA stock solutions were stored at –20oC and thawed when required to 

measure intracellular ROS generation. A 100 µM H2O2 solution was prepared by diluting 0.114 

µL of H2O2 30% (w/w) in 10 mL of PBS.  

After treatment protocol, cells were washed twice with 3 mL of prewarmed (37oC) PBS per 

well and stained with 1 mL of a 10 µM DCFH-DA working solution which was prepared by 

diluting 9.76 µL of 20 mM DCFH-DA stock solution in 10 mL of prewarmed PBS. A negative 

control consisting of unlabeled cells (PBS only) was included for each experiment.  
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Intracellular ROS generation was observed and photographed using an inverted confocal laser 

scanning microscope (Leica TCS SP5 Confocal Laser Scanning Microscope, Germany) and the 

accompanying Confocal LAS AF software or the Zeiss Confocal Laser Scanning Microscope, 

Germany and the accompanying Zeiss Zen imaging software. The Argon laser at power 0.1-

10% was set using the Confocal LAS AF software or Zeiss Zen imaging software (Table 5, 

Appendix I). The imaging parameters were chosen as to ensure a 1024 x 1024 format. Next, 

the beam path window was set to excite DCFH-DA using the 488 Argon (Blue) laser line (FITC 

filter settings).  Emission light passed through a 20X, 0.5NA objective and was filtered by a 

bandpass filter of ~500-580 nm. The gain and offset controls were set manually to produce 

bright and clear images with little noise. The settings were the same for each sample of a 

biological replicate. Image noise was reduced by rescanning the specimen slice several times 

using the line average parameter of 2 and a frame average of 3. To avoid biasing, random 

regions of the well were imaged for each sample.  

Data analysis 

Images were taken to visualise and quantify intracellular ROS generation using the ImageJ 

software (Maryland, USA). Intracellular ROS generation was visualised by the resulting green 

fluorescence. DCF mean fluorescence intensity (MFI) was determined using the imageJ 

software and used to quantify intracellular ROS generation. DCF fluorescence intensity is 

directly proportional to the amount of ROS species in the cell. Fluorescence compensation (to 

avoid autofluorescence measurements) was performed by subtracting the MFI of the DCFH-

DA-stained cells by the MFI of unlabelled cells. Additionally, in order to confirm that NNRTIs 

and NRTIs did not cause an increase the DCF fluorescence in the presence of DCFH-DA, we 

conducted several experiments to assess DCF fluorescence (no cells) in the presence of 10 µM 

DCFH-DA. There was no DCF fluorescence detected in these conditions (data not shown).  

To confirm our quantitative results for NNRTI treatments, a set of experiments measuring 

intracellular ROS fluorescence in a 96-well plate.  

Following treatment protocol, cells were stained with prewarmed (37oC) PBS containing 10 

µM DCFH-DA for 30 mins. Then, stained cells were washed twice with PBS and fluorescence 

was measured in a microplate fluorometer at 495 nm excitation and 530 nm emission. The 

values obtained were normalised to cell proliferation by Crystal Violet assay. The crystal violet 

assay was performed by removing the DCFH-DA solution before adding 50 μL in 0.2% crystal 

violet in 20% ethanol for 10 mins at room temperature. Then, the cells were washed four times 
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with 200 μL of distilled H2O. After complete removal of distilled H2O, the plates were left to 

air dry before solubilising the crystal violet with 0.1% SDS in H2O. A spectrophotometer 

(BioTek Synergy HT Microplate Reader, USA) was used at 570 nm to measure absorbance. 

DCF fluorescence was normalised to Crystal violet absorbance.  

2.2.7.2 Detection of mitochondrial superoxide formation 

 
Principle 

The mammalian mitochondria are the main source of ROS formation in cells. Superoxide is the 

proximal mitochondrial ROS, and it is therefore important to measure superoxide formation by 

the mitochondria. Mitochondrial superoxide formation was assessed with the MitoSOX 

mitochondrial superoxide indicator.  

Protocol 

A time course experiment was preferred in order to pinpoint the exact occurrence of 

mitochondrial superoxide production in INS-1E cells. To do so, INS-1E cells were exposed to 

efavirenz (20 µM) or rilpivirine (10 µM) for 2, 4, 6 or 24 hrs. A 5 mM stock solution of 

MitoSOX™ Red reagent (MW = 759 g/mol) was prepared by adding 13 µL of DMSO to 50 µg 

of MitoSOX™ Red reagent. The stock solution was stored at -20oC. Recommendations for 

experimental protocols provided by the manufacturer were used as a starting point, and optimal 

labelling conditions were determined empirically.  

Following cell growth and treatment protocol, the cells were washed once with 3 mL of 

prewarmed (37oC) PBS and gently scrapped off the plates with a cell scrapper in 1 mL of 

prewarmed PBS. Then, the cells were transferred to a 1.5 mL Eppendorf tube and centrifuged 

for 5 mins at 300 x g. Following centrifugation, the cell pellet was resuspended in 1 mL of 

prewarmed PBS before equally diving the cell suspension in two 1.5 mL Eppendorf tubes: these 

account for the unstained vs MitoSOX-stained cells for each sample. The cells were centrifuged 

once more at 300 x g for 5 mins before resuspending with a freshly prepared 5 µM MitoSOX 

reagent working solution in Hank’s Buffer Salt Solution (HBSS) and incubated in the dark for 

10 mins at 37oC. The unlabelled cells were resuspended in 0.5 mL of HBSS and were also 

incubated for 10 mins at 37oC.  Following the 10-minute incubation, cells were centrifuged for 

5 mins at 300 x g. After centrifugation, the supernatant was removed, and MitoSOX-stained 

cells were washed twice by adding 1 mL of prewarmed HBSS with intermediate centrifugation 

at 300 x g for 5 mins. Then both labelled and unlabelled cells were resuspended in 0.5 mL of 

prewarmed HBSS. MitoSOX fluorescence intensity was then immediately measured using flow 
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cytometry (BD C6 Flow Cytometer; BD Biosciences; Becton-Dickinson Co., Franklin Lakes, 

New Jersey, USA).  

Data analysis 

The same gating strategy used for flow cytometric analysis of cell death and Δψm changes (see 

2.2.5.2) was performed.    

A univariate histogram was drawn using the Flow Jo software (Tree Star Inc., USA) to obtain 

the mean fluorescence intensity (MFI) of MitoSOX fluorescence (excitation/emission 396/610 

nm) at the FL2 channel for all the samples. Fluorescence compensation was performed by 

subtracting the MFI of the stained cells by the MFI of unstained cells. MFI was calculated as 

% of vehicle treated control cells.  

2.2.7.3 Determination of antioxidant capacity; The ABTS 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) assay  
 

Principle 

The 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assay is a colorimetric 

assay adapted by Re et al. (1999). The ABTS assay is commonly used to assess antioxidant 

activity. The assay is based on the formation of the ABTS•+ radical and measures the ability of 

cells to scavenge the ABTS•+ radical. ABTS•+ is decolorised by antioxidants according to their 

antioxidant capacities (Re et al., 1999 and Erel, 2004).  

Protocol 

An ABTS (MW = 548.68 g/mol)-distilled water solution (8 mg/mL) and a potassium persulfate 

water solution (1.32 mg/mL) were prepared. Equal volumes (5 mL) of ABTS water solution 

and potassium persulfate water solution were mixed together to produce an ABTS+ stock 

solution (7 mM). The ABTS+ stock solution was covered in foil and left in the dark at room 

temperature for 16 hrs to produce ABTS++ di-cationic radical. This solution is the ABTS stock 

solution. After the 24-hour incubation period, a volume of 100 μL of ABTS solution was then 

quickly added to all the prefilled wells on the plate shown above, using a multichannel pipette. 

The 96-well plate was then immediately placed in the spectrophotometer (BioTek Synergy HT 

Microplate Reader, USA), to read the absorbance using a kinetic assay mode (total time = 10 

mins; interval = 30 secs; absorbance = 405 nm). 
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Data analysis  

The absorbance measurements of the treated cells were expressed as % of the absorbance 

observed in vehicle (DMSO)-treated cells (control). 

 

2.2.8 Changes in mitochondrial membrane potential  
 

Mitochondrial membrane potential (Δψm) is a strong indicator of mitochondrial function and 

viability, and overall cellular health. Any sustained changes to the levels of Δψm may be 

deleterious. Several fluorescent probes have been developed since 1980 to monitor changes in 

Δψm. These probes can be used to analyse the mitochondria and mitochondrial activities using 

image analysis and flow cytometry. Examples of these dyes include rhodamine dyes (i.e., 

tetramethylrhodamine ethyl ester and rhodamine 123), carbocyanine dyes (i.e., DiOC6(3)) and 

5,5′,6,6′‐tetrachloro‐1,1′,3,3′‐tetraethylbenzimidazolcarbocyanine (JC-1)) and rosamine dyes 

(MitoTracker).  

In this study, Δψm changes were monitored using two different probes: 3,3′-

dihexyloxacarbocyanine iodide (DiOC6(3)) and tetramethylrhodamine ethyl ester (TMRE). 

Initially, we used DiOC6(3) as a probe to monitor changes in Δψm. However, we obtained 

variation in the results (data not shown). Additionally, DiOC6(3) has previously been shown to 

be non-specific to the mitochondria, hence this prompted need to evaluate Δψm using another 

probe. TMRE is a positively charged dye that accumulates in active mitochondria due to their 

relative negative charge.  

Principle 

Tetramethylrhodamine ethyl ester (TMRE) and tetramethylrhodamine methyl ester (TMRM) 

specifically stain polarised mitochondria rather than other intracellular organelles whereas 

DiOC6(3) is not specific to mitochondria (Cottet-Rousselle et al., 2011). TMRM and TMRE 

have been described as non-toxic and highly fluorescent (Cottet-Rousselle et al., 2011; 

Ehrenberg et al., 1988). Additionally, Cottet-Rousselle et al. (2011) explained that TMRE can 

be used in low concentrations with no quenching effect (non-quenching mode up to 100 nM 

TMRE). TMRE is a positively charged dye that accumulates in active mitochondria due to their 

relative negative charge while inactive mitochondria fail to retain TMRE. TMRE fluorescence 

intensity, relative to the Δψm, can be measured using flow cytometry or microscopy (Cottet-
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Rousselle et al., 2011). Hence, TMRE fluorescence was used as a quantitative analytical tool 

for mitochondrial membrane potential using flow cytometry.  

Protocol 

For method optimisation purposes, a positive control, carbonyl cyanide m-chlorophenyl 

hydrazine (CCCP) was used to empirically determine an appropriate technique for monitoring 

Δψm changes using TMRE in INS-1E cells. CCCP is a mitochondrial oxidative 

phosphorylation uncoupler and has been used in many studies as a reliable way of evaluating 

the occurrence of mitochondrial depolarisation (Cottet-Rousselle et al., 2011). Treating INS-

1E cells with CCCP is expected to induce depolarization and eliminate Δψm and TMRE 

staining. A 50 mM stock solution of CCCP (MW = 204.616 g/mol) was prepared by dissolving 

10.23 mg of CCCP in 1 mL of DMSO. Several aliquots of CCCP stock solutions were stored 

at –20oC and thawed when required for ∆ψm measurements. 

When determining optimal TMRE loading time in INS-1E cells (20 vs. 30 mins), the minimal 

loading time of 20 mins was found to be sufficient to detect ∆ψm. Then, optimal concentrations 

of CCCP (10, 30 or 50 µM) and TMRE (50, 100 and 200 nM) were investigated. A 1 mM stock 

solution of TMRE (MW = 514.95 g/mol) was prepared by dissolving 0.51 mg of 

tetramethyrhodamine ethyl ester perchlorate in 1 mL of DMSO. Several aliquots of TMRE 

stock solutions were stored at –20oC and thawed when required for ∆ψm measurements. This 

would help determine the lowest concentration of TMRE needed to detect a disruption in 

mitochondrial membrane potential and the most effective concentration of the positive control 

to obtain a loss of mitochondrial membrane potential. It was determined that 50 nM TMRE was 

the most appropriate concentration to use for the determination of ∆ψm in INS-1E cells as it 

was sufficient to detect changes in ∆ψm. A dose-response curve of INS-1E cells exposed to 

increasing concentrations of CCCP is shown below (Figure 2.6). As expected, the highest 

concentration of CCCP (50 μM) caused a profound loss of ∆ψm in INS-1E cells. Therefore, 

CCCP 50 μM was used a positive control for future experiments (Figure 2.6). 
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Figure 2.6 Dose-response curve of TMRE fluorescence in INS-1E cells treated with CCCP. INS-1E cells were 

exposed to vehicle (DMSO) or CCCP (10, 30 or 50 µM) for 20 mins in TMRE (50 nM) working solution. Samples 

were then subject to flow cytometric analysis.  

 

Mean TMRE fluorescence reduced in CCCP-treated INS-1E cells compared to vehicle-treated 

cells, confirming that the optimized protocol works (Figure 2.7).  

 

 

Figure 2.7 Impact of CCCP treatment on TMRE fluorescence in INS-1E cells. INS-1E cells were exposed to 

DMSO alone or CCCP (50 µM) and stained with TMRE (50 nM) for 20 mins before measuring TMRE 

fluorescence by flow cytometry. A shift to the left (CCCP treatment) signifies a lower TMRE fluorescence than 

vehicle-treated cells. A lower TMRE fluorescence signifies a reduced Δψm. FL2 fluorescence and graphs were 

obtained using FlowJo.  
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After method optimisation, the following protocol was adopted for the measurements of ∆ψm 

in INS-1E cells. 

A 50 nM TMRE working solution was freshly prepared prior each experiment by diluting 2.5 

µL of the 1 mM TMRE stock solution in 50 mL of prewarmed PBS (37oC). Following cell 

growth and treatment protocol, the cells were washed once with 3 mL of prewarmed (37oC) 

PBS and gently scrapped off the plates with a cell scrapper in 1 mL of prewarmed PBS. Then, 

the cells were transferred to a 1.5 mL Eppendorf tube and centrifuged for 5 mins at 300 x g. 

Following centrifugation, the cell pellet was resuspended in 1 mL of prewarmed PBS before 

equally diving the cell suspension in two 1.5 mL Eppendorf tubes: these account for the 

unstained vs TMRE stained cells for each sample. The cells were centrifuged once more at 300 

x g for 5 mins before resuspending with a freshly prepared 50 nM TMRE working solution and 

incubated in the dark at 37oC for 20 mins; these are the TMRE stained cells. The unstained cells 

were resuspended in 0.5 mL of prewarmed PBS and incubated at 37oC for 20 mins to match the 

conditions of TMRE-stained cells. Cells were also treated with 50 µM CCCP (positive control) 

by adding 0.5 μL of 50 mM CCCP in 0.5 mL of TMRE working solution. Following staining, 

cells were centrifuged for 5 mins at 300 x g. After centrifugation, the supernatant was removed, 

and both stained and unstained cells were resuspended in 0.5 mL of prewarmed (37oC) PBS. 

TMRE fluorescence intensity was then immediately measured using flow cytometry (BD C6 

Flow Cytometer; BD Biosciences, New Jersey, USA). A vehicle (DMSO)-treated control and 

positive control (50 µM CCCP) were included in each experiment.  

Data analysis 

The same gating strategy used for flow cytometric analysis of cell death (see 2.2.6.2) was 

performed.   

A univariate histogram was drawn using the Flow Jo software (Tree Star Inc., Oregon, USA) 

to obtain the mean fluorescence intensity (MFI) at the FL2 channel for all the samples, including 

the control and the positive control (50 µM CCCP).   

Inactive or depolarised mitochondria have decreased membrane potential and thus fail to retain 

the TMRE dye and as a result show low fluorescence signal. More polarised mitochondria have 

increased membrane potential and thus accumulate more TMRE dye and as a result show high 

fluorescence signal. Fluorescence compensation was performed by subtracting the MFI of the 

stained cells by the MFI of unstained cells. MFI was calculated as % of vehicle (DMSO)-treated 

control cells.  
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2.2.9 Glucokinase activity assay 
 

Principle 

Glucokinase is a key enzyme in pancreatic beta cells that phosphorylates glucose into glucose 

6-phosphate using ATP as the phosphate group donor. The figure below summarises the 

principle of this assay (Figure 2.8).  

 

 

Figure 2.8 Glucokinase activity assay principle. Glucose 6 phosphatase is converted to 6-Phosphogluconolactone 

by glucose 6-phosphatase dehydrogenase. The formation of glucose 6 phosphate is used to indirectly determine 

the activity of glucokinase. ADP, Adenosine diphosphate; ATP, Adenosine triphosphate; NAD+, Nicotinamide 

adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide hydrogen. 

 

The following protocol describes an indirect assay to determine the activity of glucokinase in 

INS-1E cells. Glucose 6-phosphate formed by glucokinase is measured by the production of 

NADPH in the presence of glucose 6-phosphate dehydrogenase (Figure 2.8).  

Protocol  

This protocol was adapted from Pakoskey et al. (1965) and was optimised as described below.  

Before commencing the procedure, we freshly prepared a 10 mM glucose solution, 20 mM ATP 

solution and 10 mM NADP solution in distilled H2O. The spectrophotometer was turned and 

heated to 37oC. 

Following treatment protocol, the cells were washed twice with 3 mL of PBS per well. Cells 

were then harvested by scraping in 1 mL of PBS per well. Then, the cells were centrifuged for 

1 min at 300 x g. The cells were then resuspended in 100 μL of 100 mM Tris buffer. The cells 

were then subject to freeze-thaw cycles to ensure cell lysis. After the last freeze-thaw cycle, 

cells were resuspended and centrifuged for 10 mins at 300 x g. The supernatant was used as 

sample for the glucokinase activity assay.  
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A mixture of 100 mM Tris buffer (6.275 mL), 100 mM magnesium sulphate buffer (1.15 mL), 

(0.56 mL) 20 mM ATP solution and (0.56 mL) 10 mM NADP solution was prepared. Then, 13 

μL of glucokinase enzyme was added to 2 mL of this mixture, creating a mixture which will be 

referred as ‘glucokinase mixture’.  

Each sample was subject to a control (i.e., 10 μL of sample in 40 μL of distilled water) versus 

an experimental (i.e., 10 μL of sample in 20 μL of 10 mM of glucose solution and 20 μL of 

distilled water) in 150 μL of glucokinase mixture added to each well of a 96-well plate. The 96-

well plate was then immediately placed in the spectrophotometer, to read the absorbance using 

the kinetic assay mode (total time = 10 mins; interval = 120 secs; absorbance = 340 nm) (BioTek 

Synergy HT Microplate Reader, USA). 

Data analysis 

Glucokinase activity was calculated using the following equations (a) and (b).  

(a) 𝑑𝐴/𝑑𝑡(𝑚𝑖𝑛 − 1) = [𝑅𝑎𝑡𝑒]𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − [𝑅𝑎𝑡𝑒]𝑐𝑜𝑛𝑡𝑟𝑜𝑙 = 𝑑𝐴/𝑑𝑡 

(b) 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
1000𝑥𝑇𝑉𝑥𝐷𝑥𝑑𝐴/𝑑𝑡

𝜀𝑥𝑉𝑥𝐶𝐹
 

 

Activity: Volumetric activity (U/L) 

TV: Total volume in cuvette (1000 µL)  

D: Dilution of the cell extract (50 µL of cell extract was added to 950 µL of deionised water then, D=20)  

V: Volume of cell extract used (50 µL)  

Ƹ: Molar extinction coefficient for NADPH (6.22 L/mmol for a path length of 1.0 cm) 

CF: Concentration Factor of cell extract (if 100 mL sample was concentrated to a 2 mL volume for the French 

Press, then CF=50 

 

After performing a Bradford protein assay as described above (see 2.2.4), the specific 

glucokinase activity was calculated using the equation below (c).  

(c) 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
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2.2.10 Detection of ER stress using ELISA 
 

Due to the increased demand for insulin synthesis and secretion under diabetic conditions, beta 

cell dysfunction and apoptosis are closely associated with ER stress (Eizirik et al., 2008; Cnop 

et al., 2017; Egushi et al., 2021). ER stress is associated with increased expression of CHOP 

and ER chaperones such as GRP78. 

ER stress was detected using the rat DDTI3/CHOP ELISA kit (LifeSpan Biosciences, 

Cambridgeshire, UK) in order to obtain preliminary data to determine whether ER stress is 

involved.  

Principle 

The DDTI3/CHOP ELISA monitors CHOP expression profile in cells. CHOP is a key marker 

of ER stress. In this case, the kit can be used for measuring the relative amounts of CHOP in 

INS-1E cells after exposure to the antiretroviral agents under investigation. 

Protocol 

Following cell growth and treatment protocol, CHOP expression in INS-1E cells were assayed 

using rat DDTI3/CHOP ELISA kit, according to the manufacturer’ instructions (Cat#: LS-

F11285, LifeSpan Biosciences, Cambridgeshire, UK). Briefly, cell lysates were prepared by 

collecting cells and pelleting the cells by centrifuging at 500 x g for 5 mins. Following 

centrifugation, the supernatant was removed, and the cells were washed three times with PBS 

and then resuspended in PBS. The cells were lysed by freezing the cells to -20oC and thawing 

to room temperature three times. The cells were then centrifuges at 1500 x g for 10 mins at 4oC 

to remove cellular debris. The supernatant was then collected for assaying. Standards were 

prepared using the standard stock solution diluted in Sample Diluent. Standards, samples and 

blanks (100 μL) were added into respective wells of the microplate provided at incubated for 1 

hr at 37oC. The solution was then aspirated and 100 μL of Detection Reagent A working 

solution was added to each well. The microplate was then incubated for 1 hr at 37oC. The 

solution was then aspirated, and each well was washed three times with 300 μL Wash Buffer 

using a multichannel pipette. After washing, the Wash Buffer was completely removed, and the 

microplate was tapped. Then, Detection reagent B (100 μL) was added to each well before 

incubating for 30 mins at 37oC. After incubation, the solution was removed, and each well was 

washed five times with Wash Buffer. After the complete removal of the Wash Buffer by 

tapping, TMB Substrate solution (90 μL) was added to each well and incubated for 15 mins at 

37oC. Then, Stop Solution (50 μL) was added to each well before immediately reading 
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absorbance at 450 nm using a spectrophotometer (BioTek Synergy HT Microplate Reader, 

Vermont, USA). 

Data Analysis 

The values obtained were normalised against total cellular protein concentrations determined 

with the Bradford assay (see 2.2.4) and expressed as % vehicle (DMSO)-treated cells.  

 

2.2.11 Messenger RNA extraction and quantitative reverse 
transcription polymerase chain reaction (RT-qPCR)  
 

Principle 

Quantitative reverse transcription polymerase chain reaction (PCR) is used to analyse the 

expression of genes of interest. RT-qPCR consists of transcribing the starting material, RNA, 

into complementary DNA (cDNA) by reverse transcription. The cDNA serves as the template 

for the qPCR reaction. Here, we analyse the mRNA expression of key markers of ER stress 

(i.e., CHOP and GRP78) as well as a key functional gene in beta cells (i.e., PDX-1) and 

mitochondrial uncoupling protein 2 (UCP2). 

 We also assess the mRNA expression of the subunits of the pancreatic beta cell ATP-sensitive 

potassium channel, the inwardly rectifying potassium channels subfamily 6 and subtype 2 

(Kir6.2) and sulfonylurea receptor 1 (SUR1).  

Protocol 

Sample preparation  

Following cell growth and treatment protocol, INS-1E cells were enzymatically harvested with 

1 mL of trypsin/EDTA (0.05%). After trypsinisation for 1 to 2 mins, 2 mL of 1640 RPMI media 

supplemented with 10% heat-inactivated FCS was added to neutralise the trypsin. Then, 1 mL 

of cell suspension from each sample was transferred to RNAse-free microfuge tubes (Thermo 

Fisher Scientific). Cells were then centrifuged at 300 x g for 5 mins. Following centrifugation, 

the supernatant was completely removed, and the cell pellets were immediately stored at -80oC. 

Total RNA extraction 

The cell pellets were thawed at room temperature (~25oC). Total RNA was isolated from INS1E 

cells using the RNeasy Mini Kit (Qiagen, Cat#: 74104, Hilden, Germany) according to the 

manufacturer’s instructions with several alterations as per method optimisation. In summary, 

INS-1E cells were disrupted in 350 µL buffer RLT and homogenised. Then, 350 µL of 70% 
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ethanol was added to the lysate, thus creating conditions that promote selective binding of RNA 

to the RNeasy membrane supplied. Then, 700 µL of the lysate was applied to the RNeasy Mini 

spin column which was centrifuged at ≥ 8,000 x g for 1 min. Contaminants were washed away, 

and high-quality RNA was eluted in 40 µL RNAse-free water. Elution was done in two steps: 

the RNA was firstly eluted in 20 µL of RNAse-free water and centrifuged before adding another 

20 µL of RNAse-free water and centrifuged again. RNA was then transcribed into cDNA. The 

concentration of RNA was determined using a Nanodrop® Lite spectrophotometer (Thermo 

Fisher, USA), with nuclease-free water as zero absorbance reference. A Nanodrop® Lite 

spectrophotometer also provides a A260/A280 ratio that allows the assessment of purity. Values 

close to 2 are generally accepted as ‘pure’ RNA. Once the purity was deemed acceptable, and 

the amount of RNA was determined, then reverse transcription was carried out.  

Reverse Transcription 

Reverse transcription of RNA to cDNA was performed using QuantiTect Reverse Transcription 

Kit (Qiagen, Cat#: 205311, Hilden, Germany) as per manufacturer’s instructions. The genomic 

DNA (gDNA) elimination reaction was performed by adding the components in Table 2.3 then 

incubating the gDNA elimination reaction mix for 2 mins at 42oC. The volume of template 

RNA was calculated depending on the amount of RNA assessed earlier. For example, for 259.3 

ng/µL (A260/280: 2), 3.9 µL of template RNA was added to the genomic DNA elimination 

reaction mix (Table 2.3).  

Table 2.3 Genomic DNA elimination reaction components  

Component  Volume (in µL) /reaction 

gDNA Wipeout Buffer, 7 x  2 

Template RNA, up to 1 µg 3.9 

RNase-free water  8.1 

Total reaction volume                           14 

 

Then, the reverse transcription (RT) master mix was prepared by mixing all the components in 

Table 2.4, except the entire gDNA elimination reaction, in a single 0.2 mL PCR tube. This 

would reduce the risk of mixing up samples and contaminating one sample with another sample. 

We also made sure to obtain enough RT mix to add to the entire gDNA elimination reaction. 

For instance, to prepare five samples, we assumed we had a total of six samples to reduce the 

risk of pipetting errors. Then, 6 µL of this mixture was added to the entire gDNA elimination 

reaction (14 µL) obtained earlier. Then, the reverse transcription reaction was incubation for 15 
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mins at 42oC to initiate the reverse transcription process, followed by 3 mins at 95oC to 

inactivate the Quantiscript Reverse Transcriptase.  

Table 2.4 Reverse transcription reaction components  

Component  Volume (in µL) /reaction 

Quantiscript Reverse Transcriptase  1 

Quantiscript RT Buffer, 5x 4  

RT Primer Mix 1 

Entire gDNA elimination reaction 14 

Total reaction volume                           20 

 

SYBR green 

RT-qPCR analyses were performed on the cDNA preparations to detect the expression of the 

genes C/EBP homologous protein (CHOP), 78-kDa glucose-regulated protein (GRP78), 

pancreatic and duodenal homeobox 1 (PDX-1), inwardly rectifying potassium channels 

subfamily 6 and subtype 2 (Kir6.2), sulfonylurea receptor 1 (SUR1) and uncoupling protein 2 

(UCP2) using SYBR green fluorescence. The previously designed primers for CHOP, GRP78, 

PDX-1, UCP2, Kir6.2, SUR1 and GAPDH are outlined in Table 2.5 (Azzu et al., 2008; Cardozo 

et al., 2001; Kharroubi et al., 2004; Zhou et al., 2011). The primers were diluted in EDTA to 

produce a final stock solution concentration of 100 µM.  
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Table 2.5 Primer sequences for RT-qPCR   

 

 

The following parameters were checked as part of optimal primer design guidelines:  

• Sufficiently long (18-30 nucleotides)  

• G and C content between 40-60%  

• G or C at the end (GC clamp stabilises primer binding)  

• Long sequences of same nucleotide were avoided (e.g., 4 As or Ts)  

• Annealing temperature (Tm) - 5oC between forward and reverse primers for one gene  

SYBR qPCR amplifications were performed in 25 µL reactions of Rotor-Gene SYBR Green 

(Qiagen, Cat# 204074, Hilden, Germany), as per manufacturer’s protocol. The reactions 

contained 2x Rotor-Gene SYBR Green PCR Master Mix, forward and reverse primers, and 

variable volumes of RNAse free water and template DNA, depending on the amount of template 

DNA present in each sample as each reaction requires ≤ 100 ng/reaction of template cDNA. 

We empirically determined an appropriate volume of template cDNA (3 µL) which was 

sufficient to amplify (data not shown). We added all the components of SYBR green master 

mix shown in Table 2.6, except the template cDNA in a PCR tube. The reaction was made to 

25 mL total volume with nuclease-free water. We also made sure to obtain enough SYBR green 

mix for all samples. For instance, to prepare five samples, we assumed we had a total of six 

samples to reduce the risk of pipetting errors. Then, 22 µL of the SYBR green master mix 

(without the template cDNA) was added in individual 0.1 mL PCR strip tubes. Template cDNA 

was then added to the rest of the SYBR green master mix. The SYBR green reaction mix was 

then immediately subject to RT-qPCR as explained later.  

 

Gene   Sequence  size  

CHOP (Kharroubi et al., 
2004) 

Forward, 5′-CCAGCAGAGGTCACAAGCAC-3′  
Reverse, 5′-CGCACTGACCACTCTGTTTC-3′   

(125 bp)  

GRP78 (Kharroubi et 
al., 2004) 

Forward, 5′-CCACCAGGATGCAGACATTG-3′   
Reverse, 5′-AGGGCCTCCACTTCCATAGA-3′   
  

(100 bp)   

PDX-1 (Cardozo et al., 
2001) 

Forward, 5′-GGTGCCAGAGTTCAGTGCTA-3′  
Reverse, 5′-TTATTCTCCTCCGGTTCTGC-3′   

(369 bp)  

UCP2 (Azzu et al., 2008) Forward, 5′-GATCTCATCACTTTCCCTCTAGACA-3′ 
Reverse, 5′-CCCTTGACTCTCTCCTTGG-3’ 

 

Kir6.2 (Zhou et al., 
2011) 

Forward 5′-CGCATGGTGACAGAGGAATG-3′ 
Reverse 5′-GTGGAGAGGCACAACTTCGC-3′ 

(297 bp) 

SUR1 (Zhou et al., 
2011) 

Forward, 5′-AGGATGATACGGTTGAGCAGG-3′ 
Reverse, 5′-TGCCAGCTCTTTGAGCATTGG-3′ 

(558 bp) 

GAPDH (house-keeping 
gene) (Kharroubi et al., 
2004) 

Forward, 5′-AGTTCAACGGCACAGTCAAG-3′  
Reverse, 5′-TACTCAGCACCAGCATCACC-3′   

(118 bp)  
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Table 2.6 Example of reaction setup for RT-qPCR using Rotor-Gene SYBR Green  

 

 

All samples were subjected to RT-PCR in duplicates or triplicates with the following cycling 

conditions, as per manufacturer’s instructions (Qiagen, Cat# 204074, Hilden, Germany). The 

cycling conditions used in this study are detailed in Figure 2.9.  

 

 

Figure 2.9 Cycling conditions for RT-qPCR. The programme was set to heat the samples to 95°C for 5 mins for 

the initial denaturation. The second stage was the thermo-cycling phase, which consisted of a further denaturation 

of 5 secs at 95°C, annealing and extension at 60oC for 10 secs as all primer sets had an annealing temperature (Tm) 

below 60°C. This was repeated for 40 cycles. Figure created with BioRender.com. 

 

The resulting amplification curves, representing SYBR green fluorescence vs. number of cycles 

was used to determine a cycle threshold (Ct) value (Figure 2.10). To do so, an amplification 

Component  Volume (in µL) /reaction Final concentration  

2x Rotor-Gene SYBR Green 

PCR Master Mix 

12.5 1x 

Primer A (forward) 0.25  1 µM 

Primer B (reverse) 0.25 1 µM 

RNase-free water  9 ------ 

Template cDNA  3 ≤ 100 ng/reaction 

Total reaction volume                   25 µL 



 

113 
 

threshold was set using a log SYBR green fluorescence vs number of cycles graph. For accurate 

quantitation the threshold must be set so that all amplification curves cross this threshold while 

in the exponential phase. Ct values will be used for further data analysis.  

 

 

Figure 2.10 Representation amplification plot for RT-qPCR using SYBR green. Amplification curves for 

housekeeping and target genes from INS-1E cells. A threshold was set to obtain Ct values for housekeeping and 

target genes 

 

Standard curve and efficiency 

We conducted a standard curve to calculate the efficiency of our PCR primers (Figure 2.11). 

The reason we calculated PCR primer efficiencies is to be able to correctly analyse the results. 

For the calculation of gene expression, such as the comparative Ct method, it is assumed that 

the PCR primer efficiencies are comparable for the gene of interest and for the housekeeping 

gene.  

Efficiency was calculated according to the equation below (Figure 2.11):  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (10
−1

𝑆𝑙𝑜𝑝𝑒 (𝑖. 𝑒. −3.3789)
− 1) ×  100 

Therefore, the primer efficiency score was calculated as 98%, which is between the desired 90 

-110% range.  

 

 



 

114 
 

 

Figure 2.11 Slope of the regression between the log values and the average Ct values for PCR primer efficiency.  

 

Melt curve  

Melt curves were performed for each RT-qPCR run to confirm that a single amplicon has been 

generated by qPCR, confirmed by the presence of a single peak, hence indicating specific 

amplification (Figure 2.12). Other analysis tools, such as agarose gels can be used in 

conjunction with melt curves to determine the purity of an amplicon.  

 

 

Figure 2.12 Example melt curves for from RT-qPCR. The single peak is observed for an amplicon from GAPDH 

(red, yellow and pink) or from CHOP (blue, green and purple), which typically interpreted as a pure, single 

amplicon.  
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Agarose gel electrophoresis  

PCR products were visualized by agarose gel electrophoresis. The gel (0.8%) was prepared by 

dissolving agarose powder into 50 mL of 1x TAE buffer and heated until the agarose was 

dissolved completely. The solution was cooled to ~50°C then 3 μL of SYBR Safe DNA Stain 

was added before pouring the gel into the gel tray to allow it to set. 

The gel tray was fitted into the electrophoresis chamber (Biorad) and submerged in 1x TAE 

buffer. qPCR products (20 µL) were mixed with 1 µL of 6x TriTrack loading dye (Thermo 

Fisher, USA) before loading into wells alongside 5 µL of DNA ladder (Sigma-Aldrich). 

Electrophoresis was carried out at 120 V for 1 hr or until DNA separation was achieved. The 

product size was determined through visualization of bands under UV light using UV 

transillumination advanced imaging system (Alpha Innotech Fluorchem HD2). In fact, follow-

up analysis by gel electrophoresis revealed that both of these curves (Figure 2.12) generate a 

single amplicon, verifying a single qPCR product. 

 

Data analysis  

The threshold was adjusted accordingly in the exponential phase of amplification, between the 

initial linear phase of amplification and the plateau in order to minimise background 

fluorescence (see Figure 2.10). After setting the threshold, the Ct values were determined and 

collected using the Rotor-gene Q software (Corbett Research, Australia). Ct values were used 

to calculate the relative changes of gene expression using the comparative Ct method. Gene 

expression values were normalised to the house-keeping gene GAPDH. An example of the 

calculations required to assess the relative changes of gene expression are shown in Table 3, 

Appendix I.   

 

2.2.12 Measurement of protein levels by Western blot 
 

Principle  

 

Western blot was performed to detect and characterise specific proteins. It is based on the 

principle of immunochromatography, as proteins are separated into polyacrylamide gel 

according to their molecular weight. The proteins are then transferred onto nitrocellulose 

membrane and are detected following incubation with a specific primary and secondary enzyme 
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(HRP) – labelled antibody. Here, we investigate the expression of the proteins CHOP, GRP78, 

key ER stress markers in order to confirm the results obtained by ELISA (see 2.2.10). To 

confirm apoptosis (see 2.2.6), we measured the expression of cleaved caspase-3, an executioner 

of apoptotic cell death. We also assess the protein expression of PDX-1. GAPDH was used as 

a loading control.  

Protocol 

Lysate preparation  

Following cell growth and treatment protocol, INS-1E cells were washed twice with cold PBS 

(10 mL) and scrapped in 10 mL of ice-cold PBS before being transferred to labelled centrifuge 

tubes placed on ice. The cells were then centrifuged into a pellet for 5 mins at 300 x g. Then, 

cells were lysed by resuspending the pellet in 200 μL of radioimmunoprecipitation assay 

(RIPA) buffer with a cocktail of protease and phosphatase inhibitors (0.1%). The samples were 

then kept on ice for 30 mins prior centrifugation at 20,000 x g for 30 mins at 4oC. The 

supernatants were then collected and stored at -80oC. To prepare the samples for protein 

electrophoresis, protein lysates were thawed on ice and a 1:1 protein lysate and 2x Laemmli 

buffer supplemented with 2-mercaptoethanol (5%) mixture (50 µL the lysate and 50 µL of 2x 

Laemmli buffer with 2-mercaptoethanol) was prepared in labelled Eppendorfs for each 

sample. Then, the protein lysates in Laemmli buffer were heated on a heat block. This procedure 

would allow the denaturation of proteins, facilitating protein electrophoresis strictly by 

molecular weight. The temperature for denaturation of proteins was determined empirically. A 

standard 95oC for 5 mins was initially performed, however, CHOP protein was not detected 

unless the proteins were heated at 70oC for 10 mins. Therefore, protein lysates in Laemmli were 

heated for 70oC for CHOP expression and 95oC for 5 mins for GRP78 and PDX-1 expression 

to completely denature the proteins. GAPDH was visible with both conditions.  

Protein electrophoresis  

Proteins were separated onto polyacrylamide gel by sodium dodecyl sulphate (SDS)- 

polyacrylamide gel electrophoresis (PAGE).  

To do so, a 5% polyacrylamide gel and 10% or 12.5% polyacrylamide gel have been prepared 

by adding the components in Table 2.7, in descending order. The gel percentage choice 

depended on the size of protein of interests, with increasing gel percentage for smaller protein 

sizes. For CHOP (~30 kDa), GRP78 (~72 kDa) and PDX-1 (~38 kDa), a 10% polyacrylamide 
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gel was used (Table 2.7). For cleaved caspase-3 (~19 kDa) a 12.5% polyacrylamide gel was 

deemed as appropriate. GAPDH (~37 kDa) was detected in both gel percentages.  

Table 2.7 Recipe for 12.5%, 10% and 5% polyacrylamide gels for Western blot. The components were added in 

descending order. APS, ammonium persulfate; SDS, sodium dodecyl sulfate; TEMED, 

tetramethylethylenediamine. n.b. 10% w/v SDS was made by adding SDS (MW = 288.38 g/mol) to 1 mL of 

distilled H2O. 10% w/v APS was made by adding APS (MW = 228.18 g/mol) to 1 mL of distilled H2O.  

 

After preparing the 10% or 12.5% polyacrylamide gel, the gel was poured in a gel cassette, 

leaving space for the 5% polyacrylamide. The 5% polyacrylamide gel was then poured on top 

of the 10% or 12.5% polyacrylamide gel after it has polymerised. Immediately after pouring 

the 5% polyacrylamide gel, a gel comb (10- or 15-well gel comb depending on the amount of 

protein to be loaded) was embedded in the 5% polyacrylamide, on top of the gel cassette.  After 

allowing the 5% polyacrylamide gel to polymerise, the comb was gently removed in order to 

obtain wells for sample loading.  

For each protein of interest, the amount of protein to be loaded was empirically determined by 

loading different amounts of protein. For instance, to measure PDX-1 protein levels, several 

concentrations of proteins were tested (10, 20 and 40 μg) to determine the most appropriate 

concentration of protein to detect PDX-1. The same procedure was done with CHOP and 

GRP78, showing that an amount of 100 µg of protein was necessary to acquire visible intensity 

signalling bands by Western blot. Similarly, concentrations of primary and secondary 

antibodies were empirically determined by starting with the suggested manufacturer’s 

concentration and either increasing or decreasing the concentration depending on the results 

obtained.  

The proteins, quantified using the Bradford assay as described previously, were equally loaded 

(40 µg for PDX-1 expression and 100 µg for CHOP, cleaved caspase-3 and GRP78 expression) 

into the wells of 5% polyacrylamide gel. Page Ruler™ Plus molecular weight ladder (5 µL) 

 Polyacrylamide gel 

(12.5%) (12-70 kDa) 

Polyacrylamide gel 

(10%) (15-100 kDa) 

Polyacrylamide gel 

(5%) 

Distilled H2O 5 mL 4.3 mL 2.8 mL 

1.5M Tris 4 mL 2.5 mL -------- 

0.5M Tris ------- -------- 1.3 

10% w/v SDS 160 µL 100 µL 50 µL 

10% w/v APS 160 µL 100 µL 50 µL 

TEMED 16 µL 14 µL 7 µL 

Acrylamide 30% v/v 6.7 mL 3.3 mL 830 µL 
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(Thermo Fisher, USA) was added to the first well to ensure the identification of proteins. The 

denatured proteins alongside the molecular weight ladder were separated by SDS-PAGE for 

approximately 1 hr at 100 V at room temperature (25oC).  

Membrane transfer  

In this step, the separated proteins were transferred out of the gel and onto a nitrocellulose 

membrane. The nitrocellulose membrane is popular for its high protein-binding affinity, its 

ability to immobilise proteins and its compatibility with a variety of detection methods 

including chemiluminescence. The wet transfer method was adopted and prepared according to 

Figure 2.13. The 5% polyacrylamide was gently cut off the rest of the gel and the remaining gel 

with the proteins was submerged in transfer buffer for 10 mins before assembling the wet 

transfer sandwich (Figure 2.13). The nitrocellulose membrane, filter papers and sponges were 

also submerged in transfer buffer to ensure a wet transfer. Following the assembly of the wet 

transfer sandwich, the gel holder cassette was placed in the buffer tank filled with transfer buffer 

and the proteins were left to transfer for 75 mins at 100 V at room temperature.  

 

Figure 2.13 Wet transfer sandwich. 1) The gel was removed from its cassette and the top portion containing the 

wells was cut off; 2) The gel, nitrocellulose membrane, filter papers and sponges were equilibrated in transfer 

buffer; 3) The transfer sandwich was then placed in a gel holder cassette with the order illustrated above. Figure 

created with BioRender.com. 
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Fixation (additional step) 

After several attempts, it was found that CHOP was not easily detected. Therefore, for 

CHOP detection, an additional step of fixation of proteins to the nitrocellulose membrane 

with 0.5% glutaraldehyde v/v in PBS for 5 mins was 

performed as previously described (Turpin et al., 2020).  

Immunoblotting   

After the wet transfer of proteins onto the nitrocellulose membrane (or fixation in the case of 

CHOP protein), the nitrocellulose membrane containing the proteins was blocked with Tris-

buffered saline (TBS) containing 0.05% v/v Tween 20 (TBS-T) and 5% non-fat dried milk for 

1 hr at room temperature. Then, the protein was immunoblotted with the antibody of 

interest (dilution in 5% non-fat dried milk in 0.05% TBS-T), the rabbit polyclonal anti-

PDX1 IgG antibody (1:1000), the mouse monoclonal anti-CHOP IgG1 κ antibody 

(1:200 for efavirenz treatments and 1:500 for rilpivirine treatments), the rabbit polyclonal anti-

GRP78 IgG (1:1000) or the rabbit monoclonal anti-cleaved capspase-3 (1:200) overnight at 

4oC. The excess primary antibody was washed off by washing the membrane three times with 

TBS-T for 10 min at 60 rpm and three times for 5 min at 60 rpm. After washing, the membrane 

was incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit-IgG for PDX-1 

(1:5000), GRP78 (1:4000) and cleaved caspase-3 (1:500) expression or the HRP-

conjugated mouse IgGκ antibody (1:500 for efavirenz treatments 

and 1:1000 for rilpivirine treatments) for CHOP expression for 1 hr at room temperature. Table 

2.8 and 2.9 detail the primary and secondary antibodies used in this study.  

 

Table 2.8 List of primary antibodies used in this study  

Primary antibody Company  Catalogue 

number 

RRID Species 

Monoclonal anti-

CHOP IgG1 κ  

Santa Cruz 

Biotechnology 

sc-7351 AB_627411 Mouse 

Polyclonal anti-GRP78 IgG Abcam 3216-1 AB_2279866 Rabbit 

Polyclonal anti-PDX-1 IgG Thermo Fisher 

Scientific 

PA5-78024 AB_2736337 Rabbit 

polyclonal anti- 

GAPDH IgG antibody  

Santa Cruz 

Biotechnology  

sc-25778 AB_10167668 Rabbit 
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Polyclonal anti-cleaved 

caspase 3 

Cell Signaling 

Technology 

9661 

 

AB_2341188 Rabbit 

 

Table 2.9 List of secondary antibodies used in this study  

Secondary antibody Company Catalogue 

number 

RRID 

HRP-

conjugated mouse IgGκ antibody  

Santa Cruz 

Biotechnology 

sc-516102 AB_2687626 

HRP -conjugated goat anti-rabbit 

IgG  

Santa Cruz 

Biotechnology 

sc-2004 AB_631746 

 

However, despite optimising all the considerations for protein detection (Figure 2.14), we failed 

to detect the protein expression of cleaved caspase-3. We opted for a 4-20% gradient gel, while 

increasing the amount of protein to 100 µg and the concentration of primary and secondary 

antibodies. We also attempted to fix the proteins with glutaraldehyde and use a PVDF 

membrane instead. We tested several transfer times (20, 30 and 45 mins) and added an extra 

PVDF membrane in case the protein was transferred through the first inner membrane. We 

attempted several times, but the expression of cleaved caspase-3 was not detected using 

Western blot. Therefore, we attempted to detect cleaved capase-3 by immunocytochemistry 

(see 2.2.13).  

 

Figure 2.14 Method optimisation for Western blot analysis.  
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Detection  

After washing, the bands were visualised with enhanced chemiluminescence (ECL) western 

blotting detection reagents and digital images were acquired using C-DiGit (LI-COR 

Biosciences, Nebraska, USA). 

Stripping and reprobing  

Following ECL detection, blots were then stripped and reprobed with the house-keeping 

protein, GAPDH. After stripping the blot twice with stripping buffer for 10 mins on a plate 

shaker (80 rpm), the blot was washed twice with PBS for 10 mins. Then, the stripped blot was 

washed twice with 0.1% TBS-T for 5 mins. The blot was then blocked with 5% non-fat milk in 

0.1% TBS-T for 1 hr. Following blocking, the blot was incubated with rabbit polyclonal anti-

GAPDH IgG antibody (1:1000) for 1 hr at room temperature. Then, the blots were washed 0.1% 

TBS-T for 45 mins with 10-minute intervals (three times) and 5-minute intervals (three times). 

Then, the blots were incubated with mouse anti-rabbit antibody (1:5000) for 1 hr at room 

temperature. The bands were visualised with ECL.  

Data analysis 

Using the Image Studio 5.0 software (LI-COR Biosciences, Nebraska, USA), the background 

was subtracted from the bands of interest before measuring densities of proteins of interest. 

Background-subtracted densities are proportional to protein levels. The results were then 

normalised to GAPDH protein levels.  

 

2.2.13 Detection and localisation of proteins by immunocytochemistry  
 

Principle 

Immunocytochemistry (ICC) was performed to detect and localise specific proteins in INS-1E 

cells. Here, we detect and localise a key protein involved in mitochondrial function, oxidative 

stress and GSIS: uncoupling protein 2 (UCP2). We also attempted to detect cleaved caspase-3 

by ICC, as we were not able to detect it by Western blot. 

Method optimisation 

The optimal experimental approaches were empirically determined in our study to ensure the 

protein of interest is clearly visualised and imaged by confocal microscopy. Therefore, INS-1E 
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cells were subject to different anti-UCP2 primary antibody and anti-mouse secondary antibody 

concentrations (Figure 2.15) and different cell culture conditions as detail in Table 2.10. 

 

 

Figure 2.15 Method optimisation for immunocytochemical analysis of UCP2 in INS-1E cells. INS-1E cells were 

exposed to palmitate 500 µM for 24 hrs before measuring UCP2 protein levels by immunocytochemical analysis. 

The green fluorescence represents UCP2 protein while blue fluorescence represents DAPI positive nuclei.  

After method optimisation as summarised in Table 2.6, the optimal experimental approaches 

were chosen to ensure the protein of interest is clearly visualised and imaged by confocal 

microscopy.  

Table 2.10 Summary of experimental considerations for ICC method optimisation in INS-1E cells 

Experimental 
consideration  

Options considered Outcome  

INS-1E cell seeding 
density 

Seeding density 
(0.5x105, 1x105 and 
2.5x105 cells/well)  

0.5x105 cells/well used as final seeding density. 
There were too many cells with higher seeding 

densities.  

Cell culture incubation 
time 

24, 48 or 72 hours  72 hours incubation prior treatment 

UCP2 – Unconjugated 
primary antibody  

 

Concentration (1:50, 
1:100, 1:200) 

1:50 used as final concentration for UCP2 
localisation. UCP2 was not visualised with 

lower concentrations.  

Secondary antibody 
(anti-mouse) 

Concentration (1 
µg/mL or 2 µg/mL) 

1 µg/mL used as final concentration for 
localising UCP2 as UCP2 was visualised. 
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Due to limited amounts of anti-cleaved caspase-3 antibody and to time constraints, we could 

only run two experiments. Therefore, we were not able to conduct method optimisation for 

detecting cleaved caspase-3. Hence, we used the suggested anti-cleaved caspase-3 antibody 

concentration (1:400) and of anti-rabbit antibody (1:500).  

 

Protocol 

INS-1E cells were seeded at a seeding density of 0.5x105 cells/well in a 6-well plate and 

incubated for 72 hrs at 37oC and 5% CO2. Then, the cells were exposed to efavirenz (20 µM) 

or rilpivirine (10 µM) for 24 hrs at 37oC and 5% CO2. Following treatment protocol, the cells 

were washed twice with PBS and then fixed with 3.7% formaldehyde for 10 mins at room 

temperature. Then, the cells were washed with 3% BSA in PBS prior permeabilisation with 

0.5% Triton® X-100 in PBS for 20 mins at room temperature. The cells were then washed 

twice with 3% BSA in PBS followed by blocking with 1% BSA and 0.1% Triton® X-100 in 

PBS for 1 hr at 2-8oC.  

Following blocking, the cells on coverslips were transferred into a humid chamber before 

incubating the cells with monoclonal mouse anti-UCP2 antibody (1:50) (Cat#: sc-390189; 

Santa Cruz Biotechnology, USA; RRID: AB 2721285) or anti-cleaved caspase-3 (1:400) (Cat#: 

9661; Cell Signaling Technology, USA; RRID: AB_2341188) diluted in 1% BSA and 0.1% 

Triton® X-100 in PBS overnight at 2-8 °C.  

After incubation with the primary antibody, the cells were washed 10 times with 3% FBS in 

PBS. Then, the cells were incubated with goat anti-mouse IgG Alexa Fluor™ 488 (1 µg/mL) 

(Thermo Fisher Scientific; Cat# A32723, RRID: AB_2633275) for UCP2 detection or with goat 

anti-rabbit Alexa Fluor™ 488 (1:500) (Thermo Fisher Scientific; Cat#: A-11008; RRID: 

AB_143165) for cleaved caspase-3 detection for 2 hrs at room temperature. Following 

incubation with the secondary antibody, the cells were washed 10 times with 3% FBS in PBS 

and ultimately once with PBS. Then, a coverslip with a drop of mounting medium with DAPI 

in order to localise the nucleus for localisation and counting purposes. The coverslip was then 

mounted onto the coverslip with cells facing down on the mounting medium. The cells were 

then incubated for 15 mins prior analysis with confocal microscopy.  
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Data analysis  

UCP2 expression was measured using ImageJ, a Java-based image processing program 

(Schneider et al., 2012). Mean fluorescence intensity (MFI) of UCP2-labelled cells was 

measured using ImageJ. Cell numbers were determined by counting the number of DAPI 

positive cells. MFI was normalised to number of cells per image. A secondary antibody control 

was performed for each sample by eliminating the primary antibody to ensure that the labelling 

observed is due to binding of the secondary antibody to the primary antibody. A labelling 

control (no incubation with primary and secondary antibodies) was also performed for each 

sample to identify the contribution of endogenous fluorescence, if present.  

2.2.14 Chemical structures and in silico docking 
 

Chemical structures were plotted using Jmol, an open-source Java viewer for chemical 

structures in 3D. Unguided docking of efavirenz or rilpivirine to predict binding sites was 

performed using SwissDock with CHARMM forcefield (Grosdidier et al., 2011).  The proteins 

structures used are explained in more detail in Chapter 4 and Chapter 5. The SwissDock 

predictions file provided Cluster Rank, Full Fitness scores and estimated Gibbs free energy ΔG. 

ΔG and the full fitness scores were used to identify favourable poses. A more negative ΔG score 

signifies a stronger binding affinity of the ligand to the target protein. Sample SwissDock 

predictions file data for the ligand efavirenz to the ND5 subunit of complex I, is shown in Figure 

1, Appendix I. A cluster is a predicted binding pocket on the target protein, and the cluster rank 

represents the different conformations of the ligand in a certain cluster.  

2.2.15 Statistical analysis 
 

Data are expressed as the mean ± mean standard deviation (SEM) or standard deviation (SD). 

The level of statistical significance was set at p < 0.05 and was assessed by one-way or two-

way ANOVA followed by Bonferroni test or a Student’s t-test for parametric analysis. Post hoc 

tests were only performed if F in ANOVA achieved p < 0.05. In case of non-parametric 

analysis, a Kruskal-Wallis test followed by Dunn’s multiple comparison or Friedman’s test was 

performed (Armstrong & Hilton, 2010; Curtis et al., 2018; Daniel & Cross, 2019). We used 

“fold matched control” and “% of control” to normalise the data obtained in order to avoid 

unwanted sources and for comparison purposes. All experiments were carried out at least two 

times, with n = number of independent values. In some instances, technical replicates were used 
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to ensure the reliability of single values. The average of technical replicates per treatment was 

calculated to obtain an independent value. Statistical analysis was only performed if n ≥ 3 

independent values. Statistical analysis was performed using the Statistical Package for Social 

Sciences software (SPSS; IBM Corp., New York, USA). Graphs were drawn on GraphPad 

Prism (GraphPad Software, San Diego, USA).  
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3. Effects of NNRTIs on beta cell function and survival 
 

3.1 Introduction 
 

Advances in modern medicine have transformed HIV from a terminal disease into a chronic but 

manageable condition through the development of antiretroviral therapy (ART). Undoubtedly, 

many clinical trials and clinical care settings have shown that ART, when adhered to, 

profoundly improved clinical outcomes in HIV patients by reducing HIV progression into 

AIDS and AIDS-related death rates (Kitahata et al., 2009; Mannheimer et al., 2006; Mocroft et 

al., 1998). Zidovudine, the first antiretroviral drug licensed in 1987, paved the way to triple 

combination ART, also known as combination antiretroviral therapy (cART) or simply 

ART. Inhibition of the HIV reverse transcriptase is highly effective in impairing HIV viral 

replication, prompting guidelines surrounding standardised regimens for HIV treatment and 

prophylaxis to include the first line use of reverse transcriptase inhibitors. Reverse transcriptase 

inhibitors are divided into two classes: the nucleoside/tide reverse transcriptase inhibitors 

(NRTIs) and the non-nucleoside reverse transcriptase inhibitors (NNRTIs). The NNRTI drug 

selection includes the commonly used first-generation NNRTI efavirenz and the second-

generation NNRTI rilpivirine, approved in hopes of ameliorating the first-generation NNRTI 

safety and resistance profiles.  

The first-generation NNRTI efavirenz is a benzoxamine chemically described as a (S)-6-chloro-

4-(cyclopropylethynyl)- 1,4-dihydro-4-(trifluoromethyl)-2H-3,1-benzoxazin-2-one, approved 

by the FDA in 1998 (Food and Drug Administration, 2006). Considered as an NNRTI par 

excellence, efavirenz forms part of several therapeutic combinations together with 

lamivudine/zidovudine, abacavir/lamivudine and tenofovir disoproxil fumarate 

(DF)/emtricitabine (Apostolova et al., 2017). It can also be taken conveniently as part of a once-

daily combination pill in combination with tenofovir DF and emtricitabine (Atripla®).  

However, the position of efavirenz as an important component of cART regimens has been 

challenged by the arrival of newer NNRTIs with a higher genetic barrier to resistance 

development, better tolerability (thus a better patient adherence), yet a similar efficacy in the 

treatment of HIV-1 infection (Apostolova et al., 2017; Usach et al., 2013). Newer NNRTIs such 

as the second-generation NNRTI rilpivirine, a diarylpyrimidine compound, were designed with 

conformational flexibility and positional ability which confers the ability to circumvent 

resistance mechanisms by altering their shape and position to bind to the NNRTI hydrophobic 
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pocket of an array of drug resistant reverse transcriptase mutants (Bekker et al., 2020; Yang et 

al., 2018). Further, rilpivirine shows potent antiviral activity against wild-type HIV-1 strains 

and several HIV-1 variants harbouring significant resistance mutations to first-generation 

NNRTIs (Janssen et al., 2005). Following its approval by the FDA in 2011, rilpivirine has been 

used in three-drug regimens as single-tablet (i.e., Eviplera) or as multiple-tablet regimens, or in 

the most recent option of two-drug regimens, to treat HIV-1 infection (Cento & Perno, 2020; 

Sharma & Saravolatz, 2012). More recently, long-acting injectable cART comprising of 

rilpivirine and an integrase inhibitor cabotegravir, are being trialled and seem to bring promise, 

so far, of a new mode of delivery in the treatment of HIV-1 (Fernandez & van Halsema, 2019). 

Long-acting injectable rilpivirine is also a promising candidate for pre-exposure prophylaxis 

(PreP) in people at risk of contracting HIV-1 infection (McGowan et al., 2016; Ripamonti et 

al., 2014). In 2011, the ECHO and THRIVE randomised and double-blinded study of 1,368 

HIV-1-positive patients, compared the safety profiles of efavirenz and rilpivirine, both in 

combination with tenofovir DF and emtricitabine. This study concluded that rilpivirine, had 

fewer neurological and psychiatric adverse events and lower increases in total cholesterol and 

triglycerides in comparison to efavirenz. Therefore, rilpivirine has a better overall safety and 

resistance profiles compared to efavirenz. However, some NNRTI resistance-associated 

mutations can still cause a profound decrease in susceptibility to rilpivirine (Azijn et al., 2010). 

Therefore, it is crucial to continue to develop newer NNRTIs with improved drug-resistance 

profiles.  

Doravirine, the most recent NNRTI approved in 2018, is a valuable addition that provides much 

needed variety to the NNRTI class, as it has been associated with less frequent side effects in 

comparison to older NNRTIs while preserving activity in the presence of common NNRTI 

resistance mutations (Rock et al., 2020). Doravirine was rationally designed to address 

limitations regarding common NNRTI resistance-associated mutations in the HIV reverse 

transcriptase (Martin et al., 2020). Indeed, doravirine had improved potency compared to 

efavirenz and rilpivirine against viral reverse transcriptase and rilpivirine-specific mutants 

(Feng et al., 2016). Taken together, these findings suggest that doravirine confers a potentially 

higher barrier to the development of resistance than both efavirenz and rilpivirine. Furthermore, 

according to the 96-week DRIVE-AHEAD study, the novel NNRTI doravirine demonstrated 

non-inferior efficacy and favourable side effects profiles in comparison to efavirenz, as 

doravirine did not increase LDL-cholesterol and non-HDL-cholesterol as opposed to efavirenz 

(Orkin et al., 2018).  
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The 2D and 3D chemical structures of the NNRTIs efavirenz, rilpivirine and doravirine are 

visualised in Figure 3.1. 
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Figure 3.1 2D and 3D chemical structures of the NNRTIs efavirenz, rilpivirine and doravirine visualised 

by Molview. NNRTIs display a common pharmacophoric model which contain an aromatic ring (white) capable 

of participating in the π-π stacking interactions, amides or thioamides (black) that can form hydrogen bonds and a 

conformation that helps the drug to maintain its activity against a range of resistant strains of HIV-1. Rilpivirine 

has increased activity against HIV-1 strains due to its cyanovinyl moiety (blue). The cyano group potentially 

interacts with the NNRTI hydrophobic pocket of the HIV reverse transcriptase. Further, a flexible angle between 

the aniline ring (red) and the cyanovinyl moiety (blue) confers formational flexibility (Janssen et al., 2005; Das et 

al., 2008; Dobson and Luque, 2013).  
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Despite the undeniable benefits of ART, long-term ART has been implicated in increasing the 

risk of metabolic disturbances such as insulin resistance and type 2 diabetes (T2D) in HIV-

infected patients, with reports of a 4-fold increase of T2D incidence in HIV-positive men on 

ART compared to HIV-seronegative men (Brown et al., 2005a; Capeau et al., 2012; Dubé et 

al., 2005; Paengsai et al., 2019; Wit et al., 2008).  As detailed in Chapter 1, efavirenz was 

shown to cause mitochondrial dysfunction and induce oxidative stress, ER stress and apoptosis 

in several cell types (Apostolova et al., 2017). Unsurprisingly, despite the limited studies of the 

cellular effects of rilpivirine, this second-generation NNRTI was shown not to cause 

mitochondrial toxicity in neurones and hepatocytes (Blas-García et al., 2014). To date, there 

are no studies investigating the potential toxicological effects of doravirine in cells, however, it 

is anticipated to have a better safety profile than rilpivirine.  

Although being one of the most commonly used antiretroviral drug classes used for the 

treatment and prophylaxis of HIV infection, no existing study has attempted to establish the 

effects of NNRTIs on beta cell function and survival. Direct damaging effects on beta cell 

function and survival by NNRTIs may predispose PLWH who are also type 2 diabetic to 

impaired glycaemic control and loss of beta cell mass, hence increasing the risk of diabetic 

complications and insulin dependency.  Therefore, the aim of this study was to investigate the 

direct effects of the NNRTIs efavirenz, rilpivirine and doravirine on beta cell function and 

survival while giving insight into potential cellular and molecular mechanism(s) underlying 

these effects.   
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3.2 Materials and Methods 
 

3.2.1 Materials  
 

Adult male Sprague-Dawley rats were obtained from Charles River UK Ltd Laboratories 

(Essex, UK). All other materials were obtained as described in Materials, Chapter 2 (see 2.1). 

3.2.2 Isolation of rat islets of Langerhans and in vitro insulin measurements 
 

Although insulin-secreting INS-1E cells, derived from an X-ray-induced rat insulinoma, are 

deemed to be a reliable beta cell surrogate, we wanted to corroborate our results in a more 

physiological model by using isolated pancreatic islets, which can be considered as a real 

endocrine micro-organ (Misler, 2010). 

Rat islets have been considered as effective models in the context of diabetes research due to 

the nature of islets of Langerhans. Islets of Langerhans are small clusters of approximately 

1,000 endocrine cells and exocrine tissue found in the pancreas. The healthy human adult 

pancreas contains approximately 1 million islets, all of which contain 4 types of cells: beta cells 

(70% of islet mass), alpha cells (10%), polypeptide-producing cells (15%) and delta cells (5%), 

responsible of producing and secreting insulin, glucagon, pancreatic polypeptide and 

somatostatin, respectively (Arrington, 2022).  

3.2.2.1 Isolation of rat islets of Langerhans 
 

Islet isolation was performed in a manner so as to obtain purified islets that are viable and 

responsive to glucose stimulation in a manner that reflects their function in vivo. To do so, the 

following protocol has been implemented. Islets of Langerhans were isolated from adult male 

Sprague-Dawley rats by the collagenase digestion of pancreatic tissue, modification of the 

method described by Howell and Taylor (Howell & Taylor, 1968). 

Adult male Sprague-Dawley rats (180-250 g) were euthanised by carbon dioxide (CO2) 

inhalation. The rat was placed in a supine position and its abdomen was sprayed with 75% 

ethanol followed by dissection of the abdomen to half of the chest cavity. The first loop of the 

duodenum and the entry of the common bile duct into the lumen was located. A clamp was 

applied to the duodenum to occlude the common bile duct, but care was taken not to place the 

clamp on the pancreas. A small incision was made on the surface of the duct (care being taken 
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not to cut through the duct) near the hepatic end, before carefully inserting a cannula linked to 

a hypodermic syringe into the opening and held in place using forceps. The hypodermic syringe 

containing 10 mL of a collagenase (type XI) solution (7 mg/10 mL) was used to slowly inject 

the collagenase into the common bile duct as to distend the pancreas. By this method, greater 

accessibility of the collagenase to the acinar tissue was achieved. The inflated pancreas was 

then excised and transferred into 10 mL of sterile Gey and Gey buffer supplemented with 0.1% 

fatty acid-free BSA in a Sterilin tube and incubated for 10 mins at 37°C without shaking for 

digestion. The digestion process ensures digesting the tissues connecting the islets to the 

exocrine tissue. Following this period, 15-20 mL of Gey and Gey buffer supplemented with 

0.1% fatty acid-free BSA was added to the Sterilin tube. Then, the tubes were shaken vigorously 

for 10 sec by hand to break up the tissue. The collagenase digestion was stopped by placing the 

disrupted pancreas on ice. The pancreas was then washed three times before the islets were 

handpicked giving a yield of 150-200 islets per pancreas. Figure 3.2 summarises the islet 

isolation process.  

3.2.2.2 Conditions for islet culture 

The isolation and culture of islets was performed in a laminar flow hood and aseptic techniques 

were used throughout the isolation procedure. Culture was performed as to maintain the 

viability and function of islets ahead of treatment protocol.  

When isolated islets were destined for tissue culture, all glassware and equipment used was 

autoclaved and non-autoclavable materials were soaked in 75% ethanol. All plastic ware was 

of tissue culture grade. Buffers and culture medium used in the isolation of islets were filter-

sterilised and contained penicillin (50 U/mL) and streptomycin (50 µg/mL). Islets were plated 

in 100 mm x 20 mm suspension culture dishes with 4 mL of RPMI-1640 supplemented with 

10% (v/v) heat-inactivated FCS to promote viability and 1% (v/v) penicillin-streptomycin to 

reduce contamination. Islets were cultured for 24 hrs in a humidified atmosphere of 95% air 

and 5% CO2 at 37°C (Figure 3.2). 

3.2.2.3 Treatment protocol 

Working solutions of different concentrations (1, 3, 10 or 20 μM) of efavirenz and rilpivirine 

were freshly prepared by diluting the stock solution (25 mM) in RPMI-1640 media 

supplemented with 3% heat-inactivated FCS and 5.5 mL of 5,000 U/mL (1%) penicillin-

streptomycin as detailed in Table 2 (Appendix I), under aseptic conditions in a class II laminar 
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flow cabinet. Groups of 30 rat islets were transferred in sterile petri dishes containing 5 mL of 

efavirenz or rilpivirine working solutions. Vehicle (DMSO)-treated rat islets served as controls. 

Following treatment, rat islets were incubated at 37°C in a humidified atmosphere of 95% air 

and 5% CO2 for 24 hrs (Figure 3.2).  

3.2.2.4 Insulin release measurements from rat islets of Langerhans 
 

Following treatment protocol, basal insulin release and glucose-stimulated insulin secretion 

(GSIS) was assessed. After careful complete removal of RPMI-1640 media, 2 mM glucose in 

Gey and Gey buffer supplemented with 0.1% fatty acid-free BSA (4 mL) was added to the petri 

dish containing the rat islets for glucose priming for 1 hr at 37oC, 5% CO2. Then, 0.6 mL of a 

2 mM glucose in Gey and Gey buffer supplemented with 0.1% fatty acid-free BSA was added 

to 3 wells of a 24-well plate for basal insulin release measurements. Then, 0.6 mL of 20 mM 

glucose in Gey and Gey buffer supplemented with 0.1% fatty acid-free BSA was added to 3 

other wells for GSIS measurements. Three islets from each treatment condition were transferred 

in one well containing 2 mM or 20 mM glucose in Gey and Gey buffer supplemented with 0.1% 

fatty acid-free BSA. This was done as to obtain three technical replicates per treatment. The 

islets were then incubated for 1 hr at 37oC. Then, 0.2 mL of the supernatant was collected and 

centrifuged at 150 x g for 2 mins. Then, 150 µL of the supernatant was collected and stored at 

-20oC for quantification.  

The amount on insulin was analysed using an ELISA kit, according to manufacturer’s 

instructions (Alpco, Cat#: 80-INSRT-E01, New Hampshire, USA) (see 2.2.3.1). 
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Figure 3.2 Summarised protocol for insulin release studies in isolated rat islets of Langerhans. n.b: islets are not 

visible to the naked eye and are hence not to scale in the illustration. Figure created with BioRender.com.  

 

3.2.2.5 Data analysis  
 

The average absorbance value for the zero standard was subtracted from all the absorbance 

values before plotting a standard curve from the standard insulin concentrations. The secreted 

insulin levels in the samples were determined by interpolating the zero standard subtracted 

absorbance values against the standard curve. The resulting value was multiplied by the 

appropriate sample dilution factor (1 in 20), to obtain the concentration of insulin in the sample. 

Data were expressed as ng mL-1/islet/hour. 

 

3.2.3 Treatment protocol of INS-1E cells 
 

A 25 mM stock solution for each drug was prepared by dissolving each NNRTI in DMSO 

(Table 1, Appendix I). Then, solutions of different concentrations (1, 3, 10, 20 and 30 μM) of 

NNRTIs were prepared by diluting the stock solution in 5 mL RPMI-1640 media supplemented 

1 hour 
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with 3% heat-inactivated FCS, 50 μM 2-mercaptoethanol and 1% penicillin-streptomycin 

(Table 2, Appendix I). Controls (DMSO-treated cells) were included in each experiment. 

After cell growth in respective conditions as detailed in Chapter 2 (see 2.2.1), INS-1E cells 

were treated with increasing concentrations (1, 3, 10, 20 or 30 μM) of the NNRTIs efavirenz, 

rilpivirine or doravirine. 

Following treatment, INS-1E cells were incubated at 37°C in a humidified atmosphere of 95% 

air and 5% CO2 for 24 hrs (Table 2.2).  After treatment protocol, insulin release (see 2.2.3), cell 

viability (see 2.2.5), LDH release (see 2.2.6.3), apoptosis and necrosis levels (see 2.2.6) were 

measured as described in Chapter 2. Then, potential cellular and molecular mechanisms were 

assessed. To do so, intracellular ROS generation (see 2.2.7.1), antioxidant capacity (see 

2.2.7.3), Δψm changes (see 2.2.8), glucokinase activity (see 2.2.9), mRNA (see 2.2.11) and 

protein expression of CHOP, GRP78 and PDX-1 (see 2.2.13) and cleaved caspase-3 (see 2.2.13) 

were assessed as described in Chapter 2.  

3.3 Results 
 

3.3.1 Effects of NNRTIs on insulin secretion from INS-1E cells and isolated rat 

islets of Langerhans 
 

The primary function of pancreatic beta cells, insulin release, was evaluated in INS-1E cells 

and isolated rat islets of Langerhans exposed to NNRTIs for 24 hours (Figure 3.3). The first-

generation NNRTI efavirenz (20 µM) reduced basal insulin release (Figure 3.3, A) and glucose 

(20 mM)-stimulated insulin release (GSIS) from INS-1E cells by nearly 40% and 60%, 

respectively (Figure 3.3, B).  

Surprisingly, despite being a second-generation NNRTI, rilpivirine (3, 10 and 20 µM) also 

reduced both basal insulin release (Figure 3.3, A) and GSIS (Figure 3.3, B) from INS-1E cells 

and had a more potent inhibitory effect in reducing insulin release as the rilpivirine-mediated 

inhibition of basal insulin release and GSIS was more potent than efavirenz by 2-fold (Figure 

3.2, A) and nearly 7-fold (Figure 3.3, B), respectively.  

Strikingly, despite being within the same antiretroviral drug class, the novel NNRTI doravirine 

significantly doubled basal insulin release (Figure 3.3, A) and GSIS (Figure 3.3, B) from INS-

1E cells. 
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Figure 3.3 Effects of NNRTIs on insulin release from INS-1E cells. Basal (2 mM glucose) (A) and glucose (20 

mM)-stimulated insulin secretion (B) was measured in INS-1E cells exposed to DMSO or increasing 

concentrations of efavirenz, rilpivirine or doravirine for 24 hrs. Efavirenz and rilpivirine markedly reduced basal 

insulin release and GSIS from INS-1E cells in comparison to vehicle control (2.86±1 ng mg-1 of protein for basal 

insulin secretion and 140.2±35 ng mg-1 of protein for GSIS). On the other hand, higher concentrations of doravirine 

significantly increased basal insulin release and GSIS from INS-1E cells. Data are expressed as mean ± SEM of n 

= 5 independent experiments with 3 technical replicates per treatment. Statistically significant differences were 

determined using Kruskal-Wallis with Dunn’s post hoc test where p < 0.05 was considered as significant. * p < 

0.05, ** p < 0.01, *** p < 0.001, significantly different from vehicle-treated control cells.  

 

Similarly, efavirenz (20 μM) significantly reduced both basal insulin release (Figure 3.4, A) 

and GSIS from isolated rat islets of Langerhans by nearly 90% and 50%, respectively (Figure 

3.4, B). Efavirenz (10 μM) had an inhibitory effect on GSIS from rat islets of Langerhans, 

however, statistical significance was not reached (Figure 3.4, B). Similarly, rilpivirine (3 and 

10 µM) significantly reduced basal insulin release by nearly 90% from isolated rat islets of 

Langerhans (Figure 3.4, C). Rilpivirine 3 and 10 µM also reduced GSIS from isolated rat islets 

of Langerhans by nearly 50% and 90%, respectively (Figure 3.4, D).  
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Figure 3.4 Efavirenz and rilpivirine markedly inhibit insulin release from rat islets of Langerhans. Islets were 

isolated from rats and exposed to DMSO or increasing concentrations of efavirenz or rilpivirine for 24 hrs before 

assessing basal (2 mM glucose) (A, C) and glucose (20 mM)-stimulated insulin secretion (B, D).  Dots represent 

individual data points from n = 3 - 5 independent experiments (3 technical replicates per treatment) and the 

histograms represent mean ± SD. Statistically significant differences were determined using one-way ANOVA 

with Bonferroni post hoc test where p < 0.05 was considered as significant. * p < 0.05, ** p < 0.01, *** p < 0.001, 

significantly different from vehicle-treated control group. 

 

However, both efavirenz and rilpivirine had no effect on intracellular insulin content in INS-1E 

cells (Table 3.1).  
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Table 3.1 Effects of efavirenz and rilpivirine on intracellular insulin content in INS-1E cells. Intracellular insulin 

content was measured in INS-1E cells exposed to DMSO or increasing concentrations of efavirenz or rilpivirine 

for 24 hrs. Efavirenz and rilpivirine do not affect intracellular insulin content in INS-1E cells. Data are expressed 

as mean ± SEM of n = 3 independent experiments. Statistically significant differences were determined using one-

way ANOVA with Bonferroni post hoc test where p < 0.05 was considered as significant. 

 

 

3.3.2 Effects of NNRTIs on INS-1E cell viability 
 

Next, we investigated the viability of INS-1E cells to determine whether the divergent NNRTI 

intraclass effects seen with insulin release were also seen in the context of cell viability 

(Figure 3.5). Indeed, there was a dose-dependent decrease in INS-1E cell viability following a 

24-hour treatment with the first-generation NNRTI efavirenz (20 and 30 μM) and second-

generation NNRTI rilpivirine (10 and 20 μM) (Figure 3.5). On the other hand, the novel 

NNRTI doravirine had no effect on INS-1E viability (Figure 3.5).  

 

Treatment Intracellular insulin content ± SEM (ng of 

insulin/mg of protein) 

Control 772 ± 35 

Rilpivirine 3 μM 781 ± 41 

Rilpivirine 10 μM 792 ± 38 

Rilpivirine 20 μM 745 ± 31 

Efavirenz 20 µM 748 ± 70 

Efavirenz 30 µM 808 ± 40 
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Figure 3.5 Effects of NNRTIs on INS-1E cell viability. INS-1E cell viability was measured following a 24-hour 

exposure to DMSO or increasing concentrations of efavirenz, rilpivirine or doravirine using an MTT assay. 

Efavirenz and rilpivirine reduced INS-1E cell viability, while doravirine had no effect on INS-1E cells viability. 

Data are expressed as mean ± SEM of n = 5 independent experiments with 6 technical replicates per 

treatment. Statistically significant differences were determined using one-way ANOVA with Bonferroni post hoc 

test where p < 0.05 was considered significant. * p < 0.05, ** p < 0.01, *** p < 0.001, significantly different from 

vehicle-treated control cells. 

 

3.3.3 Effects of NNRTIs on INS-1E cell death 
 

We next sought to determine pancreatic beta cell survival by measuring the levels of apoptosis 

and necrosis in INS-1E cells exposed to NNRTIs. Measurements of cytosolic histone 

complexes were used to primarily assess apoptosis (Figure 3.6) while levels of early apoptotic 

and late necrotic INS-1E cells were confirmed by flow cytometry (Figure 3.7). To further assess 

the presence of necrotic cell death, we measured release of LDH (Figure 3.8). 

3.3.3.1 Apoptosis measurements by cytosolic histone complexes 
 

The histone-complexed DNA fragments in INS-1E cells were assayed using a commercially 

available ELISA kit (Figure 3.6). Both efavirenz (30 μM) and rilpivirine (10 and 20 μM) 

induced apoptosis in INS-1E cells (Figure 3.6). However, doravirine had no effect on apoptosis 

in INS-1E cells (Figure 3.6).   
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Figure 3.6 Effects of NNRTIs on apoptosis in INS-1E cells. INS-1E cells were exposed to DMSO or increasing 

concentrations of efavirenz or rilpivirine for 24 hrs before assessing apoptosis via the relative quantification of 

cytoplasmic histone-complexed DNA fragments. Efavirenz and rilpivirine increased apoptosis in INS-1E cells, 

while doravirine had no effect on apoptosis. Data are expressed as mean ± SEM from n = 3 independent 

experiments with 3 technical replicates per treatment. Statistically significant differences were determined using 

Kruskal-Wallis with Dunn’s post hoc test where p < 0.05 was considered significant. * p < 0.05, significantly 

different from vehicle-treated control cells.  

 

3.3.3.2 Flow cytometric analysis following Annexin V-FITC and Propidium Iodide staining  

 

We next sought to confirm the results obtained with the cytosolic histone complex 

measurements (Figure 3.6) by analysing apoptotic and necrotic levels by flow cytometry 

following Annexin V-FITC and propidium iodide (PI) staining (Figure 3.7).  

Efavirenz and rilpivirine, but not doravirine, induced INS-1E cell apoptosis (Figure 3.7). A 24-

hour exposure to efavirenz (20 and 30 µM) or rilpivirine (3, 10 and 20 μM) significantly 

increased early apoptotic cell levels in a dose-dependent manner in INS-1E cells (Figure 3.7, 

B). The representative plots show an increase in the number of INS-1E cells in the early 

apoptotic quadrant (Annexin V+/PI-) compared to the control, indicating the induction of early 

apoptosis in INS-1E cells treated with efavirenz or rilpivirine (Figure 3.7, A).  

Efavirenz, rilpivirine and doravirine had no effect on late apoptosis/primary necrosis in INS-

1E cells (Figure 3.7, C).  
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Figure 3.7 Effects of NNRTIs on INS-1E cell apoptosis and necrosis. Representative density plots of INS-1E cells 

treated with NNRTIs visualised using FlowJo (A). Quantitative representation of early apoptosis in INS-1E cells 

treated with NNRTIs (B) and late apoptosis/primary necrosis in INS-1E cells treated with NNRTIs (C) for 24 hrs. 

INS-1E cells were treated with etoposide (100 μM) for 6 hrs to induce apoptosis and serve as a positive control. 

Data are expressed as mean ± SEM of n = 5 independent experiments. Statistically significant differences were 

determined using one-way ANOVA with Bonferroni post hoc test where p < 0.05 was considered significant. * p 

< 0.05, ** p < 0.01, *** p < 0.001, significantly different from vehicle-treated control groups. 

 

3.3.3.3 Assessment of necrosis using the LDH assay 
 

To further assess necrosis, the release of LDH from INS-1E cells exposed to efavirenz or 

rilpivirine was measured.  Exposure to efavirenz and rilpivirine had no effect on necrotic cell 

death in INS-1E cells (Figure 3.8).  
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Figure 3.8 Efavirenz and rilpivirine do not affect LDH release in INS-1E cells. LDH release was measured in 

INS-1E cells exposed to DMSO, efavirenz or rilpivirine for 24 hrs. A maximum LDH release induced by Triton 

X-100 was included as a positive control. Data are expressed as mean ± SEM of n = 5 independent experiments 

with 3 technical replicates per treatment. Statistically significant differences were determined using one-way 

ANOVA with Bonferroni post hoc test where p < 0.05 was considered significant.   

 

To further confirm apoptosis, the protein expression of cleaved caspase-3 (a critical apoptosis 

executioner) in INS-1E cells was detected by ICC (Figure 3.9). Only two experiments were 

conducted, leading to no definite conclusion regarding the expression of cleaved caspase-3. 

However, there seems to be an increased expression of cleaved caspase-3 in INS-1E cells 

following exposure to efavirenz and rilpivirine compared to control (Figure 3.9). Uncropped 

ICC images can be found in Appendix III.  
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Figure 3.9 Efavirenz and rilpivirine increase caspase-3 cleavage in INS-1E cells. INS-1E cells were exposed to 

efavirenz (20 µM) or rilpivirine (10 µM) for 24 hrs before visualising cleaved caspase-3 by immunocytochemical 

analysis. Red fluorescence represents cleaved caspase-3 and blue fluorescence represents DAPI positive nuclei. 

Close-up overlay immunocytochemical images from one representative ICC experiment. Two independent 

experiments n = 2 were conducted. 
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3.3.4 Potential Cellular and Molecular Mechanisms 

After observing the direct damaging effects of efavirenz and rilpivirine on beta cell function 

and survival, we focused on identifying possible cellular and molecular mechanism(s) by which 

efavirenz and rilpivirine contribute to beta cell dysfunction and apoptosis. We assessed 

potential cellular mechanisms by assessing oxidative stress and Δψm changes.  

3.3.4.1 Effects of NNRTIs on oxidative stress 

As efavirenz has been shown to induce oxidative stress in other cell types, we suggest that 

efavirenz may also increase oxidative stress in beta cells (Apostolova et al., 2011b; Blas-García 

et al., 2014; Blas‐García et al., 2010; Jamaluddin et al., 2010; Weiß et al., 2016a). We also 

hypothesise that rilpivirine may, similarly, cause beta cell dysfunction and death through 

oxidative stress. Therefore, we examined the potential presence of oxidative stress in INS-1E 

cells treated with efavirenz or rilpivirine by measuring intracellular ROS generation with a 

DCFH-DA assay (Figure 3.10) and antioxidant capacity with an ABTS assay (Figure 3.11). For 

comparative purposes, INS-1E cells were exposed to doravirine. Unsurprisingly, efavirenz 

caused a dose-dependent increase in intracellular ROS generation in INS-1E cells, with 

concentrations of 20 and 30 µM significantly inducing intracellular ROS levels (Figure 

3.10). Surprisingly, rilpivirine (3 - 20 μM) also increased intracellular ROS levels in INS-1E 

cells (Figure 3.10). However, doravirine had no effects on intracellular ROS generation in INS-

1E cells (Figure 3.10, B and C).  
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Figure 3.10 Intracellular ROS formation in INS-1E cells exposed to NNRTIs for 24 hours. (A) Confocal images 

of intracellular ROS levels following NNRTI treatment. The green fluorescence represents DCF which was 

oxidised from DCFH by ROS. (Scale bar, 100 μm). DCF fluorescence was quantified using two methods. (B) 

Quantification graphs of intracellular ROS levels in INS-1E cells following exposure to DMSO, efavirenz, 

rilpivirine or doravirine by analysing DCF mean fluorescence intensity in confocal images using the imageJ 

software. (C) Quantification of intracellular ROS generation using a 96-well plate, determined by DCF 

fluorescence normalised to cell proliferation by Crystal Violet assay. DCF fluorescence is proportional to the levels 

of intracellular ROS. INS-1E cells were incubated with positive controls 250 μM palmitate for 48 hrs (C) or 100 

μM H2O2 for 1 hr (B) to induce ROS generation. Efavirenz and rilpivirine, but not doravirine, increased 

intracellular ROS generation in INS-1E cells. Data are expressed as mean ± SEM of n = 5 independent experiments 

(3 technical replicates per treatment in 96-well plate). Statistically significant differences were determined using 

one-way ANOVA with Bonferroni post hoc test (B) or Kruskal-Wallis with Dunn’s post hoc test (C) where p < 

0.05 was considered as significant. ** p < 0.01, *** p < 0.001, significantly different from vehicle-treated control 

groups. 

 

 

Furthermore, both efavirenz (10, 20 and 30 μM) and rilpivirine (3, 10 and 20 μM) significantly 

reduced antioxidant capacity in INS-1E cells (Figure 3.11). However, doravirine had no effect 

on antioxidant capacity in INS-1E cells (Figure 3.11).  

 



 

146 
 

 

Figure 3.11 Effects of NNRTIs on antioxidant capacity in INS-1E cells. INS-1E cells were exposed to DMSO or 

increasing concentrations of efavirenz, rilpivirine or doravirine for 24 hrs. Efavirenz and rilpivirine, but not 

doravirine, reduced antioxidant capacity. Data are expressed as mean ± SEM from n = 3 independent experiments 

with 3 technical replicates per treatment. Statistical analysis was carried out using Kruskal-Wallis with Dunn’s 

post hoc test where p < 0.05 was considered significant; * p < 0.05 significantly different from vehicle-treated 

control groups. 

 

3.3.4.2 The effects of NNRTIs on Δψm changes 

 

The mitochondrion is both the main source of ROS and a major target of oxidative stress 

(Marchi et al., 2012). Therefore, we assessed mitochondrial function by measuring changes in 

∆ψm in INS-1E cells exposed to NNRTIs for 24 hours (Figure 3.12). There was a dose-

dependent decrease in ∆ψm following treatment with efavirenz, reaching an approximate 80% 

reduction in Δψm (30 µM) (Figure 3.12). Surprisingly, unlike efavirenz, rilpivirine increased 

∆ψm, reaching an approximate 80% increase in Δψm (20 µM) (Figure 3.12). On the other hand, 

as expected, no changes in ∆ψm were observed in INS-1E cells treated 

with doravirine (Figure 3.12).  
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Figure 3.12 Effects of NNRTIs on Δψm changes in INS-1E cells. Changes in Δψm in INS-1E cells exposed to 

DMSO, efavirenz, rilpivirine or doravirine for 24 hrs were assessed by flow cytometry following staining with 

TMRE. TMRE fluorescence is proportional to Δψm. A positive control of INS-1E cells treated with 50 μM 

carbonyl cyanide m-chlorophenyl hydrazine (CCCP) was used to dissipate Δψm. Data are expressed as mean ± 

SEM of n = 5 independent experiments for efavirenz and rilpivirine treatments or n = 3 independent experiments 

for doravirine. Statistically significant differences were determined using Kruskal-Wallis with Dunn’s post hoc 

test where p < 0.05 was considered significant. * p < 0.05, ** p < 0.01, significantly different from vehicle-treated 

control groups. 

 

3.3.4.3 Molecular mechanisms of efavirenz and rilpivirine  

 

We demonstrate that efavirenz and rilpivirine affect key cellular mechanisms (i.e., oxidative 

stress and mitochondrial dysfunction) involved in beta cell dysfunction and apoptosis. Here, we 

focus on the effects of efavirenz and rilpivirine on a molecular level. First, we focus on 

glucokinase and PDX-1, two important players of insulin synthesis and secretion in beta cells 

(Figure 3.13).  
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Figure 3.13 Potential molecular mechanisms involved in efavirenz- and rilpivirine-mediated beta cell dysfunction 

and death. ER chaperone GRP78 under normal conditions binds all the three ER stress sensors (PERK: protein 

kinase RNA like ER-kinase; IRE1: inositol requiring enzyme 1; ATF6: activating transcription factor 6). ER 

chaperone GRP78 dissociates from sensors IRE1, PERK and ATF6 under ER stress. This in turn activates the 

transcriptional induction of CHOP via the following pathways. (i) activation of X-box binding protein (XBP1), 

p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) pathway via IRE1. (ii) 

Activation of ATF4 via PERK. (iii) ATF6 cleavage in the golgi. Glucokinase is a key enzyme in pancreatic beta 

cells involved in first-hand insulin secretion pathway. Inhibition of this enzyme results in decreased insulin 

secretion. PDX-1 is a key transcription factor necessary for beta cell function as well as the regulation of beta cell 

survival. PDX-1 deficiency has been associated with impairment of the GSIS pathway and increased beta cell 

susceptibility to ER stress and apoptosis. Figure created with BioRender.com.  

 

3.3.4.3.1 Efavirenz and rilpivirine do not affect glucokinase activity 

 

Glucokinase is a key enzyme in pancreatic beta cells and is involved in first-hand insulin 

secretion pathway (Figure 3.13). Both efavirenz and rilpivirine did not influence glucokinase 

activity in INS-1E cells (Figure 3.14).  
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Figure 3.14 Efavirenz and rilpivirine do not affect glucokinase activity in INS-1E cells. INS-1E cells were treated 

with DMSO or increasing concentrations of efavirenz or rilpivirine for 24 hrs before assessing glucokinase activity 

using an indirect assay. Specific activity of glucokinase activity was normalised to protein concentrations. Data 

are expressed as mean ± SEM from n = 4 independent experiments with 3 technical replicates per treatment. 

Statistical analysis was carried out using one-way ANOVA and Bonferroni post hoc test where p < 0.05 was 

considered significant.  

 

3.3.4.3.2 Efavirenz and rilpivirine do not affect PDX-1 expression 
 

PDX-1 is a key transcription factor necessary for beta cell function as well as the regulation of 

beta cell survival. PDX-1 deficiency has been associated with impairment of the GSIS pathway 

and increased beta cell susceptibility to ER stress and apoptosis (Brissova et al., 2002; Glavas 

et al., 2019; Johnson et al., 2003; Sachdeva et al., 2009) (Figure 3.13). Therefore, we 

investigated the possible involvement of PDX-1 deficiency in efavirenz and rilpivirine-induced 

beta cell dysfunction and death by assessing whether efavirenz or rilpivirine downregulated the 

mRNA and protein expression of PDX-1 in INS-1E cells (Figure 3.15). INS-1E cells were 

exposed to a 24-hour treatment with concentrations of efavirenz (20 µM) and rilpivirine (10 

µM) that were shown to induce apoptosis, as well as impair insulin secretion (Figure 3.4, Figure 

3.6 and Figure 3.7). Both efavirenz (Figure 3.15, A) and rilpivirine (Figure 3.15, B) had no 

effect on the mRNA and protein expression of PDX-1 (Figure 3.15, C). Whole uncropped 

images of the original Western blot that contributed to the quantitative analysis, from which 

figures have been derived, have been included in Appendix II.  
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Figure 3.15 A 24-hour exposure to efavirenz and rilpivirine does not affect PDX-1 expression in INS-1E cell. 

mRNA expression of PDX-1 after a 24-hour treatment with efavirenz 20 μM (A) or rilpivirine 10 μM (B). (C) 

Representative western blot of PDX-1 protein expression from one independent experiment (left panel) and results 

expressed as PDX-1 protein normalised to GAPDH protein (right panel) following a 24-hour exposure to efavirenz 

20 μM or rilpivirine 10 μM. Dots represent individual data points from a minimum of n = 3 independent 

experiments and the histograms represent mean ± SD. Statistically significant differences were determined using 

Kruskal-Wallis with Dunn’s post hoc test for mRNA expression or Student’s t-test for protein levels where p < 

0.05 was considered significant.  

 

3.3.4.3.3 ER stress  
 

Finally, we focus on ER stress, a key regulator of apoptosis in beta cells on a molecular level 

(Figure 3.13). ER stress has been previously shown to contribute to the pathogenesis of diabetes 

by inducing pancreatic beta cell loss via apoptosis (Eizirik et al., 2008). Hence, we examined 

whether ER stress is induced in efavirenz and rilpivirine-treated INS-1E cells by measuring the 

mRNA and protein expression of CHOP and GRP78, two key ER stress markers. 

 

To preliminarily assess CHOP expression, we conduct an ELISA. We observe that there seems 

to be a trend in increased protein expression of CHOP following a 24-hour exposure to efavirenz 

or rilpivirine in INS-1E cells, as determined by ELISA (Figure 3.16). Efavirenz (1, 3, 10 or 20 
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µM) slightly increased the protein expression of CHOP by approximately 50% compared to 

control. Similarly, rilpivirine (1, 3, 10 or 20 µM) doubled the protein expression of CHOP 

compared to control. However, in both cases, statistical significance was not reached (Figure 

3.16).  

 

 

Figure 3.16 Measurements of CHOP protein expression in INS-1E cells following a 24-hour exposure to efavirenz 

or rilpivirine. INS-1E cells were exposed to DMSO or increasing concentrations of efavirenz or rilpivirine before 

measuring CHOP protein expression using ELISA. There seems to be a trend in increased CHOP protein 

expression after exposure to efavirenz or rilpivirine in INS-1E cells. Further investigations were conducted to 

confirm this. Data are expressed as mean ± SEM from n = 2 independent experiments with 3 technical replicates 

per treatment.  

 

To confirm the CHOP measurements by ELISA (Figure 3.16), we evaluated the mRNA and 

protein expression of CHOP, as well as GRP78, an ER chaperone. For this purpose, INS-1E 

cells were exposed to a 24-hour treatment with concentrations of efavirenz (20 µM) and 

rilpivirine (10 µM) that were shown to induce apoptosis (Figure 3.6 and Figure 3.7). Efavirenz 

significantly upregulated CHOP (Figure 3.17, A) and GRP78 (Figure 3.17, C) mRNA 

expression by approximately threefold in INS-1E cells. Rilpivirine caused a more pronounced 

upregulation (6-fold) of CHOP (Figure 3.17, B) and GRP78 (Figure 3.17, D) mRNA 

expression. Additionally, efavirenz resulted in an approximate 1.5-fold increase in CHOP 

protein expression (Figure 3.17, E) while rilpivirine increased CHOP protein expression by 
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approximately onefold in INS-1E cells (Figure 3.17, F). Similarly, a 24-hour exposure to 

efavirenz resulted in an approximate 2-fold increase in GRP78 protein expression (Figure 3.17, 

G) while rilpivirine increased GRP78 protein expression by nearly fourfold (Figure 3.17, H) in 

INS-1E cells. Whole uncropped images of the original Western blots that contributed to the 

quantitative analysis, from which figures have been derived, have been included in Appendix 

II. Thapsigargin (1 μM) was included as a positive control (Appendix II).  
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Figure 3.17 A 24-hour exposure to efavirenz and rilpivirine induces CHOP and GRP78 expression in INS-1E cell. 

mRNA expression of CHOP was assessed by RT-qPCR and normalised to GAPDH following a 24-hour treatment 

with efavirenz 20 μM (A) or rilpivirine 10 μM (B). mRNA expression of GRP78 was assessed by RT-qPCR and 

normalised to GAPDH following a 24-hour treatment with efavirenz 20 μM (C) or rilpivirine 10 μM (D). 

Representative Western blot of CHOP protein expression (left panel) following a 24-hour exposure to efavirenz 

20 μM (E) or rilpivirine (F). (E, F) Results are expressed as CHOP protein normalised to GAPDH protein (right 

panel). Representative western blot of GRP78 protein expression (left panel) following a 24-hour exposure to 

efavirenz 20 μM (G) or rilpivirine (H). (G, H) Results are expressed as GRP78 protein normalised to GAPDH 
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protein (right panel). Dots represent individual data points from a minimum of n = 3 independent experiments and 

the histograms represent mean ± SD. Statistically significant differences were determined using Kruskal-Wallis 

with Dunn’s post hoc test for mRNA expression or Student’s t-test for protein levels. * p < 0.05, ** p < 0.01, *** 

p < 0.001, significantly different from vehicle-treated control group. 

 

3.6 Discussion 
 

Although the use of NNRTIs improves clinical outcomes in people living with HIV, there is 

growing concern about the alarming increase in T2D and insulin resistance in the HIV 

population on NNRTI-based ART. To the best of our knowledge, this is the first study to 

demonstrate the direct detrimental effects of the first-generation NNRTI efavirenz and, 

intriguingly, of the second-generation NNRTI rilpivirine, on pancreatic beta cell function and 

survival, while suggesting a possible cellular and molecular link between the use of efavirenz 

and rilpivirine and the potential impairment of glycaemic control and loss of beta cell mass in 

PLWH and T2D. 

The first-generation NNRTI efavirenz has previously been reported to potentiate loss of 

function and death through mitochondrial toxicity and oxidative stress in adipocytes, 

hepatocytes, neurones and endothelial cells (Apostolova et al., 2010; Blas-García et al., 2014; 

Blas‐García et al., 2010; Jamaluddin et al., 2010; Weiß et al., 2016b). This study has extended 

this damage to pancreatic beta cells, as we show that efavirenz significantly decreased basal 

insulin release and GSIS from INS-1E cells and isolated rat islets of Langerhans. Strikingly, we 

found that the second-generation NNRTI rilpivirine induces cellular damage in beta cells, a 

manifestation which has not been previously reported in hepatocytes and neurons (Blas-García 

et al., 2014). We show that rilpivirine significantly decreased basal insulin release and GSIS 

from INS-1E cells and isolated rat islets of Langerhans. The use of both models further 

strengthens the observation of insulin-secretory dysfunction in pancreatic beta cells following 

exposure to efavirenz and rilpivirine. Interestingly, rilpivirine exhibited a decrease in insulin 

release in sub-toxic conditions (3 μM), contrary to efavirenz (20 μM), with the latter increasing 

the rates of apoptosis and decreasing both cell viability as well as insulin release from INS-1E 

cells.  

We also show that efavirenz induces mitochondrial dysfunction in INS-1E cells, as confirmed 

by a loss of ∆ψm. In hepatocytes, efavirenz has been shown to inhibit complex I activity of 

the respiratory chain, resulting in increased ROS levels and depolarisation of the mitochondria 

https://www.sciencedirect.com/topics/medicine-and-dentistry/respiratory-chain
https://www.sciencedirect.com/topics/medicine-and-dentistry/depolarization
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(i.e. reduced Δψm) (Blas‐García et al., 2010). If the latter mechanism is extended to beta cells, 

this could suggest that efavirenz may inhibit complex I activity, hence resulting in a potential 

increase in superoxide generation from the mitochondria, contributing to cellular dysfunction 

and programmed cell death.  

We also demonstrate that rilpivirine, through a rise in ∆ψm, negatively impacts mitochondrial 

function in beta cells. Previous evidence has shown that an increase in ∆ψm may be linked to 

an inhibition of the mitochondrial ATP synthase (Blas-García et al., 2014). This finding was 

surprising since, until more recently, hyperpolarization of Δψm (i.e., increased Δψm) in 

response to cellular insults had been infrequently reported compared with many more reports 

of mitochondrial depolarization (i.e., decreased Δψm) following cellular stressors. Therefore, 

we hypothesise that rilpivirine may inhibit the mitochondrial ATP synthase in beta cells, leading 

to increased oxidative stress and mitochondrial damage in beta cells. Indeed, the rise in ∆ψm 

following rilpivirine treatment correlates with elevated intracellular ROS levels, supporting 

previous evidence that increased ∆ψm stresses the mitochondrial respiratory chain to become a 

significant producer of ROS (Zorova et al., 2018).  

Indeed, both efavirenz and rilpivirine induced intracellular ROS production in beta cells. Given 

the fact that beta cells are extremely susceptible to oxidative stress and subsequent oxidative 

damage due to their low antioxidant capacity, ROS attack is majorly involved in beta cell 

dysfunction and worsening of beta cell survival (Drews et al., 2010). Particularly, the 

mitochondrion represents a major target of oxidative damage as elevated levels of ROS can 

induce mitochondrial DNA damage, lipid peroxidation, protein carbonylation and damage to 

the mitochondrial respiratory chain components, further aggravating the function of the 

mitochondria and triggering a cellular energetic catastrophe (Marchi et al., 2012).  ROS attack 

at the mitochondrion level results in the impairment of the function of this organelle, 

characterised by reduced ATP production (Newsholme et al., 2019). The primary function of 

pancreatic beta cells is the production and release of insulin to regulate blood glucose levels, 

which is mainly modulated by mitochondrial metabolism (i.e., ATP production). In parallel to 

reductions in the insulin-secretory function, we show that there was an increase in intracellular 

ROS levels in INS-1E cells exposed to efavirenz and rilpivirine, highlighting the potential 

involvement of oxidative stress in efavirenz and rilpivirine-induced beta cell dysfunction. Due 

to their low antioxidant ability, a minor oxidative insult in beta cells can severely impair insulin 

secretion by compromising mitochondrial metabolism, glycolysis, and insulin release through 

https://www.sciencedirect.com/topics/medicine-and-dentistry/antioxidant-capacity
https://www.sciencedirect.com/topics/medicine-and-dentistry/lipid-peroxidation
https://www.sciencedirect.com/topics/medicine-and-dentistry/protein-carbonylation
https://www.sciencedirect.com/topics/medicine-and-dentistry/mitochondrial-respiration
https://www.sciencedirect.com/topics/medicine-and-dentistry/glycolysis
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exocytosis (Drews et al., 2010). Failure of insulin secreting beta cells, a common characteristic 

of T2D, has been established to arise from various origins including mitochondrial dysfunction 

secondary to oxidative stress (Li et al., 2009). ROS changes may contribute to important 

physiological control of cell functions, notably the regulation of insulin secretion in beta cells 

(Li et al., 2009; Pi et al., 2007a). Oxidative stress agents have been shown to activate the c-Jun 

N-terminal kinase (JNK), P38 mitogen-activated protein kinase (MAPK) and protein kinase C 

(PKC) pathways, preceding a decrease in insulin gene expression and biosynthesis, insulin 

exocytosis and promoting beta cell death (Kaneto et al., 2005; Newsholme et al., 2019; Pi et 

al., 2007b).  

Coupled with intrinsically low antioxidant levels in beta cells, we show that total antioxidant 

capacity is reduced in INS-1E exposed to efavirenz and rilpivirine. However, we have not 

investigated the effects of NNRTIs on the activity and expression of key antioxidant enzymes. 

We can only speculate that efavirenz and rilpivirine might exert their deleterious effects on beta 

cells by affecting the activity and/or expression of antioxidant enzymes such as superoxide 

dismutase (SOD), catalase and glutathione peroxidase (GPx). Efavirenz has been shown to 

decrease the expression of SOD, catalase, GPx as well as glutathione levels in rat liver and 

decrease SOD activity and glutathione levels in rat midbrain  (Adikwu and Bokolo, 2018 and 

Jenson, 2015). Rilpivirine has also been shown to affect antioxidant enzyme activity in human 

adipocytes decreasing both SOD, catalase activity, as well as glutathione levels (Behl et al., 

2020).  

By increasing intracellular ROS generation and reducing antioxidant capacity, efavirenz and 

rilpivirine potentiate oxidative stress in beta cells, which in turn mediates beta cell dysfunction 

and death. Through the proposed direct inhibition of complex I or ATP synthase activity, 

efavirenz and rilpivirine may reduce ATP production in beta cells. However, beta cells have a 

limited ability to elevate and maintain ATP levels, which may further lead to impaired insulin 

release (Newsholme et al., 2019). Furthermore, we cannot rule out that efavirenz and rilpivirine 

may potentially exert their deleterious effects by upregulating the expression of uncoupling 

protein 2 (UCP2), a phenomenon associated with a reduction in ATP levels (Urbano et al., 

2016). UCP2 has been associated with mitochondrial proton leak, reductions in ATP production 

and attenuations in GSIS in INS-1E cells (Affourtit et al., 2011). Another possible target of 

ROS includes the beta cell ATP-sensitive potassium (KATP) channels by which ROS can 

indirectly modulate KATP channels through the induction of the mitochondrial uncoupling 

protein 2 (UCP2) expressed in pancreatic beta cells. The induction of UCP2 causes ATP 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/superoxide-dismutase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/superoxide-dismutase
https://www.sciencedirect.com/topics/medicine-and-dentistry/catalase
https://www.sciencedirect.com/topics/medicine-and-dentistry/glutathione-peroxidase
https://www.sciencedirect.com/topics/medicine-and-dentistry/glutathione
https://www.sciencedirect.com/topics/medicine-and-dentistry/enzyme-activity
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depletion which subsequently prevents the closure of KATP channels and subsequent insulin 

release from beta cells (Chan & Harper, 2006). 

The proposed mechanisms underlying efavirenz- and rilpivirine-induced beta cell dysfunction 

and death are summarised in Figure 3.18.  

 

Figure 3.18 Schematic diagram of proposed mechanisms underlying efavirenz- and rilpivirine-induced beta cell 

dysfunction and death.  

 

While the precise ROS-mediated mechanisms are complex, it has been shown that ROS can 

alter the function of critical proteins, lipids and DNA through chemical modification including 

nitrosylation, peroxidation, and carbonylation, thus promoting dysfunction (Gerber & Rutter, 

2016; Newsholme et al., 2019). PDX-1 is the beta cell identity gene and plays a major role in 

maintaining normal beta cell function by controlling key beta cell genes involved in insulin 

biosynthesis and secretion, and cell survival (Kajimoto & Kaneto, 2004). By reducing the DNA 

binding activity of PDX-1, ROS can suppress insulin gene expression in beta cells (Gerber & 

Rutter, 2016; Kajimoto & Kaneto, 2004). ROS can also suppress the mRNA and protein 

expression of this critical gene (Baumel-Alterzon & Scott, 2022). However, we demonstrate 

that there were no changes in PDX-1 expression following treatment with efavirenz 

and rilpivirine, disregarding the involvement of PDX-1 downregulation in efavirenz 
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and rilpivirine-induced beta cell dysfunction and death. Moreover, efavirenz and rilpivirine did 

not affect insulin synthesis as confirmed by the lack of intracellular insulin content changes, 

further implying the non-involvement of PDX-1 in efavirenz and rilpivirine-mediated beta cell 

dysfunction. These findings strengthen a dysfunction at the insulin-secretory machinery level.  

Glucokinase, which phosphorylates glucose to form glucose-6-phosphate, plays a critical role 

in regulating blood glucose levels by modulating insulin secretion from pancreatic beta cells. 

Inhibition of glucokinase can negatively impact insulin secretion from beta cells. Efavirenz and 

rilpivirine had no effect on glucokinase activity in INS-1E cells, disregarding the involvement 

of glucokinase in efavirenz- and rilpivirine-induced beta cell dysfunction. 

We also show that efavirenz and rilpivirine upregulated the mRNA and protein expression of 

CHOP and GRP78, key markers of  ER stress, while also inducing apoptosis in beta cells. ER 

stress has been previously shown to contribute to the pathogenesis of diabetes by inducing 

pancreatic beta cell loss via apoptosis (Eizirik et al., 2008). Through the increased formation of 

intracellular ROS, efavirenz and rilpivirine may cause an accumulation of oxidative damage to 

proteins which in turn can trigger ER stress and subsequent activation of pro-apoptotic signals, 

leading to beta cell apoptosis (Ježek et al., 2019; Kajimoto & Kaneto, 2004; Kaufman et al., 

2015). Prolonged ER stress can also trigger the unfolded protein response (UPR) mediated 

apoptotic pathway, through the transcriptional induction of CHOP expression, which is 

mediated by the ER stress signalling proteins IRE1 (activation of XBP1, c-Jun N-terminal 

kinase and the P38 pathways), PERK (activation of ATF4) and ATF6 (ATF6 cleavage) (Araki 

et al., 2003) (Figure 3.18). ER chaperone GRP78 dissociates from sensors IRE1, PERK and 

ATF6 under ER stress. This in turn permits stress sensors to activate downstream signalling to 

activate the transcriptional induction of CHOP via the pathways above-mentioned (Bhattarai et 

al., 2021; Kajimoto & Kaneto, 2004).  

Additionally, it is well established that mitochondrial stress plays a major role in inducing 

apoptotic beta cell death (Szabadkai & Duchen, 2009). Disruptions in Δψm and ROS 

accumulation seen following efavirenz and rilpivirine exposure may also induce the 

mitochondria-mediated pathway of apoptosis. These manifestations may induce apoptosis in 

beta cells through the release of key proapoptotic players (i.e., BH3-only members of the Bcl-

2 family, cytochrome c, apoptosis-inducing factor and Smac/DIABLO) and inactivation of 

antiapoptotic players (i.e., Bcl2 proteins) (Drews et al., 2010; Szabadkai & Duchen, 2009) 

(Figure 3.18).  In an event of cellular stress, proapoptotic BH3-only members of the Bcl-2 

https://www.sciencedirect.com/topics/medicine-and-dentistry/endoplasmic-reticulum-stress
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family release caspase activators, which in turn activate upstream (caspase-9) and effector 

caspases (caspase-3) and their downstream pathways, hence triggering apoptosis 

(Skuratovskaia et al., 2020). We encountered difficulties detecting cleaved caspase-3 by 

Western blotting, hence we decided to perform ICC instead. Although the ICC data seems 

promising, there is a lack of both technical and biological replicates, rendering it difficult to 

make any conclusions. However, it is likely that caspase-3 cleavage, a prerequisite step for the 

induction of mitochondria-dependent apoptosis, is increased in beta cells exposed to efavirenz 

or rilpivirine, as per the two experiments conducted, suggesting the potential activation of the 

mitochondria-dependent apoptotic pathway in efavirenz- and rilpivirine-mediated apoptosis. 

However, further experiments are warranted to confirm this. Therefore, efavirenz and rilpivirine 

may induce apoptosis through ER stress and mitochondrial toxicity. Apoptosis plays a 

detrimental role in beta cell mass formation, contributing to the aetiology of T2D (Donath & 

Halban, 2004).  

However, the damaging effects in beta cells seen with the first- and second-generation NNRTIs 

were not observed following exposure to the novel NNRTI doravirine. Doravirine did not affect 

beta cell survival, potentially owing to the absence of mitochondrial dysfunction and oxidative 

stress in INS-1E cells treated with doravirine. A plausible explanation could be that distinct 

intraclass structural differences between these three NNRTIs dictate the off-target binding 

properties of these NNRTIs to key proteins in beta cells, which may explain the presence of 

oxidative stress, in the case of efavirenz and rilpivirine, or the absence of oxidative stress in the 

case of doravirine (Figure 3.1). Interestingly, contrary to both efavirenz and rilpivirine, 

doravirine increased basal insulin release and GSIS. Doravirine may modulate components of 

the insulin secretory machinery. Further experiments are warranted to understand the 

mechanism(s) behind this contrasting effect on insulin release.  

3.7 Conclusion 
 

Based on the data presented here, we conclude that exposure to the NNRTIs efavirenz and 

rilpivirine can greatly affect pancreatic beta cell function and survival. These deleterious effects 

may be, at least partially, mediated by oxidative stress and mitochondrial dysfunction. On the 

contrary, the novel NNRTI doravirine had no effect on beta cell function and survival. 

The next chapter will attempt to uncover the mitochondria-ROS cross talk involved in 

efavirenz- and rilpivirine-induced beta cell dysfunction and worsening of beta cell survival. 
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4. Mitochondria-ROS crosstalk in beta cells: the role of 

efavirenz and rilpivirine 
 

4.1 Introduction  
 

“It is a good thing for the entire enterprise that mitochondria and chloroplasts have remained 

small, conservative, and stable, since these two organelles are, in a fundamental sense, the most 

important living things on earth. Between them they produce oxygen and arrange for its use. In 

effect, they run the place.” This description by Lewis Thomas succinctly describes the centrality 

of mitochondrial function to sustaining life (Thomas, 1971   and Sack, 2006). The pivotal role 

of the mitochondria is exemplified in pancreatic beta cells as mitochondrial function is closely 

linked to insulin biosynthesis and secretion, in large part by adenosine triphosphate (ATP) 

synthesis, mitochondrial oxidative phosphorylation (OXPHOS) and reactive oxygen species 

(ROS) formation. The characterisation of the role of mitochondria in cellular biology has been 

extensively studied. Beyond oxygen utilisation and ATP production, mitochondria are now 

recognised as organelles that orchestrate energy production, reactive oxygen and nitrogen 

species generation, calcium regulation, apoptosis, and retrograde signalling (Sack, 2006). 

Oxidative metabolism generates the bulk of ATP from a sequential passage of electrons from 

high to low redox potentials down the electron transfer chain (ETC). The electrochemical 

gradient generated across the inner mitochondrial membrane (IMM) facilitates the translocation 

of protons from the inter-membranous space via the Fo/F1 ATPase (ATP synthase) back into 

the mitochondrial matrix (Sack, 2006 and Sha et al., 2020). This proton translocation is coupled 

to the phosphorylation of adenosine diphosphate (ADP) to generate ATP. Altogether, these 

reactions constitute OXPHOS and the direct synthesis of ATP. The major enzymes part of the 

ETC include complex I (also known as NADH:ubiquinone oxidoreductase, Type I NADH 

dehydrogenase), complex II (also known as succinate dehydrogenase), complex III (also known 

as ubiquonol – cytochrome c oxidoreductase), complex IV (cytochrome c oxidase) and complex 

V (also known as ATP synthase) (Sha et al., 2020) (Figure 4.1).  

Uncoupled oxidative phosphorylation refers to a state in which nutrient fuels are oxidised but 

the resultant energy is not linked to ATP synthesis but rather is dissipated as heat (Figure 4.1). 

Uncoupled oxidative phosphorylation can be mediated by specific proteins found in the IMM, 

called uncoupling proteins. The uncoupling protein family in mammals include uncoupling 

protein 1 (UCP1) to 4 which are involved in physiological and pathological processes (Chan 
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and Harper, 2006) (Figure 4.1). Interest in mitochondrial UCP2 in the pathogenesis of type 2 

diabetes focuses on the involvement of UCP2, the most abundant UCP isoform in pancreatic 

beta cells, on the regulation of insulin secretion (Saleh et al., 2002). The physiological role of 

UCP2 in beta cells has not been fully established, however, some researchers believe that UCP2 

activity may be important to coordinate the physiological response of beta cells to fluctuating 

nutrient supply. UCP2 was found to be a negative regulator of insulin synthesis, glucose-

stimulated insulin secretion (GSIS) and beta cell mass (Chan et al., 2001). A signalling role of 

UCP2 could be important to restrict insulin secretion when blood glucose levels are low 

(Affourtit and Brand, 2008). 

 

Figure 4.1 The electron transport chain and mitochondrial oxidative phosphorylation. IMM, inner mitochondrial 

membrane. Complexes I, III and IV pump H+ ions into the mitochondrial intermembranous space from the 

mitochondrial matrix to produce a gradient of H+ ions and subsequently, protons flow back into the mitochondrial 

matrix via ATP synthase to produce ATP. Uncoupled oxidative phosphorylation occurs via UCP2 which dissipates 

the mitochondrial protonmotive force as heat. Figure adapted from ‘Electron Transport Chain’ by BioRender.com 

(2022). Retrieved from https://app.biorender.com/biorender-templates 

 

The NNRTIs efavirenz and rilpivirine were shown to impair beta cell function and induce beta 

cell apoptosis, likely through oxidative stress and mitochondrial dysfunction. Mitochondrial 

function and ROS generation are intertwined, as the mitochondria is the main producer of ROS 

but also the main target of oxidative stress injury.  

https://app.biorender.com/biorender-templates
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We concluded in Chapter 3 that efavirenz and rilpivirine had differential effects on 

mitochondrial membrane potential (Δψm), prompting the elucidation of their respective effects 

on the mitochondrion. While efavirenz has been linked to oxidative stress and mitochondrial 

toxicity through the inhibition of complex I activity in hepatocytes, the mechanism of 

rilpivirine-induced mitochondrial stress has not been elucidated (Blas-Garcia et al., 2010). 

Inhibition of the mitochondrial ATP synthase has been previously linked to an increase in ∆ψm; 

therefore, we hypothesise that rilpivirine may directly inhibit the mitochondrial ATP synthase 

while the complex I inhibition by efavirenz would extend to pancreatic beta cells (Formentini 

et al., 2012; García-Aguilar & Cuezva, 2018; Sánchez-Cenizo et al., 2010). 

Therefore, the aim of this study was to explore the direct and indirect effects of efavirenz and 

rilpivirine on key regulators and indicators of mitochondrial function such as mitochondrial 

superoxide production, ATP production, Δψm, UCP2 expression, as well as the activity of 

mitochondrial complexes.  

4.2 Materials and methods 
 

4.2.1 Materials 
 

β-Nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH), fatty acid–free bovine 

serum albumin (BSA), potassium cyanide (KCN), ubiquinone 1 (Ub1) were obtained from 

Sigma-Aldrich (Poole, UK). All other materials were obtained as described in Materials, 

Chapter 2 (see 2.1). 

The buffers and solutions used in this study are listed below in alphabetical order. 

0.1 M Tris/MOPS buffer 

0.1 M of Tris in 500 ml  

Buffer was adjusted to pH to 7.4 using MOPS  

 

0.1 M EGTA/Tris  

0.1 M EGTA/Tris 

Buffer was adjusted to pH to 7.4 using Tris  

 

Hypotonic buffer (Tris) 

10 mM Tris 

Buffer was adjusted to pH 7.6 
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Mitochondrial isolation buffer 

10 ml of 0.1 M Tris/MOPS  

1 ml of EGTA/Tris 

20 ml of 1 M sucrose.  

Buffer was adjusted to a pH to 7.4 

 

0.5 M potassium phosphate buffer   

0.5 M potassium phosphate dibasic  

0.5 M potassium phosphate monobasic  

Buffer was adjusted to a pH of 7.5  

 

4.2.2 Treatment protocol 
 

In our current study, we identified the optimal concentration of efavirenz and rilpivirine to 

induce INS-1E cell damage, as determined in Chapter 3. Following cell culture as described 

in Chapter 2 (see 2.2.1), INS-1E cells were exposed to DMSO (control), efavirenz (10 or 20 

μM) or rilpivirine (1, 3 or 10 μM) for 2, 4, 6 or 24 hrs before assessing mitochondrial superoxide 

generation, changes in Δψm, cellular ATP levels and mRNA and protein expression of UCP2. 

Stock solution (25 mM) of efavirenz and rilpivirine solutions were prepared as per Table 1 

(Appendix I). Working solution of efavirenz (10 or 20 μM) and rilpivirine (1, 3 or 10 μM) were 

prepared by diluting the stock solution in RPMI-1640 supplemented with 3% heat-inactivated 

FCS, as per Table 2, Appendix II. For direct complex I activity measurements, isolated 

mitochondria were exposed to DMSO (control), efavirenz (20 μM) or rilpivirine (10 µM) by 

adding 0.8 µL of 25 mM stock solution of efavirenz or 0.4 µL of 25 mM stock solution of 

rilpivirine to 1 mL of complex I activity mixture, respectively.  

Following treatment protocol, mitochondrial superoxide generation (see 2.2.7.2), Δψm changes 

(see 2.2.8) and mRNA (see 2.2.11) and protein (see 2.2.13) expression of UCP2 were assessed 

as described in Chapter 2. Cellular ATP levels, isolation of mitochondria from INS-1E cells 

and measurements of mitochondrial complex I activity were assessed as follows. In silico 

predictions are also detailed below. 
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4.2.3 ATP assay 
 

Principle 

ATP content is important in assessing overall cellular health and mitochondrial function. We 

use a bioluminescent ATP assay that takes advantage of the firefly luciferase enzymatic 

reaction, which uses ATP from viable cells to generate photons of light that are detectable and 

quantifiable.  

Protocol 

The following protocol was established as per manufacturer’s guidelines (Promega, Wisconsin, 

US) as well as method optimisation. INS-1E cells were seeded in opaque-walled 96-well plates 

at a seeding density of 1.0 x104 cells/well before incubating for 24 hrs at 37oC and 5% CO2 

(Table 2.1). Then, cells were exposed to efavirenz (10 or 20 μM) or rilpivirine (1, 3 or 10 µM) 

for 24 hrs at 37oC and 5% CO2.  Control wells containing medium without cells were also 

prepared to determine background luminescence. Following treatment protocol, the plate and 

its contents were equilibrated to room temperature for approximately 30 mins. Then, a volume 

(100 µL) of CellTiter-Glo® 2.0 Reagent (containing the firefly luciferase enzyme and substrate) 

equal to the volume (100 µL) of cell culture medium was added in each well. The contents were 

then mixed for 2 mins on an orbital shaker at 300 rpm to induce cell lysis. The plate was 

incubated at room temperature for 10 mins to stabilise the luminescent signal before recording 

luminescence with a luminometer with an integration time of 1 sec per well. 

Data analysis 

The luminescence background measurements were deducted from the luminescence 

measurements for each treatment condition. The luminescence measurements of the treated 

cells were expressed as % of the luminescence observed in vehicle-treated cells (control). The 

average of technical duplicates per treatment condition was calculated to obtain a final value.  

 

4.2.4 In silico molecular docking  
 

Chemical structures were plotted using Jmol, an open-source Java viewer for chemical 

structures in 3D as described in Chapter 2 (see 2.2.14). For docking, the cryo-EM structure of 

mitochondrial complex I (PDB: 5LDW) and mitochondrial ATP synthase (PDB: 5FIL) was 

prepared for docking with UCSF Chimera (Pettersen et al., 2004; Zhou et al., 2015; Zhu et al., 
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2016). Both proteins were truncated as to obtain key subunits for docking. Unguided docking of 

efavirenz and rilpivirine to predict binding sites was performed using SwissDock with 

CHARMM forcefield (Grosdidier et al., 2011). 

4.2.5 Assessment of mitochondrial complex I activity 
 

Principle 

Mitochondrial complex I (NADH:ubiquinone oxidoreductase) is a key enzyme for OXPHOS, 

resulting in ATP generation. Inhibition of this enzyme can disturb mitochondrial function and 

overall cellular health. To assess mitochondrial complexes activities, in silico 3D docking 

predictions were performed before measuring complex I activity in isolated mitochondria of 

INS-1E cells via spectrophotometric analysis. The protocol for measurements of complex I 

activity is detailed as follows.  

Isolation of mitochondria  

In our experience, seeding 1.5 x 106 cells per flask 3 days before the experiment results in a 

good yield of mitochondria (~ 2 mg of mitochondrial protein). 

Mitochondria from INS-1E cells were isolated as described by Frezza et al., 2007. 

Following treatment protocol, the medium was removed before washing cells once with PBS. 

The cells were then harvested using a cell scraper in 10 mL of PBS. The INS-1E cell suspension 

was transferred to a 50 mL polypropylene tube. Then, 10 mL of PBS was added to the flask and 

the remaining cells were detached using a cell scraper.  The cells were then transferred to the 

same 50 mL polypropylene tube used earlier to collect the cell suspension. The cells were then 

centrifuged at 600 x g at 4oC for 10 mins. Following centrifugation, the supernatant was 

discarded, and cells were resuspended cells in 3 mL of ice-cold isolation buffer.  

The following steps were performed at 4oC to minimise activation of proteases and 

phospholipases. Before homogenising the cells, the glassware was precooled in ice for 5 mins 

before starting the procedure. The cells were homogenised by stroking the cell suspension 

placed in a glass potter 40 times with a Teflon pestle. The homogenate was transferred to a 50 

mL polypropylene tube and centrifuged at 600 x g for 10 mins at 4oC. Following centrifugation, 

the supernatant was collected and transferred to a 15 mL polypropylene tube and centrifuged at 

7,000 x g for 10 mins at 4oC. The supernatant was discarded, and the pellet was washed with 

200 µL of ice-cold isolation buffer. Then the pellet was resuspended in 200 μL of ice-cold 

isolation buffer before transferring the suspension to a 1.5 mL microfuge tube. The homogenate 
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was centrifuged at 7,000 x g for 10 mins at 4oC. The supernatant (100 μL) was discarded before 

resuspending the pellet containing mitochondria in the remaining supernatant using a 200 μL 

pipettor. The supernatant was visualised by confocal microscopy using TMRE and DAPI 

staining to observe the presence of nuclei debris and/or mitochondria (Figure 4.2, A). We 

confirm that the supernatant consisted of only nuclei debris. The mitochondrial suspension was 

transferred to a microfuge and stored at -80oC. A sample of isolated mitochondria was 

visualised by confocal microscopy following staining with TMRE and DAPI to confirm the 

presence of mitochondria only (Figure 4.2, B). Isolated mitochondria were subjected to three 

cycles of freeze-thawing in hypotonic buffer before measuring complex I activity in order to 

maximise the enzymatic rates. The concentration of mitochondria was measured using a 

Nanodrop® Lite spectrophotometer (Thermo Fisher Scientific), with nuclease-free water as 

zero absorbance reference.  

 

 

Figure 4.2 Confocal images of supernatant (A) and isolated mitochondria (B) using TMRE and DAPI staining. 

TMRE (red) stain mitochondria while DAPI (blue) stains nuclei. Supernatant and isolated mitochondria were 

stained with TMRE (100 nm) and DAPI for 20 min before visualising by confocal microscopy.  

 

Measurements of complex I activity  

To measure the direct activity of complex I, Spinazzi et al.'s (2012) protocol was used.   

To a 1-mL cuvette, 700 μL of distilled water was added before adding 20 μg of mitochondria-

enriched fractions from INS-1E cells prepared as described previously. Then 100 μL of 
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potassium phosphate buffer (0.5 M, pH 7.5), 60 µL of fatty acid–free BSA (50 mg ml−1), 30 µL 

of KCN (10 mM) and 10 µL of NADH (10 mM) were added to the cuvette. The volume was 

adjusted to 994 µL with distilled water. This constitutes the complex I activity mixture. In 

parallel, a separate cuvette containing the same quantity of reagents and sample but with the 

addition of 10 µL of 1 mM rotenone solution was prepared. Then, the components were mixed 

by covering the cuvette with Parafilm and the baseline was immediately read at 340 nm for 2 

mins. Then, the reaction was started by adding 6 μL of ubiquinone1 (10 mM), mixing the 

components and then immediately reading the absorbance at 340 nm for 2 mins. The baseline 

was deducted from the absorbance before calculation complex I activity as nmol min− 1 mg−1 of 

protein according to the following equation:  

 

𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝐼 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑛𝑚𝑜𝑙 𝑚𝑖𝑛 −  1 𝑚𝑔 −  1 ) = 

 
∆ 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒/𝑚𝑖𝑛 ×  1,000

𝑒𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (6.2) ×  𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑚𝐿)  × (𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑔 𝑚𝐿 − 1 )
 

 

4.3 Results 
 

4.3.1 Efavirenz and rilpivirine increase mitochondrial superoxide generation 

throughout a 24-hour time frame 
 

The mitochondrion is an important source of ROS in most mammalian cells including 

pancreatic beta cells, but it is also a vulnerable target for oxidative stress. Here, we assessed 

mitochondrial superoxide generation in INS-1E cells exposed to efavirenz or rilpivirine for 2, 

4, 6 or 24 hours by flow cytometric analysis. Both efavirenz and rilpivirine significantly 

increased mitochondrial superoxide generation in INS-1E cells at a 2, 4, 6 and 24-hour time 

point (Figure 4.3). Both efavirenz and rilpivirine caused a continuous and sustained generation 

of mitochondrial superoxide during the full 24-hour time course (Figure 4.3). Overall, efavirenz 

gradually increased mitochondrial superoxide generation, doubling superoxide generation for 

each time point (Figure 4.3). Rilpivirine profoundly increased mitochondrial superoxide 

generation in INS-1E cells, as it reached approximately 200-250% at each time point (Figure 

4.3).  
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Figure 4.3 Efavirenz and rilpivirine increase mitochondrial superoxide generation in INS-1E cells. INS-1E cells 

were exposed to efavirenz (20 µM) or rilpivirine (10 µM) for 2, 4, 6 or 24 hrs before quantifying superoxide 

formation using the MitoSOX probe followed by flow cytometric analysis. MitoSOX fluorescence is proportional 

to the levels of mitochondrial superoxide. Data are expressed as mean ± SEM from n = 3 independent experiments. 

Statistically significant differences were determined using Kruskal-Wallis with Dunn’s post hoc test where p < 

0.05 was considered as significant. * p < 0.05, ** p < 0.01 significantly different from vehicle-treated control 

cells.  

 

4.3.2 Efavirenz and rilpivirine disrupt Δψm throughout a 24-hour time frame 
 

To further understand the efavirenz- and rilpivirine-induced disruptions in Δψm observed in 

Chapter 3, we conducted a time-course experiment to monitor changes in Δψm following 

exposure to efavirenz or rilpivirine for 2, 4, 6 or 24 hours (Figure 4.4). Interestingly, efavirenz 

caused a biphasic effect on Δψm changes in INS-1E cells. A short-term (2, 4 and 6 hours) 

exposure to efavirenz caused a significant increase in mitochondrial TMRE uptake, peaking at 

2 hours to 150% before dropping to 60% at 24 hours. Rilpivirine caused a significant increase 

in Δψm compared to vehicle-treated INS-1E cells throughout the 24-hour time course, reaching 

a peak at 2 hours (~300%) (Figure 4.4).  
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Figure 4.4 Efavirenz causes a biphasic effect on Δψm changes while rilpivirine increases Δψm in INS-1E cells. 

INS-1E cells were exposed to efavirenz (20 µM) or rilpivirine (10 µM) for 2, 4, 6 or 24 hrs before assessing 

changes in Δψm using the TMRE probe followed by flow cytometric analysis. TMRE fluorescence is proportional 

to Δψm. Data are expressed as mean ± SEM from n = 3 independent experiments. Statistically significant 

differences were determined using Kruskal-Wallis with Dunn’s post hoc test where p < 0.05 was considered as 

significant. * p < 0.05, ** p < 0.01 significantly different from vehicle-treated control cells.  

 

4.3.3 Efavirenz and rilpivirine decrease cellular ATP levels  
 

ATP is produced by the ETC in the mitochondria. ATP production is an assessment of 

mitochondrial function, beta cell function and overall cellular health.  Therefore, we measured 

cellular ATP content in INS-1E cells exposed to efavirenz (10 or 20 µM) or rilpivirine (1, 3 or 

10 µM) for 24 hours (Figure 4.5).  

Efavirenz (20 µM) and rilpivirine (10 µM) caused a significant drop in cellular ATP levels in 

INS-1E cells, suggesting that rilpivirine had a more potent effect on reducing cellular ATP 

levels (Figure 4.5).  
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Figure 4.5 Efavirenz and rilpivirine decrease cellular ATP levels in INS-1E cells. INS-1E cells were exposed to 

efavirenz (10 or 20 µM) or rilpivirine (1, 3 or 10 µM) for 24 hrs before quantifying cellular ATP levels using the 

luciferase reaction followed by luminometry. Data are expressed as mean ± SEM from n = 3 independent 

experiments. Statistically significant differences were determined using Kruskal-Wallis with Dunn’s post hoc test 

where p < 0.05 was considered as significant. ** p < 0.01, significantly different from vehicle-treated control cells.  

 

4.3.4 Effects of efavirenz and rilpivirine on mitochondrial complex I and ATP 

synthase activity 
 

Disturbances in the activity of mitochondrial complexes can collapse the mitochondrial 

machinery, reflected by disruptions in Δψm, increases in mitochondrial ROS production and 

reductions in ATP levels. Therefore, we investigated if efavirenz and rilpivirine affect the 

activity of two key mitochondrial enzymes: complex I (Figure 4.6) and ATP synthase (Figure 

4.7).  
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Figure 4.6 Annotated Cryo-EM structure of mitochondrial complex I visualised using UCSF Chimera. Membrane 

subunits constituting complex I include ND5, ND4, ND2, ND3, ND4L, ND6 and ND1. 
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Figure 4.7 Annotated Cryo-EM structure of mitochondrial ATP synthase visualised using UCSF Chimera. ATP 

synthase contains two subunits, including the membrane subunit F0. 

 

To do so, we examined the predicted binding affinity of efavirenz and rilpivirine to the 

mitochondrial complex I (Figure 4.8, Table 4.1 and Table 4.2) and ATP synthase preliminarily 

by in silico molecular docking (Figure 4.9 and Table 4.3).  

4.3.4.1 In silico predictions  

The docking of mitochondrial complex I against efavirenz exhibited a favourable binding to the 

NADH-ubiquinone oxidoreductase chain 5 protein (ND5), as shown by the interaction’s 

estimated Gibbs free energy (ΔG) score (-7.63 kcal mol-1) and Full fitness score (-1330.74 kcal 

mol-1) (Table 4.1). Although efavirenz has the ability to bind to NADH-ubiquinone 

oxidoreductase chain 4 protein (ND4), NADH-ubiquinone oxidoreductase chain 2 protein 

(ND2), NADH-ubiquinone oxidoreductase chain 4L protein (ND4L) plus NADH-ubiquinone 

oxidoreductase chain 6 protein (ND6) and NADH-ubiquinone oxidoreductase chain 3 protein 
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(ND3) plus NADH-ubiquinone oxidoreductase chain 1 protein (ND1), efavirenz exhibited a 

higher binding affinity to ND5 compared to other membrane subunits constituting complex I 

(Table 4.1).  

Table 4.1 Full fitness and Gibbs free energy (ΔG) scores for docking of efavirenz to membrane subunits of 

mitochondrial complex I. The more negative the Gibbs Free energy (ΔG) value, the more exothermic the proposed 

interaction. Full fitness scores predicted by SwissDock indicate that lower values represent binding modes which 

are more favourable than higher scoring numbers. Efavirenz showed most favourable interaction with ND5 

followed by ND2, ND4, ND4L+ND6, and ND3+ND1. 

Subunit Full fitness (kcal mol-1) ΔG (kcal mol-1) 

ND5 -1330.74 -7.63 

ND4 -906.66 -6.92 

ND2 -727.07 -7.00 

ND4L+ND6 -715.95 -6.92 

ND3+ND1 -815.96 -6.77 

 

Interestingly, rilpivirine has a slightly lower binding affinity to ND5 compared to efavirenz, as 

reflected by its ΔG (-7.58 kcal mol-1) (Table 4.2). Rilpivirine has a more negative ΔG to both 

ND2 and ND4L+ND6 subunits of mitochondrial complex I, suggesting a higher binding affinity 

to these subunits (Table 4.2).  

Table 4.2 Full fitness and Gibbs free energy (ΔG) scores for docking of rilpivirine to membrane subunits of 

mitochondrial complex I. The more negative the Gibbs Free energy (ΔG) value, the more exothermic the proposed 

interaction. Full fitness scores predicted by SwissDock indicate that lower values represent binding modes which 

are more favourable than higher scoring numbers. Rilpivirine showed more exothermic interaction with ND2 

followed by ND4L+ND6, ND5 and ND3+ND1. 

Subunit Full fitness (kcal mol-1) ΔG (kcal mol-1) 

ND5 -1585.83 -7.58 

ND4 -1167.98 -7.51 

ND2 -986.93 -7.69 

ND4L+ND6 -987.44 -7.67 

ND3+ND1 -1084.41 -7.52 

 

 

There were 256 predicted binding poses for efavirenz docked in the ND5 subunit, arranged in 

31 clusters. The most favourable binding pose of efavirenz (Figure 4.8, D) resides in the 

potential binding pocket of ND5 shown in Figure 4.8, B. There were 256 predicted binding 

poses for rilpivirine docked in the ND5 subunit, arranged in 38 clusters. The most favourable 
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binding pose of rilpivirine (Figure 4.8, E) resides in the potential binding pocket of ND5 shown 

in Figure 4.8, C.  

 

 

Figure 4.8 Efavirenz and rilpivirine are predicted to bind to different sites in the ND5 subunit of mitochondrial 

complex I. (A) View of the ND5 region. (B) Close-up view of ND5 and all binding poses of efavirenz to ND5 as 

predicted by SwissDock. (C) Close-up view of ND5 and all binding poses of rilpivirine to ND5 as predicted by 

SwissDock. (D) Close-up view of the favourable efavirenz binding site (ΔG = -7.63 kcal mol-1) in the ND5 region 
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as predicted by SwissDock. (E) Close-up view of the favourable rilpivirine binding site (ΔG = -7.58 kcal mol-1) in 

the ND5 region as predicted by SwissDock. Black square represents binding site pocket for the most favourable 

binding pose.  

 

 

The docking of the mitochondrial ATP synthase against rilpivirine exhibited a favourable 

binding to the F0 baseplate subunit, as shown by the estimated ΔG score (-8.54 kcal mol-1) and 

Full fitness score (-2619.98 kcal mol-1) (Table 4.3). The estimated ΔG score of the ATP 

synthase-rilpivirine complex is more negative than that of ATP synthase-efavirenz complex, 

suggesting a higher binding affinity of rilpivirine to the ATP synthase compared to efavirenz 

(Table 4.3).    

Table 4.3 Full fitness and Gibbs free energy (ΔG) scores for docking of efavirenz and rilpivirine to the F0 region 

of mitochondrial ATP synthase. The more negative the Gibbs Free energy (ΔG) value, the more exothermic the 

proposed interaction. Full fitness scores predicted by SwissDock indicate that lower values represent binding 

modes which are more favourable than higher scoring numbers. The docking of the mitochondrial ATP synthase 

against rilpivirine exhibited a favourable binding to the F0 region, as shown by the estimated Gibbs free energy 

(ΔG) score (-8.54 kcal.mol-1). The estimated ΔG score of the ATP synthase (F0 region)-rilpivirine complex is 

more negative than that of ATP synthase (F0 region)- efavirenz complex, suggesting a higher binding affinity of 

rilpivirine to the ATP synthase compared to efavirenz. 

Drug Full fitness (kcal mol-1) ΔG (kcal mol-1) 

Efavirenz -2348.71 -6.55 

Rilpivirine -2619.98 -8.54 

 

We wanted to visualise the predicted binding sites of efavirenz and rilpivirine to the F0 region 

of the mitochondrial ATP synthase (Figure 4.9). There were 256 predicted binding poses for 

efavirenz docked in the F0 region, arranged in 34 clusters (Figure 4.9, D). The most favourable 

binding pose (Figure 4.9, F) resides in the potential binding pocket in Figure 4.9, D, in the lower 

end of the central cavity of the F0 region.  

Rilpivirine has 256 predicted binding poses in the F0 region, arranged in 42 clusters (Figure 

4.9, C) and has several different binding sites within the central cavity of the F0 region. The 

most favourable binding pose of rilpivirine resides in the centre of the central cavity of the F0 

region of the ATP synthase (Figure 4.9, C and E).  
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Figure 4.9 Binding predictions of efavirenz and rilpivirine to the mitochondrial ATP synthase. (A) Side-on view 

of the F0 region visualised using UCSF Chimera. (B) Top-down view of the F0 region visualised using UCSF 

Chimera. (C) Binding poses of rilpivirine in the central cavity of the F0 region from the side (left) and top-down 

(right) view as predicted by SwissDock. (D) Binding poses of efavirenz in the central cavity of the F0 region from 

the side (left) and top-down (right) view as predicted by SwissDock. (E) Close-up view of the predicted rilpivirine 

binding site (ΔG = -8.54 kcal mol-1) in the F0 region as predicted by SwissDock. (F) Close-up view of the predicted 

efavirenz binding site (ΔG = -6.55 kcal mol-1) in the F0 region as predicted by SwissDock. Rilpivirine has a 

stronger binding affinity to mitochondrial ATP synthase in comparison to efavirenz. Black square represents 

binding site pocket for most favourable binding pose.  

 

 

 

 

 

 

 



 

177 
 

4.3.4.2 Mitochondrial complex I activity measurements 

 

To confirm the molecular docking predictions, we assessed the direct effects of efavirenz or 

rilpivirine on complex I activity in isolated mitochondria from INS-1E cells (Figure 4.10). To 

do so, isolated mitochondria were treated with efavirenz (20 µM) or rilpivirine (10 µM) before 

immediate analysis. Rilpivirine exhibited a slight increase in the activity of complex I, however, 

statistical significance was not reached in comparison to vehicle-treated control isolated 

mitochondria of INS-1E cells. In contrast, as predicted, we observed a statistically significant 

inhibition of complex I activity (~75%) following treatment with efavirenz in isolated 

mitochondria of INS-1E cells (Figure 4.10).  

 

Figure 4.10 Efavirenz inhibits complex I activity in isolated mitochondria of INS-1E cells. Mitochondria were 

isolated from INS-1E cells and exposed to efavirenz (20 µM) or rilpivirine (10 µM) before immediate analysis by 

spectrophotometry to assess mitochondrial complex I activity. Rotenone (10 μM) served as a positive control. Dots 

represent individual data points from n = 4 independent experiments and the histograms represent mean ± SD. 

Statistically significant differences were determined using one-way ANOVA with Bonferroni’s post hoc test where 

p < 0.05 was considered significant. *** p < 0.001, significantly different from vehicle-treated control groups.  

 

4.3.5 Efavirenz, but not rilpivirine, upregulates the expression UCP2   
 

UCP2, by virtue of its mitochondrial proton leak activity and consequent negative effect on 

ATP production, impairs GSIS in beta cells (Zhang et al., 2001). We have previously shown 

that ATP production (Figure 4.5) and GSIS (Chapter 3) were hindered in INS-1E cells exposed 
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to efavirenz or rilpivirine for 24 hours. Therefore, we investigated whether UCP2 mediated, at 

least partially, the decreases in insulin secretion from INS-1E cells. To do so, we exposed INS-

1E cells to efavirenz (20 µM) or rilpivirine (10 µM) for 24 hours before measuring mRNA and 

protein expression of UCP2.  

Efavirenz significantly increased the mRNA expression of UCP2 by nearly two-fold (Figure 

4.11, A). Fluorescent immunocytochemical analysis revealed that efavirenz increased UCP2 

protein expression by nearly four-fold in INS-1E cells, as demonstrated by the increased 

fluorescence of UCP2 (Figure 4.11, B).  There was an increasing trend in UCP2 mRNA 

expression in rilpivirine (10 μM)-treated cells, however, statistical significance was not reached 

(p = 0.07), and these effects were not seen in the context of protein expression. 

 

Figure 4.11 Efavirenz increases UCP2 mRNA and protein expression in INS-1E cells. INS-1E cells were exposed 

to efavirenz (20 µM) or rilpivirine (10 µM) for 24 hrs before quantifying UCP2 mRNA expression using RT-

qPCR (A) and visualising (left) and quantifying (right) UCP2 expression in INS-1E cells by immunocytochemical 

analysis (B) (Scale bar, 10 μm). The fluorescence intensity of UCP2 protein expression (purple fluorescence) was 

measured using ImageJ and normalised to number of cells (DAPI positive nuclei) (blue fluorescence). Dots 
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represent individual data points from n = 3 independent experiments (3-5 technical replicates for ICC) and the 

histograms represent mean ± SD. Statistically significant differences were determined using Kruskal-Wallis with 

Dunn’s post hoc test for mRNA expression or Student’s t-test for protein levels where p < 0.05 was considered as 

significant. * p < 0.05, significantly different from vehicle-treated control groups.  

 

4.4 Discussion 
  

The mitochondrion, the ‘powerhouse’ of the cell, generates ATP predominately via OXPHOS 

complexes during which electrons are transported and a proton gradient is generated across the 

inner mitochondrial membrane to drive ATP synthesis (Sha et al., 2020). Given the importance 

of this organelle, mitochondrial dysfunction is a central contributor to beta cell dysfunction and 

failure. 

In light of our current observations of disruptions in Δψm, increases in mitochondrial 

superoxide production and a drop in ATP levels following exposure to efavirenz and rilpivirine 

point to a certain level of dysfunction within the respiratory chain that compromises the 

functioning of the mitochondria in INS-1E cells. Complex I is the major entry point for 

electrons of the ETC and is believed to play a central role in energy metabolism and superoxide 

(O2
•–) generation. Efavirenz was previously shown to directly inhibit complex I in isolated liver 

mitochondria (Blas‐García et al., 2010). Here, we show that this inhibition is extended to beta 

cells as efavirenz directly inhibited complex I activity by approximately 75% in isolated 

mitochondria of INS-1E cells. Furthermore, we show, for the first time the most likely binding 

site of efavirenz to complex I. Even though our molecular docking studies predicted that 

efavirenz may bind to several transmembrane subunits, efavirenz most likely binds to the ND5 

membrane subunit of complex I as reflected by its higher binding affinity to ND5 compared to 

other subunits. Therefore, we postulate that efavirenz would almost certainly obstruct the flow 

of the H+ proton to the intermembrane space through the ND5 subunit, hence inhibiting complex 

I activity. 

Previous reports suggest that an inhibition of complex I may result in decreased Δψm and 

reduced proton-driven ATP synthesis (Kilbride et al., 2021; Vial et al., 2019). Our data show 

that efavirenz drastically reduced cellular ATP levels in INS-1E cells, likely to be a 

consequence of the inhibition of complex I and mitochondrial depolarisation induced by 

efavirenz following long-term (24-hour) exposure. It also seems fair to assume that a direct 

inhibition of complex I would result in a consistent reduction in Δψm throughout a 24-hour 

time period since several reports stated that the later effect accompanies the former (Li et al., 
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2003). Although this is true following long-term exposure to efavirenz, as efavirenz caused 

mitochondrial depolarisation (i.e., reduced Δψm) in INS-1E cells treated for 24 hours, exposure 

to efavirenz for 2, 4 and 6 hours resulted in mitochondrial hyperpolarisation (i.e., increased 

Δψm). A possible explanation requires the in-depth familiarisation with the effects of complex 

I inhibition on Δψm. Rotenone, at low concentrations, was shown not only to inhibit complex 

I by approximately ~75% but also consistently hyperpolarise the mitochondria following a 4-

hour incubation period in the 143B human cell line (Barrientos & Moraes, 1999). Mitochondrial 

depolarisation was only achieved when 143B cells were exposed to low concentrations of 

rotenone for 48 hours (Barrientos & Moraes, 1999). These findings are consistent with our 

findings, since efavirenz inhibited mitochondrial complex I activity by approximately 75% and 

caused mitochondrial hyperpolarisation in INS-1E incubated with efavirenz for up to 6 hours. 

Mechanistically, as a result of inhibited complex I activity and subsequent decreased electron 

transport, the rate of H+ ion delivery to the intermembrane space should be decreased. However, 

alterations in ionic homeostasis may produce an increase in that rate or a decrease in the removal 

of the H+ ions from the intermembrane space, inducing the observed efavirenz-mediated 

hyperpolarisation.  When cells lose ion homeostasis, this scenario could be reversed, producing 

a drop in the Δψm (Barrientos & Moraes, 1999). This could explain the drop in Δψm in INS-1E 

cells treated with efavirenz for 24 hours. Another possible aggravator for the loss of Δψm 

observed in INS-1E cells exposed to efavirenz for 24 hours involves UCP2. We show, for the 

first time, that the mRNA and protein expression of UCP2 was upregulated in INS-1E cells 

exposed to efavirenz for 24 hours. Previous findings report that the glucose (20 mM)-stimulated 

mitochondrial membrane hyperpolarization was reduced in beta cells overexpressing UCP2, 

providing a potential mechanism explaining the drop in Δψm observed after long-term exposure 

to efavirenz (Chan et al., 2001b). Additionally, UCP2 overexpression was shown to reduce 

ATP production in beta cells (Chan et al., 2001b). In relation to our data, UCP2 overexpression 

could have worsened the depletion in ATP observed in INS-1E cells exposed to efavirenz.  

Our results also demonstrate that mitochondrial superoxide formation is increased in INS-1E 

cells exposed to efavirenz and rilpivirine. Complex I is considered as the main site of 

mitochondrial superoxide formation where electrons leaks and single electrons react with 

oxygen, generating superoxide anions. Inhibition of complex I can result in increased 

mitochondrial superoxide formation by increasing the formation of ubisemquinone, the primary 

electron donor in mitochondrial superoxide generation (Heinz et al., 2017; Li et al., 2003). 

Efavirenz increased mitochondrial superoxide generation during mitochondrial 
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hyperpolarisation, as well as depolarisation in INS-1E cells. As previously described, oxidative 

stress caused by ROS can cause mitochondrial depolarisation and subsequent impairment of 

OXPHOS (Park et al., 2011). Mitochondrial complex I activity is readily restricted by oxidative 

damage as shown both in in vivo and in vitro models (Nicholls, 2002). This would suggest that 

the efavirenz-mediated increase in mitochondrial superoxide formation in INS-1E cells was 

probably responsible for the mitochondrial depolarisation observed at 24 hours, giving insight 

into a vicious cycle starting with a direct inhibition of complex I which further compromises 

the mitochondrial and cellular function, which may surpass cellular antioxidant and beta cell 

survival capacity. This would only lead to further aggravation of cellular function and 

threatening the cellular capacity of beta cells.  

On the other hand, previous findings have observed that the high magnitude of Δψm also raises 

the possibility of increased formation of superoxide and H2O2 in mitochondria of beta cells 

(Gerencser, 2018). Indeed, increased Δψm leads to increased ROS production from 

mitochondrial complex III, the cell’s chief superoxide (O2)-generating source (Bleier & Dröse, 

2013). This is consistent with our data indicating that rilpivirine-mediated mitochondrial 

hyperpolarization may be upstream of superoxide formation, and hence the cause of increased 

oxidative stress in INS-1E cells. Our results indicate that rilpivirine increased mitochondrial 

superoxide production in INS-1E following a 24-hour time course experiment suggesting that 

rilpivirine increases mitochondrial ROS generation in as little as 2 hours, consistently keeping 

the levels of mitochondrial ROS drastically high. This coincides with the significant increases 

in Δψm observed following incubation with rilpivirine for 2, 4, 6 and 24 hours in INS-1E cells. 

In summary, increased mitochondrial ROS production may be a result of, rather than causal to, 

increased Δψm, and may link rilpivirine’s toxicity in beta cells to its ability to enhance Δψm. 

Although in silico studies have predicted that rilpivirine may bind to complex I, we show that, 

unlike efavirenz, rilpivirine did not directly affect complex I activity. However, we postulate 

that rilpivirine may potentially bind to and inhibit another component of the ETC.  

We determined that rilpivirine markedly increased Δψm in INS-1E following short- and long-

term exposure. In theory, the increased supply of reducing equivalents is expected to increase 

the rate of electron transport, which should increase proton efflux and hyperpolarise the 

mitochondria. Previous findings associated the pharmacological inhibition of the mitochondrial 

ATP synthase with oligomycin, a potent inhibitor of ATP synthase, to increased Δψm in 

pancreatic beta cells (Duchen et al., 1993; Haythorne et al., 2019). Our molecular docking 
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supports this hypothesis as rilpivirine was predicted to bind to the central cavity of the F0 

region, which would almost certainly prevent proton flux into mitochondrial matrix and 

subsequent rotation of the circular rotor, hence inhibiting the function of mitochondrial ATP 

synthase. In theory, the inhibition of ATP synthase would prevent dissipation of mitochondrial 

inner membrane by aborting H+ flux through the ATP synthase (Haythorne et al., 2019). The 

inhibition of ATP synthase directly inhibits cellular ATP synthesis, an effect we observed with 

rilpivirine following a 24-hour exposure in INS-1E cells. Although efavirenz may bind to the 

mitochondrial ATP synthase, it has a much lower binding affinity to this enzyme in comparison 

to rilpivirine. However, in vitro experiments measuring the activity of ATP synthase should be 

conducted to confirm these predictions. It should be noted that, while in silico molecular 

modelling can be helpful in predicting binding affinities to target proteins, it is necessary to 

perform in vitro experiments to confirm any effects, as demonstrated in the case of rilpivirine 

and complex I. Although rilpivirine was predicted to bind to complex I, we show that rilpivirine 

had no direct effect on the activity of complex I in vitro.  

ROS can affect the activity and expression of UCP2. We show that a 24-hour exposure to 

efavirenz simultaneously increased mitochondrial superoxide generation and upregulated the 

mRNA and protein expression of UCP2 in INS-1E cells. Upregulation of UCP2 has been 

observed following increased ROS levels in beta cells (Chan et al., 2004). In pancreatic beta 

cells, UCP2-mediated proton leak decreases the yield of ATP from glucose, hence negatively 

regulating GSIS (Chan et al., 2004; Jitrapakdee et al., 2010; Zhang et al., 2001). Indeed, 

previous findings suggest that upregulation of UCP2 hinders GSIS and lowers cellular ATP in 

pancreatic rat islets and clonal beta cells (Chan et al., 2001a). Therefore, efavirenz-mediated 

increases in superoxide formation can negatively regulate insulin secretion through the 

activation of UCP2, hence reducing Δψm and, subsequently reducing ATP content, a major 

signal for GSIS. Our results indicate that efavirenz reduces insulin secretion from INS-1E cells 

(Chapter 3), further strengthening the potential role of UCP2 in efavirenz-induced beta cell 

dysfunction. In addition, mitochondrial superoxide formation was shown to enhance the activity 

of UCP2-mediated proton leak, hence lowering ATP levels and impairing GSIS in pancreatic 

beta cells (Affourtit & Brand, 2008; Krauss et al., 2003; Zhang et al., 2001). Nonetheless, the 

mechanism underlying the activation of UCP2 by ROS and the precise effects of UCP2 on 

insulin secretion remain unclear (Sha et al., 2020). 
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When mitochondrial electron transport is inhibited, either at the complex I or ATP synthase 

level by efavirenz or rilpivirine, respectively, cells are depleted of ATP, mitochondrial ROS 

production is enhanced and Δψm is disrupted. These mitochondrial alterations are the starting 

point of a cascade of events promoting apoptosis and reducing insulin secretion from beta cells. 

As described in Chapter 3, efavirenz and rilpivirine both reduced insulin secretion from INS-

1E cells and rat islets of Langerhans and increased apoptosis in INS-1E cells. In response to 

mitochondrial impairment, a calcium efflux from mitochondria probably occurs, which could 

contribute to perpetuate a vicious cycle of mitochondrial permeability transition and ROS 

production, resulting in further complex I and ATP synthase inhibition, disruption of calcium 

homeostasis, beta cell dysfunction and cell death. However, it is still possible that both 

efavirenz and rilpivirine affect other components of the ETC, such as complex IV in the case 

of efavirenz as it has been previously shown to inhibit complex IV activity in mouse brain 

regions (Streck et al., 2011).  

4.5 Conclusions 
 

In conclusion, both NNRTIs efavirenz and rilpivirine impair beta cell function and worsen beta 

cell survival likely through differential and direct effects on the mitochondria. Disturbances in 

Δψm, increases in mitochondrial superoxide production and a drop in cellular ATP levels 

following exposure to efavirenz and rilpivirine point to a certain level of dysfunction within the 

respiratory chain that compromises the functioning of the mitochondria in beta cells. This 

dysfunction is likely mediated by the inhibition of mitochondrial complex I activity in the case 

of efavirenz coupled with UCP2 upregulation. On the other hand, rilpivirine has no effect on 

UCP2 expression and may cause mitochondrial hyperpolarisation by directly inhibiting the 

mitochondrial ATP synthase. However, this should be confirmed by in vitro measurements of 

ATP synthase activity. 

So far, rilpivirine piqued our interest in terms of its mechanisms mediating beta cell dysfunction 

and death. Therefore, the next chapter will focus on rilpivirine, investigating if this agent 

directly inhibits a key channel for beta cell function: the pancreatic beta cell ATP-sensitive 

potassium (KATP) channel.  
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5. Beyond the ROS hypothesis: modulation of pancreatic beta 

cell ATP-sensitive potassium (KATP) channels by rilpivirine  
 

5.1 Introduction 
 

The physiological importance of pancreatic beta cell ATP-sensitive potassium (KATP) channels 

in insulin secretion was established 38 years ago by Ashcroft et al. (1984). These ion channels 

play a critical role in glucose homeostasis by linking glucose metabolism to electrical 

excitability and insulin release from beta cells. Under physiological conditions, KATP channel 

activity is determined by the balance between the intracellular nucleotides ATP, which blocks 

the channel, and magnesium ADP, which reverses ATP-induced channel inhibition (Ashcroft 

& Rorsman, 2004; Hattersley & Ashcroft, 2005). At substimulatory glucose concentrations, 

potassium (K+) efflux through open KATP channels maintains the beta cell membrane at a 

hyperpolarized potential of around −70 mV, which keeps voltage-gated calcium (Ca2+) channels 

closed (Ashcroft et al., 1984). Elevation of blood glucose concentrations increases glucose 

uptake and metabolism by the beta cell, producing changes in intracellular nucleotide 

concentrations (i.e., increase in ATP levels) that result in KATP channel closure. This leads to a 

membrane depolarization that opens voltage-gated Ca2+ channels, allowing the influx of Ca2+ 

and the subsequent exocytosis of insulin granules and secretion (Gribble et al., 1998; Hattersley 

& Ashcroft, 2005).  

The KATP channel is an octameric complex of sulfonlyurea receptors (SURs) and the pore-

forming inwardly rectifying potassium channel (Kir), mainly found embedded in the cellular 

plasma membrane. SUR subunit varies, with SUR1 being present in pancreatic beta cells, while 

Kir6.2 is found in pancreatic beta cells as well as cardiac and smooth muscle cells (Proks et al., 

2004). The pancreatic beta cell KATP channel contains equal numbers of Kir6.2 and SUR1 

subunits (Figure 5.1, B and C). Four Kir6.2 form the channel pore and each Kir6.2 subunit is 

linked to SUR1 that is involved in the regulation of channel gating. The Kir6.2 subunit serves 

to allow K+ ions to pass into the cell while the SUR1 is the regulatory subunit of the ion channel, 

through its nature as an ATP-binding cassette (Enkvetchakul & Nichols, 2003).  

Pancreatic beta cell KATP channels are also the target for sulfonylurea drugs, which are widely 

used to manage type 2 diabetes (T2D). Direct pharmacological inhibition of pancreatic beta cell 

KATP channels by potent blockers such as sulfonylureas has provided an important therapeutic 
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avenue that proved to be effective in the management of T2D. Gliclazide, a second-generation 

sulfonylurea is commonly used for the treatment of T2D as dual therapy in addition to 

metformin, or as an alternative first-line treatment if metformin is contraindicated or not 

tolerated (National Institute for Health and Care Excellence, 2022). Gliclazide stimulates 

insulin secretion primarily by binding to SUR1 and subsequently close KATP channels in 

pancreatic beta cells. By closing the pancreatic beta cell KATP channels, intracellular K+ ions are 

increased, leading to membrane depolarisation and activation of voltage-dependent Ca2+ 

channels. Subsequently, insulin is secreted from beta cells, thus reducing plasma glucose.  

In Chapter 3, we report that rilpivirine reduced insulin release from beta cells and isolated rat 

islets of Langerhans. The pancreatic beta cell KATP channel is very unique to beta cells, 

therefore, if rilpivirine activates this ion channel, this could explain the lack of rilpivirine-

mediated cellular toxicity in other cell types such as hepatocytes, which do not possess 

Kir6.2/SUR1 channels (Malhi et al., 2000; Sola et al., 2015; Szeto et al., 2018). In addition to 

potentially impairing insulin release via oxidative stress and mitochondrial toxicity (Chapter 

3), we hypothesise that rilpivirine may also reduce insulin secretion by directly activating 

pancreatic beta cell KATP channels (Figure 5.1, A). To follow up, we suggest that co-treating 

beta cells with a potent KATP channel inhibitor such as gliclazide could attenuate the rilpivirine-

mediated damaging effects.  

Therefore, the aim of this study was to investigate the direct effects of rilpivirine on the activity 

of pancreatic beta cell KATP channels (Kir6.2/SUR1) by electrophysiology and the effects of 

gliclazide on rilpivirine-mediated beta cell dysfunction and death.  
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Figure 5.1 Rilpivirine may directly activate pancreatic beta cell KATP channels (Kir6.2/SUR1). (A) Proposed 

modulation of the pancreatic beta cell Kir6.2/SUR1 channel by rilpivirine. By activating Kir6.2/SUR1 channels, 

K+ efflux increases and consequently causes a hyperpolarisation of beta cells. Subsequently, voltage-gated Ca2+ 

channels remain closed and subsequent insulin exocytosis and release is suppressed. (B) Top-down view of the 

Kir6.2 (green)/ SUR1 (purple) pancreatic beta cell channel. (C)  Side-view of the Kir6.2/SUR1 channel. (+) sign 

indicates activation.
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5.2 Materials and Methods  
 

5.2.1 Materials  
 

Xenopus oocyte ovaries were purchased from the European Xenopus Resource Centre 

(University of Portsmouth, UK). Subcloning Efficiency™ DH5α Competent Cells and S.O.C 

medium were obtained from Invitrogen (Thermo Fisher Scientific, USA). The ZymoPURE II 

Plasmid Midi Prep kit was obtained from Zymo Research (USA). Female Xenopus laevis lobes 

containing Xenopus oocytes were purchased from the European Xenopus Resource Centre 

(University of Portsmouth, UK). Liberase TM was obtained from Roche 

(Mannheim, Germany). The StuI Restriction Enzyme and CutSmart Buffer® from New 

England Biolabs (UK). The mMESSAGE mMACHINE T7 promoter kit was obtained from 

(Invitrogen, Thermo Fisher Scientific, USA). Mineral oil was obtained from Sigma-Aldrich 

(UK). Gliclazide was obtained from Thermo Fisher (USA). All other materials were obtained 

as described in Materials, Chapter 2 (see 2.1). 

5.2.1.1 Buffers 
 

96 mM K
+ 

solution 

96 mM KCl 

2mM NaCl 

1 mM MgCl2 

1.8 mM CaCl2 

5 mM HEPES 

Buffer was adjusted to pH 7.4 with KOH 

 

Sterile Barth’s Saline (MBS) solution  

96 mM NaCl 

2 mM KCl 

5 mM MgCl2 

0.5 mM CaCl2  

5 mM HEPES 

10 mM KH2PO4 

Buffer was adjusted to pH 7.6 with KOH. 
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Tris acetate EDTA (TAE) buffer  

40 mM Tris  

20 mM acetic acid  

1 mM EDTA 

Buffer was adjusted to pH 7.6 

 

5.2.1.2 Luria Broth medium and agar plates 
 

Luria Broth (LB) medium  

Bacto-tryptone 10 g  

Yeast Extract 5 g  

NaCl 10 g  

Components were dissolved in 800 mL of deionised water and the pH adjusted to 7.5 using NaOH before adjusting 

the volume to 1 L with deionised water. LB was autoclaved before cooling to 50°C and adding the antibiotic 

ampicillin (50 μg/mL). LB was stored at 4°C for no longer than 3 months. 

 

Luria Broth (LB) agar plates  

Agar 15 g  

Bacto-tryptone 10 g 

Yeast extract 5 g 

NaCl 10 g 

Components were dissolved in 800 mL of deionised water and the pH adjusted to 7.5 using NaOH before adjusting 

the volume to 1 L. LB agar was autoclaved before cooling to 50°C and adding the antibiotic ampicillin (50 μg/mL). 

Plates were poured into petri dishes under a Bunsen flame in a designated sterile area washed with virkon (500 

mg/mL) and 70% ethanol prior to use. Plates were then left to set under a constant flame before being stored at 

4°C for no longer than 3 months. 

 

5.2.2 Methods 
 

5.2.2.1 In silico molecular docking 
 

Chemical structures were plotted using Jmol, an open-source Java viewer for chemical 

structures in 3D. For docking, the cryo-EM structure of Kir6.2/SUR1 (PDB: 5TWV) was 

prepared for docking with UCSF Chimera (Martin et al., 2017b; Pettersen et al., 2004). Due to 

their large size, both proteins were truncated as to obtain intracellular or intermembrane 

domains for docking. Unguided docking of efavirenz and rilpivirine to predict binding 

sites was performed using SwissDock with CHARMM forcefield (Grosdidier et al., 2011). 
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5.2.2.2 Molecular biology 
 

5.2.2.2.1 Bacterial transformation of Kir6.2 and SUR1 plasmids in DH5-alpha chemically 

competent Escherichia coli  

 

Bacterial transformation is performed as a step in molecular cloning in order to produce 

multiple copies of recombinant DNA molecules of interest. Here, we perform bacterial 

transformation of Kir6.2 and SUR1 plasmids in a pcDNA3.1-C-(k) DYK mammalian 

expression vector. The pcDNA3.1-C-(k) DYK expression vector ensures stable transcribed 

RNA and high-level expression in Xenopus oocytes (Huez et al., 1974). 

Human Kir6.2 and SUR1 genes in the pcDNA3.1-C-(k) DYK ampicillin-resistance mammalian 

expression vector were obtained from GeneScript (USA) and reconstituted to a final 

concentration of 4 µg by adding 20 μL nuclease-free water, heating to 50°C for 10 mins, and 

mixing vigorously using a vortex for 1 min.  

The resuspended Kir6.2 and SUR1 constructs were transformed using DH5-α chemically 

competent Escherichia coli (E. coli) cells and the heat shock method. Snap-top polypropylene 

tubes were placed on ice for 15 mins prior to starting the transformation procedure. Next, 50 

μL of DH5-α cells were added to each tube. 1 μL of the reconstituted Kir6.2 or SUR1 plasmids 

were then added to the 50 μL DH5-α cells and gently mixed with a micropipette tip before being 

incubated on ice for 20 mins.  

After 20 mins, the polypropylene tubes containing the competent cells and recombinant 

plasmids were transferred to a water bath at 42oC for 45 secs before being returned to ice for 2 

mins. The polypropylene tubes were then removed from the ice and   900 μL of Super Optimal 

broth with Catabolite repression (S.O.C) medium was added to each tube before being 

incubated at 37oC for 1 hr at 150 rpm in a Incu-Shake Mini incubator (SciQuip, USA). 

Following incubation, the plasmid containing DH5-α bacterial cell /S.O.C medium suspension 

was diluted 1:10 to a final volume of 100 μL onto separate LB agar plates containing the 

selection antibiotic ampicillin (50 μg/mL) (prepared as described above, see 5.2.1) and spread 

with a sterile spreader. The LB ampicillin agar plates were then incubated at 37oC in a stationary 

incubator for 14-16 hrs. As pcDNA3.1-C-(k) DYK contains an ampicillin-resistance gene, only 

colonies formed on the LB ampicillin agar plates that possess the recombinant plasmids 

containing Kir6.2 or SUR1.  
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Single colonies were then picked (one per polypropylene tube) using a sterile 10 μL tip and 

dropped into a polypropylene tub containing 3 mL of LB medium (see 5.2.1) and incubated at 

37oC and 250 rpm for 16 hrs.  

Active growth was monitored throughout the culture process by assessing optical density (OD), 

an indicator of bacterial cell growth.  

5.2.2.2.2 Plasmid midi prep purification  
 

The OD at 600 nm was measured using a spectrophotometer (BioTek Synergy HT Microplate 

Reader, USA). OD was used to gauge the bacterial culture growth stage. OD measures the 

degree of light scattering caused by the bacteria within a culture; the more bacteria there are, 

the more the light is scattered. This ensures that bacterial growth took place. After ensuring that 

bacterial growth took place, we commenced the plasmid isolation process. 

Isolation of ultra-pure plasmid DNA from DH5-α competent cells was performed using the 

ZymoPURE II Plasmid Midi Prep kit (Cat#: D4201, Zymo Research, USA), according to 

manufacturer’s instructions. Briefly, bacterial cells were resuspended in ZymoPURE P1 

solution by vortexing vigorously. Then, ZymoPURE P2 was added for 2 mins to lyse bacterial 

cells. Then, ZymoPURE P3 was added to neutralise the lysis process. The neutralised lysate 

was then loaded into a syringe filter and clarified into a conical tube. Binding buffer was added 

to the cleared lysate and was mixed thoroughly by inverting the capped conical tube 8 times. 

The entire sample was passed through a spin column by centrifuging the spin column assembly 

at 500 x g for 2 mins. Then, the column assembly was washed twice by adding the wash buffer 

and centrifuging at 500 x g for 2 mins. The spin column was then transferred to a collection 

tube in order to remove any residual wash buffer by centrifuging at 10,000 x g for 1 min in a 

microcentrifuge. Then, the spin column was transferred into a clean microcentrifuge tube before 

adding the elution buffer provided directly to the column matrix. After waiting for 2 mins, the 

spin column in the microcentrifuge tube was centrifuged at 10,000 x g for 1 min. These are 

eluates containing isolated Kir6.2 and SUR1 DNA plasmids. Finally, the concentration of DNA 

and the A260/280 ratio were measured to assess the amount and purity of the isolated DNA 

plasmids using a Nanodrop® Lite spectrophotometer (Thermo Fisher, USA), with nuclease-

free water as zero absorbance reference (Table 5.1).  

Values close to 1.8 are generally accepted as ‘pure’ DNA. Once the purity was deemed 

acceptable, the plasmid midi prep stocks were stored at -20oC prior to linearisation. 
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Table 5.1 Concentration and A260/280 ratio of Kir6.2 and SUR1 DNA plasmids  

 

5.2.2.2.3 Linearisation of plasmids 
 

The eluates of DNA plasmids for Kir6.2 and SUR1 were thawed on ice prior to the linearisation 

process. Linearised DNA plasmids are more accessible to reverse transcriptase compared to 

unlinearised, uncut DNA plasmids. The linearisation process involves cleaving a circular DNA 

plasmid with the restriction enzyme StuI. Linearisation was performed using the StuI 

Restriction Enzyme (Cat#: R0187, New England Biolabs, UK) in CutSmart Buffer® (Cat#: 

R0187, New England Biolabs, UK) according to manufacturer’s instructions. Briefly, a 25 μL 

reaction was prepared by adding the components stated in Table 5.2 together and mixing gently 

by pipetting up and down. The mixture was incubated for 20 mins at 37oC to perform the 

linearisation process. 

The exact amounts of components to be added to the reaction were determined for 10 μg of 

plasmid (Table 5.2). For instance, 10 μg of DNA plasmid for Kir6.2 corresponds to the 

following equation:   

10 𝜇𝑔 (𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) 𝑋 1 𝜇𝐿

1.672 μg
 = 6 μL  

Table 5.2 Components for the linearisation of Kir6.2 and SUR1 plasmids 

 Kir 6.2 SUR1 

Restricting 

enzyme 

Buffer Plasmid 

(10 μg) 

H2O Enzyme Buffer Plasmid 

(10 μg) 

H2O 

Volume (in 

μL) 

1* 3* 6 20 1* 3* 8 18 

*Set volumes as per manufacturer’s instructions 

Finally, linearised DNA concentrations and A260/280 ratios of purity were measured using a 

Nanodrop® Lite spectrophotometer, with nuclease-free water as zero absorbance reference 

(Thermo Fisher, USA). This would allow to monitor the purity of the isolated linearised DNA, 

as well as measure concentrations of linearised DNA that would serve for RNA transcription 

as detailed below.  

DNA plasmid Concentration of DNA (ng/μL) A260/280 

Kir6.2 1672 1.76 

SUR1 1205 1.83 
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Table 5.3 shows the measurements for concentrations of unlinearised Kir6.2 and SUR1 DNA.  

Table 5.3 Concentration and A260/280 ratio of Kir6.2 and SUR1 linearised DNA  

Plasmid Concentration of linearised 

DNA (ng/mL) 

A260/280 

Kir6.2 406.7 1.78 

SUR1 373.4 1.77 

 

However, it is necessary to ensure that the DNA plasmids have been linearised prior to 

transcription into RNA. Therefore, we performed an agarose gel electrophoresis of our 

unlinearised DNA samples.  

5.2.2.2.4 Agarose gel electrophoresis 
 

Agarose gel electrophoresis was performed on the linearised DNA plasmids to ensure the 

successful linearisation had occurred.  Briefly, a 0.8% agarose gel was prepared by dissolving 

0.4 g of agarose in 50 mL of TAE buffer (see Materials, 5.2.1). The agarose slurry was melted 

until full dissolution and 3 μL of SYBR safe DNA gel stain was added in order to visualise the 

DNA using blue light image capture (BioRad Gel Doc EZ system) post run. The gel tank was 

filled with 1x TAE buffer, and the wells filled with 5 µL of 10 Kb DNA marker, 40 μL of 

linearised Kir6.2 and SUR1, and unlinearised plasmids of the same constructs as a negative 

control (Figure 5.2). The negatively charged DNA or RNA is attracted to the positive electrode 

and moves through the gel, with larger fragments moving slower than smaller fragments, 

allowing for the separation of different DNA or RNA fragments based on size.  Uncropped gel 

electrophoresis image can be found in Figure 21, Appendix II.  
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Figure 5.2 Unlinearised and linearised SUR1 DNA run in agarose gel electrophoresis. Unlinearised SUR1 plasmid 

is visibly bigger than the linearised SUR1 plasmid. 

After confirming that DNA is in fact linearised, we proceeded to transcribe the linearised DNA 

to RNA.  

 

5.2.2.2.5 In vitro transcription 
 

cRNA synthesised in vitro is widely used to for heterologous expression of ion channels in 

Xenopus oocytes. cRNA was prepared from linearised Kir6.2 or SUR1 pcDNA3.1 constructs 

using the mMESSAGE mMACHINE T7 promoter kit, according to manufacturer’s instructions 

(Invitrogen, Thermo Fisher; Cat #: AM1344). The T7 promoter system is a commonly used 

sequence of DNA base pairs that is recognised by the T7 RNA polymerase which in turn enables 

transcription of linearised DNA to RNA.  

Briefly, a 20 μL reaction was prepared by adding the components outlined in Table 5.4 and 

mixing thoroughly by pipetting the mixture up and down gently. Then, the reaction was 

incubated for 2 hrs at 37oC. TURBO DNase (1 μL) was added to remove the template DNA 

and the mixture was incubated again for 15 mins at 37oC. To stop the reaction and precipitate 
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RNA, nuclease-free water (25 μL) and lithium chloride (25 μL) were added. The mixture was 

then mixed by pipetting up and down before chilling for at least 30 mins at -20oC. After chilling, 

the mixture was centrifuged at 4oC for 15 mins at maximum speed to pellet the RNA. The 

supernatant was then carefully removed, and the pellet was washed once with 1 mL of 70% 

ethanol and re-centrifuged. This is to maximise that removal of unincorporated nucleotides. 

After centrifugation, the 70% ethanol was carefully removed, and the RNA was resuspended in 

nuclease-free water (20 μL).  

According to the linearised DNA concentrations of Kir6.2 and SUR1 (Table 5.3), we calculated 

the amount of template linearised DNA corresponding to 1 μg. For instance, 1 μg of linearised 

DNA for Kir6.2 corresponds to the following equation:  

1 𝜇𝑔 (𝑎𝑚𝑜𝑢𝑛𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) 𝑋 1 𝜇𝐿

0.4067 μg
 = 2.5 μL. 

Table 5.4 summarises the components for the in vitro RNA transcription of the Kir6.2 and 

SUR1 linearised DNA. 

Table 5.4 Components of cRNA transcription of Kir6.2 and SUR1 linearised plasmids  

 Kir6.2 SUR1 

2xNT
P  

10x 
reactio
n 
buffer 

Linearise
d 
plasmid 
(1 μg) 

Enzym
e mix  

Nucl
eas
e-
free 
H2O 

2xNTP 10x 
reaction 
buffer 

Linearise
d plasmid 
(1 μg) 

En
zy
me 
mix 

Nucleas
e-free 
H2O 

Volume (in 
μL) 

10* 2* 2.5 2 3.5 10* 2* 2.7 2 3.3 

Total 
volume of 
reaction (in 
μL) 

20 20 

 

The reactions were prepared by mixing the components mentioned in Table 5.4 using a vortex. 

The reactions were then incubated for 2 hrs at 37oC. Following incubation, 1 μL of DNase was 

added to the reaction. Then, the reaction was stopped with 25 μL of lithium chloride before 

adding 25 μL of H2O to elute the RNA. The concentration and purity (i.e., A260/280) of RNA 

were determined using a Nanodrop® Lite spectrophotometer (Thermo Fisher, USA), with 

nuclease-free water as zero absorbance reference. Values close to 2 are generally accepted as 

‘pure’ RNA. Once the purity was deemed acceptable, and the amount of cRNA was determined, 

then reverse transcription was carried out (Table 5.5). The cRNA in eluate was stored at -20oC.  
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Table 5.5 Concentration and A260/280 ratio of transcribed Kir6.2 and SUR1 cRNA 

 

Then, cRNA quality was assessed by agarose gel electrophoresis (see 5.2.2.2.4). Two distinct 

bands and an absent smear below the second band signifies that the cRNA is of good quality. 

An example is shown below (Figure 5.3). Uncropped gel electrophoresis image can be found 

in Figure 22, Appendix II.  

 

 

 

Figure 5.3 Agarose gel electrophoresis for SUR1 RNA. Two distinct bands and an absent smear below the second 

band can be visualised (two technical replicates).  

 

Plasmid Concentration of RNA (ng/μL) A260/280 

Kir6.2 1273.2 1.98 

SUR1 1489.9 1.87 
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5.2.2.2.6 cRNA dilution 

 

Kir6.2 cRNA samples were diluted to a final concentration of 2 ng per 23 nL which equates to 

0.087 ng/nL. Example: Concentration of RNA for Kir6.2 is 1273.2 ng/µL, which equates to 

1.2732 ng/nL (Table 5.5). So 1.2732/0.087 = factor of 14.6. Hence dilute 1 µL of RNA in 14.6 

µL of RNase-free water to get a concentration of 0.087 ng/nL. So when 23 nL is injected it will 

in fact be 2 ng of Kir6.2 RNA. SUR1 cRNA samples were diluted to a final concentration of 5 

ng per 23 nL which equates to 0.217 ng/nL. The calculations were performed as explained in 

the example given above.  

Figure 5.4 summarises the process implemented in order to generate cRNA from Kir6.2 and 

SUR1 plasmids. 

 

 

Figure 5.4 Schematic summary of transformation, isolation and linearisation of plasmids and in vitro transcription 

used in this study. Figure created with BioRender.com. 
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5.2.2.3 Xenopus oocyte preparation  
 

Female Xenopus laevis ovaries were purchased from the European Xenopus Resource Centre 

(University of Portsmouth, UK). First, the ovaries were dissected into small clumps containing 

15-20 oocytes and washed in sterile Barth’s Saline (MBS) supplemented with penicillin (100 

µg/mL) and streptomycin (100 µg/mL). The cells were then transferred to 15 mL of MBS 

containing 250 μL of liberase enzyme (Thermo Fisher UK) and rotated at 10 rpm at room 

temperature (~25oC) for 30-45 mins or until the follicular cell layer was visibly digested. The 

defolliculated oocytes were then washed 10 times with MBS. After washing, only healthy-

looking Xenopus oocytes (i.e., perfectly spherical and with intact pigmentation) were 

transferred using a Pasteur pipette to a 60 mm diameter, 15 mm depth Petri dish filled with 

MBS solution (~ 100 oocytes per dish). Stage V and VI oocytes were then selected ready for 

cRNA injection. 

 

5.2.2.4 cRNA injection  
 

5.2.2.4.1 Electrode and injection pipette fabrication  
 

Glass injection pipettes were pulled using a two-stage Narishige PP-83 pipette puller (Narishige 

Scientific Instrument Laboratory, Japan). For injection, pipettes were pulled at a stage one pull 

of 64.8°C, stage two pull of 48.8°C, with two large and one small weight attached.  

Glass recording electrodes were manufactured from thin-walled borosilicate glass capillaries 

(1.0 mm OD, 0.78 mm ID, 75 mm L). Pipettes were pulled at a stage one pull of 65.1°C, stage 

two pull of 44.9°C, with two large and one small weight attached. 

 

5.2.2.4.2 Injection procedure 

 

The injection pipette was backfilled with mineral oil using a 10 mL syringe. Then, the 

microinjection pipette was mounted onto an automatic microinjection apparatus (Nanoinject 

III, Drummond Scientific, USA) as shown in Figure 5.5. Pre-back-filled needles were filled 

with cRNA by dispensing a 1 µL volume of Kir6.2 and SUR1 cRNA working solution (see 

5.2.2.2.6) each and mixing using a pipette tip onto a piece of para-film tightly stretched over a 

fabricated stage. Then, the mixed cRNA working solution was taken up into the back-filled 

needle ready for injection into oocytes. Selected Xenopus oocytes were strategically placed onto 
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a grid placed in a 35 mm diameter petri dish filled with MBS using a Pasteur pipette. A 

programme was set and ran to ensure oocytes were injected with 23 nL of Kir6.2 and SUR1 to 

inject individual oocytes as described previously (see 5.2.2.2.6). The injection pipette was 

carefully inserted into the centre of the vegetal pole of the Xenopus oocyte and the cRNA was 

injected at a flow rate of 10 nL/second. Following injection with cRNA, the injected Xenopus 

oocytes were transferred to a new 35 mm petri dish filled with MBS (Figure 5.5). Xenopus 

oocytes were maintained at 16oC for 5 days to express the Kir6.2/SUR1 channels while 

changing MBS solution twice daily, prior to electrophysiological measurements.  
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Figure 5.5 Summarised cRNA injection protocol and injection system setup for electrophysiological analysis of 

Kir6.2/SUR1. cRNA prepared from bacterially transformed Kir6.2 and SUR1 DNA was injected into individual 

Xenopus oocytes using a programmable microinjector unit.  

 

5.2.2.5 Two-electrode voltage clamp (TEVC) electrophysiology  
 

TEVC is a method of measuring ion current through membrane of excitable cells, while holding 

the membrane voltage at a set level. The method measures membrane potential and changes the 

membrane voltage to a desired value by adding the necessary current, effectively clamping the 
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cell membrane at a constant voltage desired by the experimenter and allowing the voltage clamp 

to record what currents are delivered. Oocytes are positioned into a bath which is mounted 

under a microscope and connected to a gravity perfusion system. The oocyte is impaled by two 

microelectrodes through manual manipulation with microelectrode holders. The 

microelectrodes are connected to an amplifier which controls the holding potential of the 

membrane by clamping it at a pre-set command voltage. The amplifier is connected to an 

analogue to digital converter, which is in-turn connected to a PC.  

Following 5-days post-injection, the injected Xenopus oocytes were subject to the TEVC 

method. All the following procedures were conducted at room temperature (~25oC).  

5.2.2.5.1 Recording from oocytes  
 

The recording rig was prepared by checking the gravity perfusion and aspiration system before 

loading all the solutions (Table 5.6) required in the perfusion system (Figure 5.6, A). A fairly 

large oocyte with well-defined animal and vegetal poles was chosen. The oocyte was transferred 

to the mesh in a bath filled with 96 mM K+ solution. The mesh in the bath restricts the movement 

of the oocyte. 

A recording (V) and a current (I) electrode were backfilled halfway with 3 M KCl and slotted 

on electrode holders containing chloride-silver wires. The recording electrode senses change in 

voltage relative to the ground electrode, while the current electrode injects current into the cell. 

These microelectrodes then compare the membrane potential against the set command voltage 

and use negative feedback to maintain the cell at this set voltage. Both electrodes are connected 

to an amplifier, which measures the membrane potential and sends this signal into a feedback 

amplifier that subtracts the membrane potential from the command potential and sends an 

output to the current electrode. If the cell deviates from the command potential the amplifier 

will then generate an error signal, which is the difference between the command potential and 

the actual voltage of the cell. This results in the feedback circuit passing current into the cell to 

reduce this error signal to zero. Prior to recording both microelectrodes were compensated for 

by manually adjusting the offset using controls available for both voltage and the current 

electrodes. Tip resistances were measured by placing the electrodes into the bath solution and 

adjusting the offset to 0 mV. 

Oocytes were recorded using an Oocyte Clamp O0-725C amplifier (Warner Instruments, 

Harvard Apparatus) and Digidata 1550 digitizer (Molecular Devices) while running pCLAMP 
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10.4 software (Molecular Devices, LLC. Sunnyvale, CA) on Windows 10 operating system.  

The micromanipulators were used to get the electrodes close to the oocyte. Then, the fine dials 

were used to poke the oocyte slowly and gently with the electrode all the while observing under 

the scope and watching the read out from the electrodes. An indent on the oocyte membrane, 

which reformed once the electrode pierced through should be observed. When the electrode 

enters the oocyte, the electrode will display the resting potential of the oocyte. For a healthy 

oocyte, the resting potential should be around –50 mV. The clamp was adjusted to fast, and the 

gain turned to maximum before the voltage protocol was applied. Recordings were made using 

the following voltage-step protocol. Recordings were conducted by maintaining a holding 

potential of 0 mV by 100 ms voltage steps in 10 mV increments from – 120 to +50 mV (Fig. 

5.6, B).  

5.2.2.5.2 Treatment protocol  
 

A stock solution (25 mM) of rilpivirine was prepared as per Table 1, Appendix I. To prepare a 

100 μM rilpivirine working solution, 400 μL of rilpivirine stock solution (25 mM) was diluted 

in 100 mL of 96 mM K+ solution.  

Control (DMSO) and rilpivirine solutions were applied by gravity perfusion (Figure 5.6, A). A 

recording of the control Xenopus oocyte (i.e., oocyte in 96 mM K+ solution with DMSO only) 

was performed. Once the recording for the control was performed, the 96 mM K+ solution with 

DMSO was exchanged with 100 μM rilpivirine 96 mM K+ solution using the perfusion and 

aspiration system. After a 3-minute exposure to rilpivirine 100 μM, the recording was 

performed from the oocyte. Following the recording, the oocyte was discarded using a Pasteur 

pipette. Then, the water bath was thoroughly washed with 96 mM K+ solution using the 

aspiration and perfusion system. This was repeated again with another healthy oocyte. 

The solutions are used in the order stated in Table 5.6.  

Table 5.6 Treatment protocol for TEVC analysis of Kir6.2/SUR1 channels 

Steps in order Solution  Purpose 

START – Place oocyte in bath filled with 96 mM K+ solution 

1 96 mM K+ solution Control 

2 Rilpivirine (100 µM) diluted in K+ 

solution  

Agent under investigation  

END – Dispose of the oocyte and wash the bath by perfusion and aspiration. Load another oocyte 

and repeat process.  
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Figure 5.6 Schematic summarising the oocyte set-up as part of a TEVC recording. (A) Oocyte in a bath chamber 

with a 96 mM K+ or rilpivirine solution for perfusion. Inserted are the current (i) and voltage (v) electrodes under 

an objective, with light sources directed either side. (B) Diagram of the voltage protocol used for this study. 

Currents evoked at 10 mV were measured. -120 to +50 mV are the highest and lowest voltages of the step protocol, 

0 mV is the holding potential. n.b. size not to scale.   

 

5.2.2.6 Treatment protocol for experiments in INS-1E cells 
 

After cell growth as described in Chapter 2 (see 2.2.1), INS-1E cells were exposed to rilpivirine 

(3 or 10 µM) or gliclazide (0.1, 0.3 or 1 µM) alone or to rilpivirine (3 or 10 µM) plus gliclazide 

(0.1, 0.3 or 1 µM) for 24 hrs. 
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Gliclazide (MW = 323.412 g/mol) stock solution (5 mM) was prepared by adding 1.62 mg of 

gliclazide to 1 mL of DMSO. Then, solutions of different concentrations (0.1, 0.3, and 1 μM) 

of gliclazide were prepared by diluting the stock solution in 5 mL RPMI-1640 media 

supplemented with 3% heat-inactivated FCS, 50 μM 2-mercaptoethanol and 1% penicillin-

streptomycin (Table 2 and Table 4, Appendix I). Vehicle (DMSO) controls were included in 

each experiment.  

Following treatment protocol, glucose-stimulated insulin secretion (GSIS) (see 2.2.3.1), cell 

viability (see 2.2.5), apoptosis levels (see 2.2.6.2), intracellular ROS generation (see 2.2.7.1) 

and mitochondrial membrane potential (Δψm) (see 2.2.8) were assessed as described in 

Chapter 2. 

5.2.2.7 Data analysis  
 

For TEVC, data analysis was performed using the Clampfit 10.2 software (Molecular Devices, 

LLC. Sunnyvale, USA). Traces were analysed by placing markers at identical positions on 

every recorded trace where the steady-state current was observed. I-V relationship curves were 

plotted using Clampfit 10.2 software, and the data transferred into an excel spreadsheet to 

calculate the mean I-V relationship for all oocytes in the experiment. Each oocyte represents 

one independent experiment. Exemplar traces were transposed from Clampfit 10.2 results table 

(Properties, hide, voltage steps, edit, transfer traces) into GraphPad Prism 8 (GraphPad 

Software, San Diego, USA) to create graphs.  

For in vitro experiments in INS-1E cells, data and statistical analysis were performed as 

described in Chapter 2 (see 2.2.15). 

5.3 Results 
 

5.3.1 Rilpivirine is predicted to bind to the pancreatic KATP channel 

(Kir6.2/SUR1) 
 

The pancreatic beta cell KATP channel is a crucial component of the insulin-secreting machinery. 

Therefore, we investigated if rilpivirine binds to and activates the pancreatic beta cell KATP 

channel. After confirming the expression of Kir6.2 and SUR1 in INS-1E cells (Figure 2, 

Appendix I), we attempted to predict the binding probabilities of rilpivirine to the Cryo-EM 

structure of the pancreatic beta cell Kir6.2 (PDB: 5TWV)/SUR1 (PDB: 6PZI) channel. 
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Even though rilpivirine has the ability to bind to Kir6.2 (transmembrane domains) and SUR1 

(intracellular domains), rilpivirine exhibited the most favourable binding free energy to SUR1 

(transmembrane domains), as shown by the estimated Gibbs free energy (ΔG) score (-8.71 kcal 

mol-1) (Table 5.7). Therefore, we focused on this domain for further molecular docking 

analysis.  

Table 5.7 Full fitness and Gibbs free energy (ΔG) scores for docking of rilpivirine to subunits of Kir6.2/SUR1. 

The more negative the ΔG value, the more exothermic the proposed interaction. Full fitness scores predicted by 

SwissDock indicate that lower values represent binding modes which are more favourable than higher scoring 

numbers. Rilpivirine showed most favourable interaction with SUR1 (transmembrane domains). 

Subunit ΔG (kcal mol-1) Full fitness (kcal mol-1) 

Kir6.2 (transmembrane domains)  -7.31 -1619.46 

Kir6.2 (intracellular domains)  -7.57 -5143.14 

SUR1 (transmembrane domains) -8.71 -3157.47 

SUR1 (intracellular domains) -7.54 -3972.60 

 

We show that rilpivirine has several potential binding configurations to the SUR1 

transmembrane domains (Figure 5.7, C). There were 256 predicted binding poses for rilpivirine 

docked in the SUR1 transmembrane unit, arranged in 39 clusters. We show the most favourable 

binding pose of rilpivirine to SUR1 (between transmembrane domain 0 and 2), exhibiting the 

highest estimated ΔG (-8.71 kcal mol-1) in comparison to other configuration poses (Figure 5.7, 

E and F). Interestingly, we also found that several rilpivirine binding poses were predicted to 

bind to the sulfonylurea binding site (between transmembrane domain 1 and 2), exhibiting a 

ΔG of -7.8 kcal mol-1 and full fitness score of -3145.943 kcal mol-1 (Figure 5.7, C, D and F). 

The sulfonylurea binding site was previously proposed by Martin et al. (2017a) and 

Walczewska-Szewc and Nowak (2021). We also performed molecular docking for gliclazide 

docked in the SUR1 transmembrane unit. We confirmed that gliclazide binds to this established 

sulfonylurea binding site (Figure 3, Appendix I).  



 

205 
 

 

Figure 5.7 Rilpivirine is predicted to strongly bind to the transmembrane domains of SUR1 of the pancreatic beta 

cell KATP channel. (A) Top-down view of the Cryo-EM structure of the pancreatic beta cell KATP channel 

(Kir6.2/SUR1). TMD0, TMD1 and TMD2 stand for the SUR transmembrane domain 0, 1 and 2, respectively. (B) 

Side view of transmembrane (grey) and intracellular domains of Kir6.2 and SUR1. (C) All the binding 

configurations of rilpivirine to the transmembrane domains of SUR1. The established binding site of sulfonylureas 

is shown as a black dashed oval. (D) Rilpivirine is predicted to bind to the sulfonylurea binding site (ΔG = -7.8 

kcal mol-1). The binding site of sulfonylureas is shown as a black dashed oval. Atoms are represented as spheres. 

(E) Most favourable pose of rilpivirine to the transmembrane domain of SUR1 based on (ΔG = -8.71 kcal mol-1). 

Atoms are represented as spheres. (F) Top-down view of two relevant poses of rilpivirine to the SUR1 
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transmembrane protein. The binding site of sulfonylureas is shown as a black dashed oval. Atoms are represented 

as spheres. 

 

5.3.2 Rilpivirine activates the pancreatic beta cell KATP channel (Kir6.2/SUR1) 
 

We showed that rilpivirine is predicted to bind to the pancreatic beta KATP channel, however, 

its effect on this channel is not clear yet. Therefore, we attempted to understand the effects of 

rilpivirine on the activity of the pancreatic beta cell KATP channel (Kir6.2/SUR1) in Xenopus 

oocytes using TEVC. Whole pancreatic beta cell KATP channels (Kir6.2/SUR1) were stimulated 

by rilpivirine as shown by the I-V relationship curve and current density measurements (Figure 

5.8). Rilpivirine increased Kir6.2/SUR1 channel currents within the -120 mV to -60 mV voltage 

range in comparison to control (Figure 5.8, C). The KATP channel current density in control 

oocytes was approximately -0.14 μA (Figure 5.8, D). When rilpivirine (100 μM) was added, 

KATP channel current density was significantly increased to approximately -0.36 μA (–120 mV) 

(Figure 5.8, D). On the other hand, no statistically significant stimulation was observed in the 

inward-rectifier K+ channel subunit Kir6.2 following exposure to rilpivirine (Figure 5.8, B).  
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Figure 5.8 Rilpivirine directly activates pancreatic beta cell KATP (Kir6.2/SUR1) channels but not the inward-

rectifier K+ channel subunit Kir6.2. (A) The cartoon topology of Kir6.2 (blue) (left), SUR1 (orange) (middle) and 

Kir6.2/SUR1 (right). The SUR1 receptor contains two transmembrane domains (TMD1 and TMD2). SUR1 has 

an additional set of five N-terminal transmembrane helices (TMD0) that is connected to 

TMD1. Representative channel currents (left panel) and the mean I–V relationships (right) of Kir6.2 (B) and 
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Kir6.2/SUR1 (C) channels before and after application of control (vehicle) or rilpivirine 100 μM measured by 

TEVC in Xenopus oocytes. (D) Current density of Kir6.2/SUR1 channels in Xenopus oocytes exposed to vehicle 

control or rilpivirine 100 µM. The KATP channel (Kir6.2/SUR1) potassium current density was significantly 

increased in oocytes exposed to rilpivirine in comparison to control. Data are expressed as mean ± SEM from n = 

7-11 independent experiments. Statistical analysis was carried out using Student’s t-test where p < 0.05 was 

considered significant; *** p < 0.0002, **** p < 0.0001 vs. vehicle-treated control groups.  

5.3.3 Gliclazide partially improves rilpivirine-mediated GSIS impairment  
 

Following the observation that rilpivirine activates the pancreatic beta cell KATP channel, we 

investigated whether a potent pharmacological inhibitor of the pancreatic beta cell KATP channel 

(i.e., gliclazide) offers protection against rilpivirine-mediated GSIS impairment in INS-1E 

cells. We previously show that rilpivirine, at a concentration of 10 µM, significantly reduced 

GSIS from INS-1E cells (Chapter 3). Gliclazide (1 µM) improved GSIS from approximately 

25% in rilpivirine (10 µM)-alone treated cells to 56% in combination treatments with gliclazide 

(1 µM) (p < 0.05 vs. rilpivirine alone treated cells). As expected gliclazide (0.1, 0.3 and 1 µM) 

drastically increased GSIS from INS-1E cells. It is worth noting that insulin secreted from INS-

1E cells exposed to gliclazide alone exceeds that of gliclazide plus rilpivirine treatments by 

approximately 6-fold (Figure 5.9).  

 

 

 

Figure 5.9 Gliclazide partially improves GSIS from rilpivirine-treated INS-1E cells. INS-1E cells were exposed 

to rilpivirine (10 μM) alone or in combination with gliclazide (0.1, 0.3 or 1 μM) for 24 hrs before assessing GSIS. 

Data are expressed as mean ± SEM from n = 3 independent experiments. Statistical analysis was carried out using 



 

209 
 

Friedman’s test where p < 0.05 was considered significant; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-

treated control cells, # p < 0.05 vs. rilpivirine alone treated cells, Δ p < 0.05 vs. gliclazide alone treated cells, ΔΔΔ 

p < 0.001 vs. gliclazide alone treated cells.  

 

5.3.4 Gliclazide protects INS-1E cells from rilpivirine-induced early apoptosis  
 

Although we did not observe much protection in the context of GSIS, we investigated whether 

gliclazide can attenuate the increase in early cell apoptosis in rilpivirine-treated INS-1E cells 

(Figure 5.10). To assess INS-1E cell early apoptosis, we exposed INS-1E cells to rilpivirine 10 

µM, a concentration shown to increase early apoptotic cell rates in INS-1E cells (Chapter 3). 

Gliclazide (0.3 and 1 µM) significantly reduced apoptotic cells levels from approximately 15% 

(rilpivirine alone), to 9% (gliclazide plus rilpivirine treatments) (p < 0.05 vs. rilpivirine alone 

treated cells).  

 

 

Figure 5.10 Gliclazide attenuates rilpivirine-mediated early apoptosis in INS-1E cells. INS-1E cells were treated 

with rilpivirine (10 μM) alone or in combination with gliclazide (0.1, 0.3 or 1 μM) for 24 hrs before measuring 

early apoptosis following staining with Annexin V-FITC and flow cytometric analysis of 10,000 cells per 

treatment. Data are expressed as mean ± SEM from n = 5 independent experiments. Statistical analysis was carried 

out using two-way ANOVA and Bonferroni post-hoc test where p < 0.05 was considered significant; * p < 0.05, 

*** p < 0.001 vs. vehicle-treated cells, # p < 0.05 vs. rilpivirine alone treated cells. 
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5.3.5 Gliclazide attenuates rilpivirine-mediated increases in Δψm  
 

We wanted to further clarify if the gliclazide-mediated protection against rilpivirine-induced 

INS-1E cell apoptosis involved ROS generation and mitochondrial function (Figure 5.11 and 

Figure 5.12). Therefore, we evaluated whether gliclazide attenuates the rilpivirine-mediated 

increases in Δψm and intracellular ROS generation observed in INS-1E cells (Chapter 3). To 

do so, we exposed cells to rilpivirine (3 or 10 µM), two concentrations that were shown to 

increase Δψm and intracellular ROS generation in INS-1E cells (Chapter 3). Although 

rilpivirine (3 µM) exposure caused a profound increase in ∆ψm, exposure to gliclazide (0.3 and 

1 µM) attenuated the rilpivirine (3 µM)-mediated increase in Δψm (p < 0.05 vs. rilpivirine 

alone) (Figure 5.11). Gliclazide (1 µM) significantly reduced Δψm from approximately 170% 

(rilpivirine 10 µM) to approximately 120% (gliclazide 1 µM plus rilpivirine 10 µM) (p < 0.05 

vs. rilpivirine alone treated cells) (Figure 5.11). 

 

 

Figure 5.11 Gliclazide attenuates rilpivirine-mediated increases in Δψm in INS-1E cells. INS-1E cells were treated 

with rilpivirine (10 μM) alone or in combination with gliclazide (0.1, 0.3 or 1 μM) for 24 hrs before assessing 

changes in Δψm following TMRE staining. TMRE fluorescence is proportional to ∆ψm. Data are expressed as 

mean ± SEM from n = 5 independent experiments. Statistical analysis was carried out using Freidman’s test where 

p < 0.05 was considered significant. * p < 0.05, ** p < 0.01 vs. vehicle-treated cells, # p < 0.05, ## p < 0.01 vs. 

rilpivirine alone treated cells, Δ p < 0.05 vs. gliclazide alone treated cells. 
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5.3.6 Gliclazide protects against rilpivirine-induced intracellular ROS generation  

Then, we sought to investigate whether gliclazide reduces intracellular ROS production in INS-

1E cells exposed to rilpivirine (3 or 10 µM). Gliclazide (0.1, 0.3 or 1 µM) significantly reduced 

intracellular ROS generation from nearly 3 RFU (rilpivirine 10 µM) to approximately 0.5 RFU 

(gliclazide plus rilpivirine treatments) (p < 0.001 vs. rilpivirine alone treated cells) (Figure 

5.12). 

  

 

Figure 5.12 Gliclazide protects INS-1E cells from rilpivirine-mediated increases in intracellular ROS generation. 

INS-1E cells were treated with rilpivirine (10 μM) alone or in combination with gliclazide (0.1, 0.3 or 1 μM) for 

24 hrs before measuring intracellular ROS levels with the DCFH-DA assay. (A) Confocal images and (B) 

quantification graphs of DCFH-DA assay. The fluorescence intensity, expressed as relative fluorescence intensity 
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(RFU), is proportional to the levels of intracellular ROS. Data are expressed as mean ± SEM from n = 3 

independent experiments. Statistical analysis was carried out using two-way ANOVA and Bonferroni post hoc test 

where p < 0.05 was considered significant. ** p < 0.01, *** p < 0.001 vs. vehicle-treated cells, # p < 0.05, ### p 

< 0.001 vs. rilpivirine alone treated cells. 

 

5.4 Discussion  

We have previously established that the second-generation NNRTI rilpivirine impairs beta cell 

function and increases beta cell apoptosis (Chapter 3). These deleterious effects may, at least 

partially, be due to increased oxidative stress and mitochondrial dysfunction. Identifying a 

suitable protective agent can further elucidate the mechanisms by which rilpivirine inhibits 

insulin release from beta cells and provide a potential therapeutic candidate against rilpivirine-

mediated beta cell dysfunction and death. Therefore, we determined the effects of rilpivirine on 

pancreatic beta cell KATP channel activity using the TEVC technique while identifying potential 

binding sites by in silico molecular docking. We also studied the effects gliclazide, a potent 

pancreatic beta cell KATP channel inhibitor, on the rilpivirine-induced secretory dysfunction and 

apoptosis in INS-1E cells. 

Sulfonylureas such as gliclazide increase insulin release from beta cells mainly through direct, 

allosteric inhibition of the pancreatic beta cell KATP channel, a crucial component of the insulin 

secretory machinery. On the contrary, it has been previously established that the activation of 

KATP channels reduces insulin secretion from beta cells. Due to our current, as well as our 

previous observations (Chapter 3), we hypothesise that rilpivirine may directly activate the 

pancreatic beta cell KATP channel, resulting in downstream effects leading to reductions in 

insulin secretion from beta cells.  

We show for the first time that rilpivirine activates the pancreatic beta cell KATP channel 

(Kir6.2/SUR1) as shown by our TEVC studies in Xenopus oocytes. Our in silico docking studies 

predict that rilpivirine highly binds to the SUR1 subunit of the pancreatic beta cell KATP 

channel. We confirm these results, as our TEVC studies showed that rilpivirine had no effect 

on the inward-rectifier K+ channel subunit Kir6.2. alone, however, rilpivirine activated the 

whole pancreatic beta cell KATP channel and needed the presence of SUR1 in order to have a 

stimulatory effect. Activation of pancreatic beta cell KATP channels opens the pore allowing K+ 

efflux to produce a hyperpolarisation of beta cells, as illustrated previously by using the 

selective Kir6.2/SUR1 potassium channel activator diazoxide (Shyng et al., 1997). 

Consequently, L-type Ca2+ channels display low activity or remain closed and insulin release 
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is reduced. Before conducting our TEVC experiments, we ensured that the pharmacological 

and biophysical properties of pancreatic KATP channels in INS-1E cells share the same 

characteristics with those in pancreatic beta cells (Yang et al., 2005). This would allow us to 

link our insulin secretion results observed in Chapter 3 and this current study, with our TEVC 

data. Our previous findings and current findings demonstrate that rilpivirine alone inhibited 

insulin secretion from INS-1E cells. Additionally, even at stimulatory glucose concentrations 

(20 mM) that would induce insulin secretion, GSIS levels remained low in rilpivirine alone 

treated INS-1E cells. This suggests rilpivirine prevents the closure of pancreatic KATP channels, 

preventing cell depolarisation and subsequent insulin secretion from INS-1E cells. In addition 

to the earlier proposed mechanisms (i.e., oxidative stress and mitochondrial toxicity) related to 

the rilpivirine-potentiated decrease in insulin secretion, we hypothesise that rilpivirine may also 

inhibit insulin secretion from beta cells by directly and prolongedly activating pancreatic beta 

cell KATP channels. 

Furthermore, we predict that rilpivirine may bind to the sulfonylurea binding site in SUR1, as 

per our in silico molecular docking studies. To strengthen this hypothesis, our observations in 

INS-1E cells treated with both gliclazide and rilpivirine revealed that GSIS from INS-1E cells 

treated with gliclazide plus rilpivirine was significantly lower in comparison to GSIS seen in 

gliclazide alone treated cells. This may signify that rilpivirine is affecting the pharmacodynamic 

activity of gliclazide at the sulfonylurea binding site level in SUR1. It is therefore tempting to 

speculate that rilpivirine may modulate KATP channels through competitive binding with 

gliclazide to the sulfonylurea binding site in SUR1. Rilpivirine may be a potential SUR1 

receptor agonist at the sulfonylurea binding site level, leading to the activation of pancreatic 

KATP channels as well as the interference with gliclazide’s (SUR1 antagonist) binding to SUR1 

and the subsequent inhibition of the KATP channel. Due to its highly potent nature, gliclazide 

has a high affinity for SUR1, and thus occupies a significant proportion of SUR1, even at low 

concentrations. To reiterate, we show that rilpivirine prevents any functional protection in INS-

1E cells co-treated with gliclazide. However, it is worth noting that INS-1E cells were exposed 

to a high concentration (10 µM) of rilpivirine compared to lower concentrations (0.1 - 1 µM) 

of gliclazide. Although it is well established that gliclazide has a high affinity and potency to 

bind to the SUR1 receptor, we can still assume that rilpivirine has an equally high affinity to 

SUR1 receptors but probably not the same potency.  

We cannot eliminate the possibility that rilpivirine binds to a different site in SUR1, as per our 

other in silico docking predictions. By binding to the other predicted site, between the TMD0 
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and TMD2 domains of SUR1, rilpivirine may affect the role of these proteins. TMD0 is a crucial 

modulator of gating and increases the channel open probability (Aittoniemi et al., 2009). We 

can only hypothesise, that by binding to the site between TMD0 and TMD2 of SUR1, rilpivirine 

may stimulate the function of TMD0 of increasing the KATP channel open probability, hence 

resulting in beta cell hyperpolarisation and subsequent reductions in insulin secretion. 

Therefore, the binding site of rilpivirine is not fully established, however, it is clear that 

rilpivirine activates the pancreatic beta cell KATP channels, a possible mechanism explaining 

the reductions in GSIS observed in beta cells. Therefore, the activation of pancreatic KATP 

channels plays a major role in the beta cell secretory dysfunction mediated by rilpivirine. 

However, we show that gliclazide did not offer much functional protection against rilpivirine-

mediated impairment of GSIS. Indeed, INS-1E cells treated with both gliclazide and rilpivirine 

had an improved GSIS in comparison to rilpivirine alone treated cells. However, secreted 

insulin levels from INS-1E cells treated with gliclazide plus rilpivirine were nowhere near the 

secreted insulin levels seen in cell treated with gliclazide alone. We also demonstrate that 

gliclazide restores mitochondrial function and abolishes increased intracellular ROS generation 

in INS-1E cells exposed to rilpivirine. Therefore, gliclazide may have a minor protective effect 

against rilpivirine-mediated GSIS impairment which could be due to gliclazide protecting 

against the increased oxidative stress and mitochondrial dysfunction. This also signifies that 

rilpivirine is causing GSIS impairment in beta cells through multiple mechanisms, including 

via its activating effect in pancreatic beta cell KATP channels.  

On the other hand, we demonstrate that gliclazide protected INS-1E cells from rilpivirine-

mediated increases in apoptosis, hence may protect against the loss of beta cell mass. The 

protective effects of gliclazide against rilpivirine-induced beta cell apoptosis are likely 

mediated by the attenuation of oxidative stress, as we demonstrate that the attenuation of 

rilpivirine-induced increases in intracellular ROS generation correlates with reductions in INS-

1E cell apoptosis. Previous work found that gliclazide prevents pancreatic beta cells from 

apoptosis, likely through its free radical scavenging properties (Kimoto et al., 2003). Kimoto et 

al. (2003) found that gliclazide protected MIN6 cells from ROS-induced cell apoptosis, 

potentially due to its antioxidant capacity. Interestingly, these protective effects were not 

observed with glibenclamide, another sulfonylurea. Similarly, Del Guerra et al. (2007) 

determined that gliclazide, but not glibenclamide, profoundly reduced apoptosis, mitochondrial 

alterations, and the levels of nitrotyrosine, an oxidative stress marker. Altogether, our findings 

suggest that gliclazide protects against rilpivirine-induced beta cell apoptosis possibly through 



 

215 
 

its established antioxidant properties. Sliwinska et al. (2012) found that gliclazide protects 

against ROS-induced apoptotic cell death likely through the inhibition of ROS production due 

to its antioxidant properties. 

We also suggest that by attenuating Δψm, gliclazide can protect against the rilpivirine-mediated 

increases in Δψm and subsequent apoptosis. Although the effects of gliclazide on ∆ψm in beta 

cells have not been investigated previously, gliclazide was shown to decrease ∆ψm in other cell 

types (Sliwinska et al., 2012). The pharmacology of the mitochondrial KATP channel is believed 

to be similar to that of the plasma membrane KATP channels, including inhibition by 

sulfonylureas (Paucek et al., 1992). Here, we show that gliclazide attenuates the rilpivirine-

mediated increases in Δψm. We can only speculate that rilpivirine may activate mitochondrial 

KATP channels, explaining the increases in Δψm seen in INS-1E cells (Chapter 3 and 4). 

However, gliclazide may protect mitochondrial function of INS-1E cells by inhibiting the 

mitochondrial KATP channel in beta cells, causing a slight loss of Δψm (i.e., mitochondrial 

depolarisation). If this is the case, the rilpivirine-mediated increase in Δψm could be 

counteracted with the decrease in Δψm that may be caused by gliclazide. However, these are 

only speculations and further work is warranted to confirm this. Moreover, although the 

presence of KATP channels have been found in the mitochondria of cardiomyocytes, neurones 

and skeletal muscle cells, mitochondrial KATP channels have not been confirmed in pancreatic 

beta cells (Paucek et al., 1992). However, some researchers believe that these channels, can in 

fact, be found in the mitochondria of beta cells. This is still a controversial topic as some 

researchers failed to detect any immunoreactivity of KATP channel subunits Kir6.2 and SUR1 

in the mitochondria of mouse islets and MIN6 cells (Varadi et al., 2006). Nevertheless, the 

restoration of mitochondrial function by gliclazide may also explain its protective effects 

against rilpivirine-mediated apoptosis. Indeed, mitochondria also play a critical role in 

controlling beta cell mass. Thus, changes in Δψm, such as an increase, lead to mitochondria-

mediated apoptosis (Diane et al., 2022; Scarlett et al., 2000). When mitochondrial 

hyperpolarisation dissipates, the voltage-sensitive permeability transition pore (PTP) will open 

and release pro-apoptotic agents such as cytochrome c into the cytoplasm and drive apoptotic 

cell death (Scarlett et al., 2000). Therefore, by decreasing Δψm, gliclazide may reduce 

cytochrome c release and subsequent apoptosis observed in rilpivirine-treated INS-1E cells. 

Sliwinska et al. (2012) found that gliclazide restored Δψm and diminished intracellular calcium 

levels evoked by H2O2. Therefore, mitochondrial toxicity and oxidative seem to play an 
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important role in rilpivirine-mediated beta cell apoptosis by activating key pathways such as 

the mitochondria-dependent apoptotic pathway.  

5.5 Conclusions 
 

In conclusion, the present study sheds light into novel perspectives in the rilpivirine-induced 

insulin-secretory dysfunction in pancreatic beta cells. We uncover, for the first time, an 

important and novel mechanism for rilpivirine-mediated secretory dysfunction in pancreatic 

beta cells. Rilpivirine directly activates the pancreatic beta cell KATP channel, partly explaining 

its negative impact on insulin secretion. The binding site is yet to be uncovered, however, there 

is a strong possibility that rilpivirine binds to the sulfonylurea binding site, hence directly 

affecting gliclazide’s mode of action: inhibiting insulin secretion. On the other hand, gliclazide 

protected beta cells from rilpivirine-induced beta cell apoptosis, hence contributing to the 

preservation of beta cell mass, likely through its antioxidant properties and partial 

mitochondrial preservation. These findings may provide a crucial insight into an effective 

management of T2D in HIV-infected individuals on rilpivirine-based ART regimens.  

The following chapter will investigate the effects of the NNRTIs efavirenz and rilpivirine in a 

pathophysiologically relevant diabetic milieu.  
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6. Synergistic effects of efavirenz or rilpivirine and the 

saturated free fatty acid palmitate in promoting beta cell 

dysfunction and death 
 

6.1 Introduction 
 

The worldwide prevalence of type 2 diabetes (T2D) is rapidly increasing, partially due to the 

growing obesity epidemic, with obesity considered as an important risk factor for the 

development of T2D (Cnop et al., 2005; Cunha et al., 2008).  

T2D is characterised by a loss of insulin sensitivity and impaired insulin secretion followed by 

a progressive loss of beta cell mass, all of which may be influenced by changes in lipid 

availability (Diakogiannaki et al., 2007; Newsholme et al., 2007). Obesity is associated with 

alterations in the circulating free fatty acid (FFA) profile of affected individuals (Diakogiannaki 

et al., 2007; Kahn et al., 2006b; Rhodes, 2005). Circulating FFAs are albumin-bound lipid 

molecules mainly derived from adipose tissue lipolysis. 

Over the last decades, the central role of pancreatic beta cell dysfunction and loss of beta cell 

mass in the pathogenesis of T2D has become increasingly appreciated. Although the main 

cause(s) of this deterioration are unknown, several hypotheses have been suggested following 

extensive scientific research. Amongst them, lipotoxicity has been postulated to contribute to 

the worsening of beta cell function and loss of beta cell mass over time, taking part of a vicious 

cycle involving impairment of insulin secretion which further aggravates metabolic disruptions 

and so forth, and may contribute to the increased incidence of T2D (Oh et al., 2018; Poitout et 

al., 2010b). ‘Lipotoxicity’ is an umbrella term for the damaging effects of fat accumulation in 

non-adipose tissues, ensuing chronic elevated plasma FFAs and concomitant overwhelming of 

adipocytes due to limited lipid storage capacity (Engin, 2017; Sobczak et al., 2019). Both 

stimulatory and deleterious effects of saturated FFAs on pancreatic beta cell function have long 

been established, linking acute exposure to a substantial increase in insulin secretion, whereas 

a prolonged exposure leads to a desensitisation and suppression of insulin secretion (Ciregia et 

al., 2017; Haber et al., 2006; Poitout & Robertson, 2008) Indeed, prolonged exposure (≥ 24 

hours) of pancreatic beta cells to high concentrations of certain saturated FFAs has been shown 

to have detrimental effects, falling under the lipotoxicity phenomenon in which the cells display 

secretory dysfunction, loss of cell viability and increased rates of apoptosis (Ciregia et al., 2017; 
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Dhayal et al., 2019). The lipotoxic effects of FFAs seem to depend mainly on the degree of 

their saturation and duration of exposure. Prolonged exposure to long-chain saturated FFAs 

such as palmitate (C16:0), one of the most abundant saturated FFAs in the human plasma, 

induced secretory dysfunction and apoptosis in pancreatic beta cells, whereas longer chain 

unsaturated FFAs (e.g., oleate (C18:1n-9) and palmitoleate (C16:1n-7)) potentiated glucose-

stimulated insulin secretion (GSIS) and exerted a cytoprotective effect in beta cells (Keane et 

al., 2010; Morgan et al., 2008; Welters et al., 2006). The mechanisms surrounding lipotoxicity 

in pancreatic beta cells remain unclear, however, it has been suggested that oxidative stress, 

impairment of mitochondrial function and activation of endoplasmic reticulum (ER) stress may 

be involved in impairing insulin secretion and triggering apoptosis in beta cells (Ciregia et al., 

2017; Cnop et al., 2005; Dhayal et al., 2019; Sargsyan & Bergsten, 2011). Furthermore, as 

previously demonstrated in Chapter 3, both the first- and second-generation NNRTIs efavirenz 

and rilpivirine impaired beta cell function and worsened beta cell survival, possibly through 

oxidative stress, mitochondrial dysfunction, and ER stress. 

Here, we hypothesise that efavirenz or rilpivirine can synergise with palmitate to potentiate 

damaging effects on beta cell function and survival. Therefore, our aim was to investigate the 

potential synergistic effects of efavirenz or rilpivirine and palmitate by exposing INS-1E cells 

to concentrations of efavirenz and rilpivirine that were shown to have no effect on beta cell 

function and survival, in addition to physiological concentrations of palmitate.  

6.2 Materials and methods  
 

6.2.1 Materials  
 

All materials were obtained as described in Materials, Chapter 2 (see 2.1). 

6.2.2 Preparation of palmitate solutions 
 

Serum palmitate concentrations range between 10 μM under physiological conditions to 300 

μM in diabetes (Clore et al., 2002; Wu et al., 2021). We consider the concentration range (3 – 

100 μM) of palmitate as physiologically relevant: although total plasma fatty acids can be as 

high as 1 mM or even higher under some physiological and pathological conditions (obesity 

and T2D), the concentration of palmitate under most conditions is generally much lower 

(Belfort et al., 2005; Kien et al., 2013; Patková et al., 2014).  
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Here, we investigate the potential synergistic effects of efavirenz or rilpivirine and palmitate on 

INS-1E cells, as per the following definition. A combination of drugs is synergistic when the 

combined effect is larger than the additive effect of each individual drug (García-Fuente et al., 

2018). 

Palmitate solutions were freshly prepared before each experiment. A palmitate (sodium salt) 

stock solution (10 mM) was prepared by dissolving 27.8 mg of sodium palmitate in 5 mL of 

distilled water, 200 µL of sodium hydroxide (NaOH) and 200 µL of 100% absolute ethanol, by 

continuously stirring at 98.5 °C in a preheated water bath. When the palmitate (sodium salt) 

was visibly dissolved, 1 mL of the stock palmitate solution was conjugated with 1 mL of 6 mM 

FFA-free BSA solution in a 3:1 molar ratio for 1 hr at 37°C (Beeharry et al., 2003). The 

conjugated palmitate was then diluted in RPMI-1640 medium supplemented with 3% heat-

inactivated FCS to a final concentration of 3, 10, 30 and 100 µM of palmitate (Table 6, 

Appendix I).  

6.2.3 Preparation of working solutions 

Efavirenz (1, 3 or 10 µM) or rilpivirine (0.3, 1 or 3 µM) were added to palmitate 3, 10, 30 or 

100 µM solutions as to prepare eight combination treatments (Table 6, Appendix I). 

Additionally, efavirenz (1, 3 or 10 µM) and rilpivirine (0.3, 1 or 3 µM) solutions were prepared 

according to Table 6, Appendix I. Vehicle (BSA, NaOH and ethanol) controls were included 

in each experiment and exerted no effect in INS-1E cells.  

6.2.4 Treatment protocol 
 

Following cell growth as described in Chapter 2 (see 2.2.1), the cells were exposed to efavirenz 

(1, 3 or 10 µM), rilpivirine (0.3, 1 or 3 µM) or palmitate (3, 10, 30 or 100 µM) alone, or to the 

combination treatments described above. Treated cells were incubated at 37°C in a humidified 

atmosphere of 95% air and 5% CO2 for 24 hrs.  

Then, GSIS (see 2.2.3.1), cell viability (see 2.2.5), apoptosis and necrosis levels (see 2.2.2.6), 

intracellular ROS generation (see 2.2.8.1), mitochondrial membrane potential (Δψm) (see 

2.2.2.9) and expression of CHOP protein (see 2.2.12) were assessed as described in Chapter 

2. 

 

 



 

220 
 

6.3 Results  
 

6.3.1 Efavirenz or rilpivirine plus palmitate trigger a synergistic loss of cell 

viability 

 

Previous findings have reported that exposure to palmitate (≥ 250 μM) caused a loss of cell 

viability in cultured primary and clonal insulin-secreting beta cells (Diakogiannaki et al., 2007; 

Morgan & Dhayal, 2010; Welters et al., 2004). We previously found that the NNRTIs efavirenz 

(≥ 20 µM) and rilpivirine (≥ 10 µM) caused a loss in cell viability in INS-1E cells (Chapter 3). 

Here, we investigate the effects of efavirenz or rilpivirine plus palmitate on INS-1E cell 

viability (Table 6.1 and 6.2). 

As expected, a 24-hour exposure to increasing concentrations of palmitate or efavirenz alone 

had no effect on INS-1E cell viability (Table 6.1). On the other hand, a significant reduction in 

cell viability was observed in INS-1E cells exposed to palmitate plus efavirenz. For example, 

efavirenz (10 µM) and palmitate (10 µM) alone had no effect on INS-1E cell viability, however, 

combination treatment with efavirenz (10 µM) plus palmitate (10 µM) caused a synergistic 

reduction (31%) in cell viability (p < 0.01 vs. efavirenz or palmitate alone) (Table 6.1).  

Table 6.1 The effects of a 24-hour exposure to efavirenz plus palmitate on INS-1E cell viability. INS-1E cells 

were exposed to BSA, NaOH plus ethanol (0 μM), 1 μM (A), 3 μM (B) or 10 μM (C) of efavirenz alone, palmitate 

(3, 10, 30 and 100 µM) alone, or efavirenz plus palmitate before assessing cell viability. Exposure to efavirenz or 

palmitate alone had no effects on INS-1E cell viability while exposure to efavirenz plus palmitate combination 

treatments significantly reduced cell viability. Data are expressed as mean ± SEM from n = 5 independent 

experiments. Statistical analysis was carried out using carried out using Friedman's test where p < 0.05 was 

considered significant; * p < 0.05, ** p < 0.01 vs. vehicle-treated control cells. # p < 0.05, ## p < 0.01 vs. efavirenz 

alone treated cells. Δ p < 0.05, ΔΔ p < 0.01 vs. palmitate alone treated cells. n.b. Cell viability and SEM were 

rounded up to nearest one decimal place.  

Efavirenz (µM) Palmitate (µM) 

0 3 10 30 100 

0 100.0±0% 
 

101.2±1% 
 

100.9±1% 
 

103.4±3% 
 

95.7±2% 
 

1 98.1±10% 100.7±1% 
 

100.4±1% 
 

101.4±1% 
 

91.6±2% 
 

3 97.2±7% 
 

92.9±2% 
 

96.2±1% 
 

96.5±1% 
 

86.4±2%*# 
 

10 95.4±8% 81.1±4%*#ΔΔ 
 

69.1±2%**##ΔΔ 
 

78.5±4%**##ΔΔ 
 

70.1±6%**##Δ 
 

 

 

As expected, a 24-hour exposure to increasing concentrations of palmitate or rilpivirine alone 

had no effect on INS-1E cell viability (Table 6.2). On the other hand, a significant reduction in 

cell viability was observed in INS-1E cells exposed to palmitate plus rilpivirine. For example, 
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rilpivirine (3 µM) and palmitate (30 µM) alone had no effect on INS-1E cell viability, however, 

combination treatment with rilpivirine (3 µM) plus palmitate (30 µM) caused a synergistic 

reduction (13%) in cell viability (p < 0.05 vs. rilpivirine or palmitate alone) (Table 6.2).  

Table 6.2 The effects of a 24-hour exposure to rilpivirine plus palmitate on INS-1E cell viability. INS-1E cells 

were exposed to BSA, NaOH plus ethanol (0 μM), 0.3 μM (A), 1 μM (B) or 3 μM (C) of rilpivirine alone, palmitate 

(3, 10, 30 and 100 µM) alone, or rilpivirine plus palmitate before assessing cell viability using an MTT assay. 

Exposure to rilpivirine or palmitate alone had no effects on INS-1E cell viability while exposure to rilpivirine plus 

palmitate combination treatments significantly reduced cell viability. Data are expressed as mean ± SEM from n 

= 3 - 4 independent experiments. Statistical analysis was carried out using using Friedman's test where p < 0.05 

was considered significant; * p < 0.05, ** p < 0.01 vs. vehicle-treated control cells. # p < 0.05, ## p < 0.01 vs. 

rilpivirine alone treated cells, Δ p < 0.05 vs. palmitate alone treated cells. n.b. Cell viability and SEM were rounded 

up to nearest one decimal place.  

 

Rilpivirine (µM) Palmitate (µM) 

0 3 10 30 100 

0 100.0±0% 
 

96.3±6% 
 

99.2±5% 
 

104.6±4% 
 

96.9±4% 
 

0.3 97.2±3% 
 

93.0±1% 
 

93.6±1% 
 

94.5±2% 
 

90.8±1% 
 

1 94.9±5% 
 

86.2±1% 
 

90.7±11% 
 

86.5±7%* 
 

84.5±1%*# 
 

3 97.4±3% 
 

74.4±10%***## 
 

76.2±8%**# 

 
86.6±5%*#Δ 

 
82.5±7%**##Δ 

 
 

 

These initial preliminary studies established the suitable combination treatments to investigate 

further. Therefore, we focused on the synergistic effects of efavirenz (3 or 10 μM) or rilpivirine 

(0.3 or 1 μM) in combination with palmitate (10 or 30 μM) on GSIS and cell death in INS-1E 

cells. 

6.3.2 Efavirenz or rilpivirine plus palmitate trigger a synergistic impairment of 

glucose-stimulated insulin secretion (GSIS)  

 

In view with the previous results, we measured GSIS in INS-1E cells exposed to efavirenz (3 

or 10 μM) or rilpivirine (0.3 or 1 μM) alone or in combination with palmitate (10 or 30 μM) for 

24 hours (Figure 6.1). Palmitate was previously shown to reduce GSIS from INS-1E cells 

following 24-hour exposure to high concentrations (40 mM) of palmitate (Barlow & Affourtit, 

2013; Barlow et al., 2016). We previously found that the NNRTIs efavirenz (≥ 20 µM) and 

rilpivirine (≥ 3 µM) cause a reduction in GSIS from INS-1E cells (Chapter 3).  

As expected, a 24-hour exposure to palmitate or efavirenz alone had no effect on GSIS from 

INS-1E cells (Figure 6.1, A). On the other hand, a significant reduction in GSIS from INS-1E 

cells exposed to palmitate (10 or 30 μM) plus efavirenz (3 or 10 μM) was observed. For 
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example, efavirenz (10 µM) and palmitate (10 µM) alone had no effect on INS-1E cell viability, 

however, combination treatment with efavirenz (10 µM) plus palmitate (10 µM) caused a 

synergistic reduction (50%) in GSIS from INS-1E cells (p < 0.05 vs. efavirenz or palmitate 

alone) (Figure 6.1, A). 

Similarly, a 24-hour exposure to palmitate or rilpivirine alone had no effect on GSIS from INS-

1E cells (Figure 6.1, B). On the other hand, a significant reduction in GSIS from INS-1E cells 

exposed to palmitate (10 or 30 μM) plus rilpivirine (0.3 or 1 μM) was observed. For example, 

rilpivirine (1 µM) and palmitate (10 µM) alone had no effect on INS-1E cell viability, however, 

combination treatment with rilpivirine (1 µM) plus palmitate (10 µM) caused a synergistic 

reduction (75%) in GSIS form INS-1E cells (p < 0.01 vs. rilpivirine or palmitate alone) (Figure 

6.1, A). 

 

Figure 6.1 Efavirenz or rilpivirine plus palmitate exert synergistic reductions in GSIS from INS-1E cells. INS-1E 

cells were exposed to BSA, NaOH plus ethanol (0 μM), efavirenz (3 or 10 μM) (A), rilpivirine (0.3 or 1 μM) (B) 

or palmitate (10 or 30 μM) alone or in combination with palmitate (10 or 30 μM) before assessing insulin 

concentrations. Data are expressed as mean ± SEM from n = 4 independent experiments. Statistical analysis was 

carried out using Friedman's test where p < 0.05 was considered significant; * p < 0.05, *** p < 0.001 vs. vehicle-

treated control cells, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. efavirenz or rilpivirine alone treated cells, ΔΔ p < 

0.01, ΔΔΔ p < 0.001 vs. palmitate alone treated cells. 

 

6.3.3 Efavirenz or rilpivirine plus palmitate synergistically increase early 

apoptosis 

 

We next sought to assess the levels of apoptosis and necrosis in INS-1E cells following a 24-

hour exposure to efavirenz (Figure 6.2) or rilpivirine (Figure 6.3) alone, or in combination with 

palmitate. Previous findings suggest that beta cell apoptosis can be initiated by exposure (24 
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and 48 hours) to high levels of palmitate (500 μM or higher) in INS-1E cells (Sargsyan & 

Bergsten, 2011).  

As expected, a 24-hour exposure to palmitate or efavirenz alone had no effect on early apoptosis 

and late apoptosis/primary necrosis from INS-1E cells (Figure 6.2). On the other hand, 

a significant increase in early apoptosis in INS-1E cells exposed to palmitate (10 or 30 μM) 

plus efavirenz (10 μM) was observed. For example, efavirenz (10 µM) and palmitate (10 µM) 

alone had no effect on early apoptosis, however, combination treatment with efavirenz (10 µM) 

plus palmitate (10 µM) synergistically doubled early apoptotic cell levels in INS-1E cells 

(Figure 6.2, B) cells as demonstrated by the representative plots that show an increase in the 

number of INS-1E cells in the early apoptotic quadrant (Annexin V+/PI-) (p < 0.05 vs. efavirenz 

or palmitate alone) (Figure 6.2, A). 

Efavirenz in combination with palmitate had no effect on late apoptosis/primary necrosis in 

INS-1E cells (Figure 6.2, C). 

 

Figure 6.2 Efavirenz plus palmitate cause a synergistic increase in early apoptosis in INS-1E cells. INS-1E cells 

were exposed to BSA, NaOH plus ethanol (0 μM), efavirenz (3 or 10 μM) alone or in combination with palmitate 

(10 or 30 μM) for 24 hrs before assessing apoptosis and necrosis by flow cytometry following staining with 

Annexin V and PI. Data are expressed as mean ± SEM from n = 4 independent experiments. Statistical analysis 

was carried out using two-way ANOVA and Bonferroni correction where p < 0.05 was considered significant; * 

p < 0.05, ** p < 0.01, *** p < 0.001 vs. vehicle-treated cells, # p < 0.05, ## p < 0.01 vs. efavirenz alone treated 

cells, ΔΔ p < 0.01 vs. palmitate alone treated cells. 
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As expected, a 24-hour exposure to palmitate or rilpivirine alone had no effect on early 

apoptosis and late apoptosis/primary necrosis from INS-1E cells (Figure 6.3). On the other 

hand, palmitate (30 μM) plus rilpivirine (1 μM) caused a synergistic increase (50%) in early 

apoptosis in INS-1E (Figure 6.3, B) cells as demonstrated by the representative plots that show 

an increase in the number of INS-1E cells in the early apoptotic quadrant (Annexin V+/PI-) (p 

< 0.05 vs. rilpivirine alone) (Figure 6.3, A). 

Rilpivirine in combination with palmitate had no effect on late apoptosis/primary necrosis in 

INS-1E cells (Figure 6.3, C). 

 

 

Figure 6.3 Rilpivirine plus palmitate cause a synergistic increase in early apoptosis rates in INS-1E cells. INS-1E 

cells were exposed to BSA, NaOH plus ethanol (0 μM), rilpivirine (0.3 or 1 μM) alone or in combination with 

palmitate (10 or 30 μM) for 24 hrs before assessing cell death by flow cytometry following staining with Annexin 

V and PI. Data are expressed as mean ± SEM from n = 4 independent experiments. Statistical analysis was carried 

out using two-way ANOVA and Bonferroni correction where p < 0.05 was considered significant; * p < 0.05 vs. 

vehicle-treated cells, # p < 0.05 vs. rilpivirine alone treated cells. 
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6.3.4 Potential cellular mechanisms  
 

After observing the synergistic damaging effects of palmitate plus efavirenz or rilpivirine on 

INS-1E cells, we focused on identifying possible mechanisms by which efavirenz or rilpivirine 

plus palmitate synergise to cause secretory dysfunction and death in INS-1E cells.  

6.3.4.1 Synergistic increase in intracellular ROS generation by palmitate plus efavirenz or 

rilpivirine  
 

Previous reports have shown that exposure (24 hours) to higher concentrations of palmitate (≥ 

250 μM) induce intracellular ROS generation in a variety of primary and clonal beta cells 

(Nemecz et al., 2019). We also found that exposure to higher concentrations of efavirenz (≥ 20 

μM) and rilpivirine (≥ 3 μM) was shown to induce intracellular ROS generation in INS-1E cells 

(Chapter 3). Therefore, we investigated whether exposure to combination treatments of 

efavirenz (Figure 6.4) or rilpivirine (Figure 6.5) plus palmitate induce a synergistic increase in 

intracellular ROS generation.   

A profound increase in intracellular ROS generation was observed in INS-1E cells exposed to 

efavirenz or rilpivirine plus palmitate compared to control (Figure 6.4 and Figure 6.5).  

Although a 24-hour exposure to efavirenz or palmitate alone had no effects on intracellular 

ROS generation in INS-1E cells, cells exposed to palmitate plus efavirenz increased 

intracellular ROS generation by nearly 10-fold (efavirenz 10 μM plus palmitate 10 μM) (p < 

0.01 vs. palmitate or efavirenz alone), suggesting that efavirenz and palmitate synergistically 

induced intracellular ROS generation in INS-1E cells (Figure 6.4, B). 
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Figure 6.4 Efavirenz plus palmitate cause a synergistic increase in intracellular ROS generation in INS-1E cells. 

INS-1E cells were exposed to BSA, NaOH plus ethanol (0 μM), efavirenz (3 or 10 µM) alone or in combination 

with palmitate (10 or 30 µM) for 24 hrs before assessing intracellular ROS generation by confocal microscopy. 

INS-1E cells were incubated with 100 µM H2O2 for 1 hr to induce ROS generation. (A) Confocal images of INS-

1E exposed to efavirenz or palmitate alone, and combination treatments of efavirenz plus palmitate. The green 

fluorescence represents DCF which was oxidised from DCFH. (Scale bar, 100 μm). (B) Quantification graphs of 

intracellular ROS levels in INS-1E cells exposed to efavirenz or palmitate alone, and combination treatments of 

efavirenz plus palmitate determined by DCF mean fluorescence intensity using the image processing software 

Image J. DCF fluorescence intensity expressed as relative fluorescence intensity (RFU) is proportional to the levels 

of intracellular ROS. Data are expressed as mean ± SEM from n = 4 independent experiments. Statistical analysis 

was carried out using two-way ANOVA and Bonferroni post hoc test where p < 0.05 was considered significant; 

* p < 0.05, ** p < 0.01 vs. vehicle-treated control cells, # p < 0.05, ## p < 0.01 vs. efavirenz alone treated cells, Δ 

p < 0.05, ΔΔ p < 0.01 vs. palmitate alone treated cells. 

 

Although a 24-hour exposure to rilpivirine or palmitate alone had no to negligible effects on 

intracellular ROS generation in INS-1E cells, cells exposed to palmitate plus rilpivirine 

increased intracellular ROS generation by 12-fold (rilpivirine 1 μM plus palmitate 10 μM) (p < 

0.01 vs. palmitate or rilpivirine alone), suggesting that rilpivirine and palmitate synergistically 

induced intracellular ROS generation in INS-1E cells (Figure 6.5, B).  
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Figure 6.5 Rilpivirine plus palmitate cause a synergistic increase in intracellular ROS generation in INS-1E cells. 

INS-1E cells were exposed to BSA, NaOH plus ethanol (0 μM), rilpivirine (0.3 or 1 µM) alone or in combination 

with palmitate (10 or 30 µM) for 24 hrs before assessing intracellular ROS generation by confocal microscopy. 

INS-1E cells were incubated with 100 µM H2O2 as a positive control. (A) Confocal images of INS-1E exposed to 

rilpivirine or palmitate alone, and combination treatments of rilpivirine plus palmitate. The green fluorescence 

represents DCF which was oxidised from DCFH. (Scale bar, 100 μm). (B) Quantification graphs of intracellular 

ROS levels in INS-1E cells exposed to rilpivirine or palmitate alone, and combination treatments of rilpivirine 

plus palmitate determined by DCF mean fluorescence intensity. DCF fluorescence intensity expressed as relative 

fluorescence intensity (RFU) is proportional to the levels of intracellular ROS. Data are expressed as mean ± SEM 

from n = 4 independent experiments. Statistical analysis was carried out using two-way ANOVA and Bonferroni 

post hoc test where p < 0.05 was considered significant; ** p < 0.01 vs. vehicle-treated control cells, # p < 0.05, 

## p < 0.01 vs. rilpivirine alone treated cells, Δ p < 0.05, ΔΔ p < 0.01 vs. palmitate alone treated cells. 

 

6.3.4.2 Efavirenz or rilpivirine plus palmitate trigger synergistic disruptions in mitochondrial 

membrane potential (Δψm) 

 

Exposure to high concentrations of palmitate was shown to decrease ∆ψm in beta cells (Song 

et al., 2014). We also found that exposure to higher concentrations of efavirenz (≥ 20 μM) and 

rilpivirine (≥ 3 μM) was shown to decrease Δψm, in the case of efavirenz, or increase in Δψm 

in INS-1E cells (Chapter 3). Therefore, we investigated the effects of palmitate (10 or 30 μM), 

efavirenz (3 or 10 μM) or rilpivirine (0.3 or 1 μM) alone or in combination with palmitate on 

Δψm (Figure 6.6).  
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Although a 24-hour exposure to efavirenz or palmitate alone had no effects on ∆ψm, INS-1E 

cells exposed to palmitate (10 µM) plus efavirenz (10 µM) decreased ∆ψm by nearly 50% (p < 

0.05 vs. palmitate or efavirenz alone), suggesting that efavirenz and palmitate synergistically 

decreased Δψm in INS-1E cells (Figure 6.6, A).  

Although a 24-hour exposure to rilpivirine or palmitate alone had no to negligible effects on 

∆ψm in INS-1E cells, INS-1E cells exposed to palmitate (10 µM) plus rilpivirine (1 µM) 

increased ∆ψm by nearly 2-fold (p < 0.01 vs. palmitate or rilpivirine alone), suggesting that 

rilpivirine and palmitate synergistically increase ∆ψm in INS-1E cells (Figure 6.6, B).  

 

 

Figure 6.6 Efavirenz or rilpivirine in combination with palmitate disrupt Δψm in INS-1E cells. INS-1E cells were 

exposed to BSA, NaOH plus ethanol (0 μM), efavirenz (3 and 10 μM) (A), rilpivirine (0.3 and 1 μM) (B), or 

palmitate (10 or 30 μM) only or efavirenz or rilpivirine plus palmitate for 24 h before assessing ∆ψm. TMRE 

fluorescence is proportional to ∆ψm. A positive control of INS-1E cells treated with 50 μM carbonyl cyanide m-

chlorophenyl hydrazine (CCCP) was used to dissipate Δψm. Data are expressed as mean ± SEM from n = 4 

independent experiments. Statistical analysis was carried out using Friedman's test where p < 0.05 was considered 

significant; ** p < 0.01 vs. vehicle-treated control cells, # p < 0.05, ## p < 0.01 vs. efavirenz or rilpivirine alone 

treated cells, Δ p < 0.05, ΔΔ p < 0.01 vs. palmitate alone treated cells.  

 

6.3.4.3 Efavirenz or rilpivirine plus palmitate do not induce ER stress  
 

ER stress has been previously shown to contribute to the pathogenesis of diabetes by inducing 

pancreatic beta cell loss via apoptosis (Eizirik et al., 2006). ER stress is particularly relevant in 

palmitate-mediated apoptosis, as previous work reported increased expression of a key ER 

stress marker, CHOP, was observed in INS-1E cells exposed to higher concentrations of 

palmitate (500 μM) (Cunha et al., 2008). Additionally, our results show that exposure to 

efavirenz and rilpivirine at higher concentrations (20 and 10 μM, respectively) induce the 
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mRNA and protein expression of CHOP (Chapter 3). However, the mRNA and protein 

expression of ER stress chaperones (i.e., GRP78) was not altered in INS-1E cells exposed to 

palmitate for 24 hours (Sommerweiss et al., 2013). Hence, we examined whether palmitate plus 

efavirenz or rilpivirine synergistically induce CHOP expression in INS-1E cells. Therefore, we 

measured the protein expression of CHOP by Western blot following a 24-hour exposure to 

efavirenz or rilpivirine plus palmitate in INS-1E cells (Figure 6.7). A 24-hour exposure to 

palmitate plus efavirenz or rilpivirine did not increase the expression of CHOP in INS-1E cells 

(Figure 6.7).   
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Figure 6.7. A 24-hour exposure to efavirenz and rilpivirine plus palmitate does not induce CHOP protein 

expression in INS-1E cell. (A) Representative Western blot of CHOP protein expression from one independent 

experiment (left panel) following a 24-hour exposure to BSA, NaOH plus ethanol (0 μM), efavirenz (3 or 10 μM), 

palmitate (10 or 30 μM) alone or combination treatments of efavirenz plus palmitate. (B) Representative Western 

blot of CHOP protein expression from one independent experiment (left panel) following a 24-hour exposure to 

rilpivirine (0.3 or 1 μM), palmitate (10 or 30 μM) alone or combination treatments of rilpivirine plus palmitate. 

Results are expressed as CHOP protein normalised to GAPDH protein. Dots represent individual data points from 



 

231 
 

n = 3 independent experiments and the histograms represent mean ± SD. Statistically significant differences were 

determined using two-way ANOVA and Bonferroni post hoc where p < 0.05 was considered significant.  

6.4 Discussion  
 

Lipotoxicity is a common pathological process seen in obesity and T2D, through its negative 

effects on pancreatic beta cells. Exposure to high concentrations of saturated FFAs such as 

palmitate, has been linked to pancreatic beta cell dysfunction and subsequent loss of beta cell 

mass (Cunha et al., 2008). Here, we investigate the potential synergistic effects of palmitate in 

combination with efavirenz or rilpivirine on beta cell function and survival. Our data show that 

the NNRTIs efavirenz or rilpivirine act in synergy to impair the secretory function of beta cells, 

induce loss of beta cell viability and trigger beta cell apoptosis. 

We show that although palmitate (10 and 30 μM), efavirenz (3 and 10 μM) and rilpivirine (0.3 

and 1 μM) alone had no effect on GSIS, palmitate in combination with efavirenz or rilpivirine 

synergistically reduced GSIS from INS-1E cells. Palmitate, in acute conditions, exerts a 

stimulatory effect (Lytrivi et al., 2020). However, a substantial body of evidence suggest that 

long-term (24 - 72 hours) exposure to high concentrations (≥ 500 μM) of palmitate inhibited 

GSIS from a variety of clonal beta cell lines (including INS-1E cells), and from human and 

rodent pancreatic islets (Barlow et al., 2016; Hoppa et al., 2009; Maedler et al., 2001; Watson 

et al., 2011; Zhou & Grill, 1994). These deleterious effects on the secretory-insulin function of 

beta cells and survival may be explained by the increased oxidative stress and mitochondrial 

dysfunction. 

We also report that although palmitate (10 and 30 μM), efavirenz (3 and 10 μM) and rilpivirine 

(0.3 and 1 μM) alone had no effect on INS-1E cell viability and death, palmitate in combination 

with efavirenz or rilpivirine synergistically induced apoptosis and reduced cell viability in INS-

1E cells. Previous findings demonstrate that palmitate induces apoptosis and reduces beta cell 

viability in rat and human islets and a variety of clonal beta cell lines, including INS-1 cells 

(Karaskov et al., 2006; Lai et al., 2008; Maedler et al., 2001; Martino et al., 2012; Sommerweiss 

et al., 2013). 

Prolonged exposure to palmitate has been shown to have destructive effects, leading to 

decreased secretory function of beta cells and cell death potentially through increased ROS, 

mitochondrial dysfunction, and activation of ER stress (Ciregia et al., 2017; Cnop et al., 2005; 

Sargsyan & Bergsten, 2011). Our data shows that a reduced GSIS correlated with increased 

intracellular ROS generation in INS-1E cells treated with efavirenz or rilpivirine plus palmitate, 
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suggesting that increased oxidative stress may, at least partially, be responsible for the 

impairment of GSIS. Oxidative stress has been implicated in the pathogenesis of FFA-induced 

beta cell dysfunction (Koshkin et al., 2003; Yuan et al., 2010). We show that exposure to 

physiological concentrations of palmitate in combination with efavirenz or rilpivirine 

synergistically induced intracellular ROS generation in INS-1E cells. ROS are essential 

signalling molecules that regulate physiological cell functions. However, the overproduction of 

ROS coupled with intrinsically low antioxidant capacity in beta cells has detrimental 

consequences, causing organellar stress, injury, and cell death. Many studies have established 

that palmitate is a potent inducer of intracellular and mitochondrial ROS in murine and human 

beta cells, as well as in pancreatic islets (Carlsson et al., 1999b; Lin et al., 2012; Nemecz et al., 

2019). Mitochondrial fatty acid oxidation has been proposed as the main process leading to 

ROS generation in palmitate-mediated lipotoxicity (Ly et al., 2017). FFAs are used as a 

metabolic fuel by the mitochondrial via β-oxidation, priming the TCA cycle to produce more 

NADH and FADH2 which may subsequently lead to raised superoxide (O2
●-) production. 

Palmitate can also induce oxidative stress in beta cells through peroxisomal β-oxidation and 

activation of NADPH oxidase (NOX). NOX is an essential source of O2
●- which can be 

stimulated by saturated FFAs, resulting in increased ROS production (Newsholme et al., 2009). 

As a sequel of palmitate-induced oxidative stress, mitochondrial function can be impaired 

(Lytrivi et al., 2020). 

We also demonstrate that exposure to palmitate plus efavirenz or rilpivirine altered Δψm in beta 

cells. Interestingly, efavirenz alone did not disturb Δψm, however, in addition to physiological 

concentrations of palmitate, efavirenz caused a drastic decrease in Δψm in INS-1E cells. 

Palmitate has been shown to rapidly inhibit mitochondrial complex I activity. Indeed, palmitate 

(0 - 2 µmol/mg of protein) acted as a specific inhibitor of complex I of the respiratory chain 

(Loskovich et al., 2005). We also show that efavirenz directly inhibited complex I activity in 

isolated mitochondria of INS-1E cells (Chapter 4). Therefore, we suggest that palmitate and 

efavirenz synergistically inhibit complex I activity in beta cells, contributing to increased ROS 

generation and mitochondrial dysfunction in INS-1E cells. Consequently, mitochondrial 

function is impaired (i.e., loss of Δψm) with subsequent impairment of GSIS and worsening of 

INS-1E cell survival. It was reported that palmitate induced mitochondrial depolarisation, 

decreased ATP production, and consequently reduced insulin secretion in several beta cell lines 

and isolated islets, indicating the involvement of mitochondrial dysfunction in palmitate-

induced GSIS defects (Barlow & Affourtit, 2013; Carlsson et al., 1999b; Elsner et al., 2010; 
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Koshkin et al., 2003). Moreover, according to Brun et al. (1997), prolonged exposure of INS-

1 cells to palmitate markedly suppressed GSIS through overexpression of the mitochondrial 

uncoupling protein 2 (UCP2) (Chan et al., 2001a). We also previously show that efavirenz 

induced the expression of UCP2, suggesting that efavirenz in combination with palmitate may 

also impair beta cell function through a synergistic increase in the expression of UCP2 in beta 

cells.  

We also show that rilpivirine (0.3 and 1 µM) had no effect on Δψm, however, in addition to 

physiological concentrations of palmitate, we observed a drastic increase in Δψm in INS-1E 

cells. On the contrary, previous findings report that palmitate causes mitochondrial 

depolarisation in several clonal beta cell lines and isolated islets (Carlsson et al., 1999b; 

Newsholme et al., 2019). These findings are not in line with our observations, prompting 

speculations on the mechanism(s) underlying the synergistic hyperpolarisation of the 

mitochondria by palmitate and rilpivirine.  

Palmitate may also act on non-mitochondrial processes relevant to GSIS such as ATP-sensitive 

K+ (KATP) channel activity, Ca2+ and insulin exocytosis (Hoppa et al., 2009; Larsson et al., 

1996; Zhao et al., 2007). Circulating palmitate is transported into cells and converted to 

palmitoyl-CoA, a substrate for palmitoylation. Palmitoyl-CoA, but not palmitate, was shown to 

activate the KATP channel through the palmitoylation of Kir6.2, but not SUR1 (Yang et al., 

2020). We found that rilpivirine directly activates the Kir6.2/SUR1 channel as described in 

Chapter 5. Therefore, we suggest that palmitate and rilpivirine may synergistically activate 

KATP channels in pancreatic beta cells, contributing to the impairment of insulin release.  

Palmitate-induced apoptosis of beta cells has been attributed to both the apoptotic 

mitochondrial pathway and ER stress. Previous work reported that ER stress signalling 

pathways were activated in pancreatic beta cells exposed to FFAs and that palmitate 500 μM 

upregulated the expression of CHOP in INS-1E cells (Cunha et al., 2008). However, our data 

suggest that efavirenz or rilpivirine in combination with palmitate did not synergistically 

increase the protein expression of CHOP. We also found that palmitate plus efavirenz or 

rilpivirine triggered INS-1E cell apoptosis, suggesting an ER stress-independent apoptotic 

pathway. Although palmitate can initiate a proapoptotic pathway in the ER, it can also initiate 

one in the mitochondrion (Šrámek et al., 2021). The pro-survival Akt (PI3K (phosphoinositide 

3-kinase)-PDK1 (phosphoinositide-dependent protein kinase 1)-Akt) pathway is inhibited by 

saturated fatty acids in beta cells. This leads to the activation of FoxO1 (most abundant isoform 

in pancreatic beta cells) its translocation into the nucleus and the upregulation and activation of 
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proapoptotic members of the Bcl-2 family and Bax proteins (Wrede et al., 2002). Subsequently, 

the mitochondrial pathway of apoptosis is activated. Additionally, the inhibition of Akt may 

also induce the activation of proapoptotic JNK and p38 MAPK (Šrámek et al., 2021). Cunha et 

al. (2012) demonstrated that palmitate induced beta cell death through the 

mitochondrial/intrinsic pathway of apoptosis. Indeed, palmitate induced cytochrome c release 

from the mitochondria, Bax translocation form the cytosol to the mitochondria and caspase 3 

and 9 activation, which activate the downstream executioner caspases (Cunha et al., 2012; 

Maedler et al., 2003). If rilpivirine also induces cytochrome c release from the mitochondria, 

this would explain the synergistic effects of rilpivirine and palmitate on increasing Δψm. 

Indeed, an increased cytochrome c release has been shown to induce mitochondrial 

hyperpolarisation (i.e., increase in Δψm) (Scarlett et al., 2000). 

However, it is still possible for efavirenz or rilpivirine in combination with palmitate to impair 

beta cell function and mass through a synergistic proinflammatory effect, dysregulation of 

autophagy and increase in ceramide formation, other mechanisms associated with palmitate-

mediated beta cell dysfunction (Ciregia et al., 2017; Cnop et al., 2005; Sargsyan & Bergsten, 

2011; Šrámek et al., 2021).   

A great body of evidence shows that certain FFAs and their toxic metabolites (i.e., ceramides, 

fatty acyl-CoA and diacylglycerol) are important mediators of insulin secretion and apoptosis 

in pancreatic beta cells (Boden, 1999; Sobczak et al., 2019). Indeed, increased ceramide 

production has been suggested to play a key role in beta cell lipotoxicity, through its modulation 

of several beta cell signalling pathways and processes implicated in beta cell diabetic disease 

such as cytokine secretion, insulin gene expression and apoptosis (Boslem et al., 2012; Lupi et 

al., 2002).  

6.5 Conclusions 
 

Taking into account our findings, we demonstrated that palmitate plus efavirenz or rilpivirine 

cause synergistic destructive effects in INS-1E cells, likely through their synergistic increase in 

oxidative stress and impairment of mitochondrial function. Lipotoxicity is suggested to occur 

hand-in-hand with glucotoxicity, hence the phenomenon of glucolipotoxicity. 

Glucolipotoxicity is likely to occur in T2D. Therefore, we also hypothesise that glucose and 

palmitate will most likely work in synergy in combination with efavirenz or rilpivirine to cause 
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the same or even enhanced damaging effects on beta cells as the ones observed with lipotoxic 

conditions. 
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7. The effects of NRTIs on beta cell function and survival 
 

7.1 Introduction 
 

Advances in modern medicine have transformed HIV from a terminal disease to a chronic but 

manageable condition through the development of antiretroviral therapy (ART). Undoubtedly, 

many clinical trials and clinical care settings have shown that ART, when adhered to, 

profoundly improved clinical outcomes in HIV patients by reducing HIV progression to AIDS 

and AIDS-related death rates (Kitahata et al., 2009; Mannheimer et al., 2006; Mocroft et al., 

1998). Zidovudine, the first antiretroviral drug licensed in 1987, paved the way to triple 

combination ART, also known as combination antiretroviral therapy (cART) or simply 

ART. Inhibition of the HIV reverse transcriptase is highly effective in impairing HIV viral 

replication, prompting guidelines surrounding standardised regimens for HIV treatment and 

prophylaxis to include the first line use of reverse transcriptase inhibitors. Reverse transcriptase 

inhibitors are divided into two classes: the nucleoside/tide reverse transcriptase inhibitors 

(NRTIs) and the non-nucleoside reverse transcriptase inhibitors (NNRTIs).  The NRTI class is 

a key drug class used in the management and prophylaxis of HIV infection. Amongst all NRTIs, 

the ‘newer’ NRTIs tenofovir disoproxil fumarate (DF), emtricitabine and lamivudine are 

commonly used as part of standardised regimens for the management and pre- (PreP) and post-

exposure (PeP) prophylaxis of HIV infection (Grant et al., 2010; Thigpen et al., 2012). NRTIs 

act by competitively inhibiting HIV reverse transcriptase via DNA chain termination after 

incorporation of their respective nucleoside analogue into viral DNA, halting viral replication. 

Tenofovir DF, an analogue of adenosine, is widely prescribed and is an integral part of national 

and international standardised regimens for treatment of HIV-1 and HIV-2 in antiretroviral-

naive adults and adolescents (Reeves et al., 2021; Waters et al., 2016). Approved in 2001 by 

the Food and Drug Administration (FDA), tenofovir DF is now used as a gold-standard NRTI 

in combination with emtricitabine or lamivudine as an NRTI backbone and can be found in 

fixed-dose combination tablets such as Truvada® (tenofovir DF/emtricitabine), Atripla® 

(tenofovir DF/emtricitabine/efavirenz) and Eviplera® (tenofovir DF/emtricitabine/rilpivirine). 

The popularity of tenofovir DF has largely been attributed to its convenient dosing schedule as 

part of combination single pill tablets, antiviral efficacy, and a relatively favourable side-effect 

profile, making it one of the most widely prescribed antiretroviral drugs for the management of 

HIV-1 and HIV-2 (Reeves et al., 2021; Waters et al., 2016). Tenofovir DF is an acyclic 
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nucleotide analogue of adenosine monophosphate.  It is polar and ionised, making it hard to be 

absorbed. However, its water-soluble ester prodrug tenofovir disoproxil, is easily absorbed and 

converted to the active tenofovir (Morse, 2015). Figure 7.1 depicts the 2D and 3D structures of 

tenofovir DF.   

Lamivudine is an analogue of cytidine approved by the FDA in 2001. Lamivudine undergoes 

intracellular phosphorylation to the putative active metabolite, lamivudine triphosphate. 

Encouraging preliminary data suggest that lamivudine is poised to become an important 

component of HIV combination regimens, in combination with other NRTIs, NNRTIs and 

protease inhibitors. Figure 7.1 depicts the 2D and 3D structures of lamivudine. 

In 2003, emtricitabine, a fluorinated derivative of lamivudine, was approved by the FDA and 

is currently recommended as first-line treatment of HIV, along with tenofovir DF (Waters et 

al., 2016). Studies show that emtricitabine, in combination with other antiretroviral agents, is 

efficacious in treating HIV in treatment-naïve and experienced patients (Benson et al., 2004; 

Masho et al., 2007; Molina et al., 2000; Molina et al., 2005; Saag et al., 2004). The tenofovir 

DF and emtricitabine combination is a very popular combination regimen for the management 

and pre- and post-exposure prophylaxis of HIV infection in developed countries as well as in 

resource-limited settings, following efforts to phase out the more toxic older NRTIs (i.e., 

stavudine, didanosine and zalcitabine). Figure 7.1 depicts the 2D and 3D structures of 

emtricitabine. 

NRTIs are an important component of regimens used for the prophylaxis and management of 

HIV, alone or in combination with other antiretroviral classes such as NNRTIs, protease 

inhibitors and integrase inhibitors. However, NRTIs are associated with several adverse events. 

Mitochondrial toxicity due to the use of NRTIs can manifest as one of the following: 

nephrotoxicity, myopathy, lipoatrophy, neuropathy, dyslipidaemia and lactic acidosis (Dalakas, 

2001). These adverse events are usually drug specific and are mainly associated with ‘older’ 

NRTIs.  

Several NRTIs were attributed with increased incidence of type 2 diabetes (T2D) in HIV-

positive individuals. Cumulative exposure to NRTIs (tenofovir DF, didanosine, stavudine and 

lamivudine) was associated with increased risk of incident diabetes in HIV-infected individuals 

(Ledergerber et al., 2007; Tien et al., 2007). Additionally, the NRTIs lamivudine, emtricitabine 

and tenofovir DF been associated with an increased risk of developing insulin resistance, which 

is a driving factor in the development of T2D (Brown et al., 2005b; Dirajlal-Fargo et al., 2016).  
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Figure 7.1 2D and 3D chemical structures of the NRTIs tenofovir DF, emtricitabine and lamivudine visualised 

by Molview. Tenofovir DF is chemically described as [[(2R)-1-(6-aminopurin-9-yl) propan-2-yl] oxymethyl-

(propan-2-yloxycarbonyloxymethoxy) phosphoryl] oxymethyl propan-2-yl carbonate;but-2-enedioic acid. 

Emtricitabine is chemically described as 5-fluoro-1-(2R,5S)- [2- (hydroxymethyl)-1,3-oxathiolan-5-yl] cytosine. 

It has a fluorine in the 5-position, which differentiates emtricitabine from other cytidine analogues (FDA, 2006). 

As for lamivudine, it is chemically described as 4-amino-1-[(2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-yl] 

pyrimidin-2-one. 
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Direct damaging effects on beta cell function and survival by NRTIs may predispose 

individuals to impaired glycaemic control and loss of beta cell mass, increasing the risk of 

diabetic complications and insulin dependency.  Due to their classification as ‘newer’ NRTIs, 

we hypothesise that tenofovir DF, emtricitabine and lamivudine have no effect on beta cell 

function and survival. Therefore, the aim of this study was to investigate the direct effects of 

the NRTIs tenofovir DF, emtricitabine and lamivudine on beta cell function and survival. 

7.2 Materials and Methods 
 

7.2.1 Materials  
 

All materials were obtained as described in Materials, Chapter 2 (see 2.1). 

7.2.2 Treatment protocol 
 

After cell growth as described in Chapter 2 (see 2.2.1), INS-1E cells were exposed to DMSO 

(vehicle) or increasing concentrations (3, 10, 20 or 30 μM) of the NRTIs tenofovir DF, 

emtricitabine or lamivudine for 24 hrs at 37°C in a humidified atmosphere of 95% air and 5% 

CO2. 

A 25 mM stock solution for each drug was prepared by dissolving each NRTI in DMSO (Table 

1, Appendix I). Then, solutions of different concentrations (3, 10, 20 and 30 μM) of tenofovir 

DF, emtricitabine and lamivudine were prepared by diluting the stock solution in RPMI-1640 

media supplemented with 3% heat-inactivated FCS, 50 μM 2-mercaptoethanol and 1% 

penicillin-streptomycin according to Table 2, Appendix I. After treatment protocol, glucose-

stimulated insulin secretion (GSIS) (see 2.2.3.1), cell viability (see 2.2.5) and apoptosis and 

necrosis (see 2.2.6.2) were assessed as described in Chapter 2. Cellular mechanisms were 

investigated by measuring intracellular ROS generation (2.2.8.1), antioxidant capacity (2.2.8.3) 

and mitochondrial membrane potential (Δψm) changes (see 2.2.9) as described in Chapter 2. 
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7.3 Results 
 

7.3.1 Effects of NRTIs on glucose-stimulated insulin secretion (GSIS) from INS-

1E cells 

 

The primary function of pancreatic beta cells, GSIS was evaluated in INS-1E cells treated with 

NRTIs for 24 hours (Figure 7.2). The NRTIs tenofovir DF, emtricitabine and lamivudine had 

no effect on GSIS from INS-1E cells (Figure 7.2).    

 

 

Figure 7.2 Effects of a 24-hour exposure to NRTIs on GSIS from INS-1E cells.  Tenofovir DF, emtricitabine and 

lamivudine had no effect on GSIS from INS-1E cells. Data are expressed as mean ± SEM from n = 3 independent 

experiments with 3 technical replicates per treatment.  Statistically significant differences were determined using 

Kruskal-Wallis with Dunn’s post hoc test where p < 0.05 was considered as significant.  

 

7.3.2 Effects of NRTIs on INS-1E cell viability 
 

Next, we investigated the viability of INS-1E cells treated with NRTIs to determine whether 

the absence of GSIS impairment was reciprocated in the context of cell viability (Figure 7.3). 

Indeed, tenofovir DF, emtricitabine and lamivudine had no effect on cell viability in INS-1E 

cells (Figure 7.3).  
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Figure 7.3 Effects of a 24-hour exposure to NRTIs on INS-1E cell viability. Tenofovir DF, emtricitabine and 

lamivudine had no effect on cell viability in INS-1E cells. Data are expressed as mean ± SEM from n = 5 

independent experiments with 6 technical replicates per treatment. Statistically significant differences were 

determined using one-way ANOVA with Bonferroni post hoc test where p < 0.05 was considered as significant.  

 

7.3.3 Effects of NRTIs on INS-1E cell death  
 

We next sought to determine INS-1E cell survival by measuring the levels of apoptosis and 

necrosis in INS-1E cells exposed to tenofovir DF, emtricitabine and lamivudine for 24 hours 

by flow cytometry (Figure 7.4). Tenofovir DF, emtricitabine and lamivudine had no effect 

on early apoptotic (Figure 7.4, A) and late apoptotic/primary necrotic (Figure 7.4, B) cell levels 

in INS-1E cells.  
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Figure 7.4 Effects of a 24-hour exposure to NRTIs on INS-1E cell apoptosis and necrosis. Quantitative 

representation of early apoptosis in INS-1E cells treated with tenofovir DF, emtricitabine and lamivudine (A) and 

late apoptosis/primary necrosis in INS-1E cells treated with tenofovir DF, emtricitabine and lamivudine (B). 

Tenofovir DF, emtricitabine and lamivudine had no effect on apoptosis and necrosis in INS-1E cells. Data are 

expressed as mean ± SEM from n = 3 independent experiments. Statistically significant differences were 

determined using one-way ANOVA with Bonferroni post hoc test where p < 0.05 was considered as significant.  

 

 

7.3.4 Potential cellular mechanisms 
 

After observing the lack of direct damaging effects of NRTIs on INS-1E cell function and 

survival, we focused on ruling out possible mechanisms related to beta cell dysfunction and 

death. 

7.3.4.1 Oxidative Stress  

We attempted to confirm the absence of oxidative stress in INS-1E cells exposed to the NRTIs 

tenofovir DF, emtricitabine and lamivudine by measuring intracellular ROS generation (Figure 

7.5) and antioxidant capacity (Figure 7.6). Unsurprisingly, tenofovir DF, emtricitabine and 

lamivudine had no effect on intracellular ROS levels in INS-1E cells (Figure 7.5). 
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Figure 7.5 A 24-hour exposure to tenofovir DF, emtricitabine and lamivudine had no effect on intracellular ROS 

formation in INS-1E cells. DCF mean fluorescence intensity was determined using the image processing software 

Image J. (A) Confocal images of DCFH-DA assay and (B) quantification graphs. (Scale bar, 100 μM). DCF 

fluorescence intensity expressed as relative fluorescence intensity (RFU) is proportional to the levels of 

intracellular ROS. INS-1E cells were incubated with 100 µM hydrogen peroxide (H2O2) for 1 hr as a positive 

control. Data are expressed as mean ± SEM from n = 3 independent experiments. Statistically significant 

differences were determined using one-way ANOVA with Bonferroni post hoc where p < 0.05 was considered as 

significant.  
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7.3.4.1.2 Antioxidant capacity  

Then, we measured antioxidant capacity in INS-1E cells exposed to NRTIs. Unsurprisingly, 

tenofovir DF, emtricitabine and lamivudine had no effect on antioxidant capacity in INS-1E 

cells (Figure 7.6). 

 

 

 

Figure 7.6 A 24-hour exposure to tenofovir DF, emtricitabine and lamivudine had no affect on antioxidant capacity 

in INS-1E cells. Data are expressed as mean ± SEM from n = 3 independent experiments with 3 technical replicates 

per treatment. Statistically significant differences were determined using Kruskal-Wallis with Dunn’s post hoc test 

where p < 0.05 was considered as significant.  

 

7.3.4.2 Mitochondrial membrane potential (∆ψm) changes 

 

As well as not inducing oxidative stress, we sought to further confirm the absence of 

mitochondrial toxicity since the mitochondrion is both the main source of ROS and a major 

target of oxidative stress (Marchi et al., 2012). Therefore, we assessed mitochondrial 

function by measuring changes in ∆ψm in INS-1E cells treated with NRTIs for 24 

hours (Figure 7.7). As expected, the NRTIs tenofovir DF, emtricitabine and lamivudine did not 

affect ∆ψm in INS-1E cells (Figure 7.7). 
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Figure 7.7 A 24-hour exposure to tenofovir DF, emtricitabine and lamivudine had no effect on ∆ψm in INS-1E 

cells. INS-1E cells were exposed to tenofovir DF, emtricitabine and lamivudine for 24 hrs. TMRE fluorescence 

intensity is proportional to ∆ψm. A positive control, carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 

50 μM was used to dissipate Δψm. Tenofovir DF, emtricitabine and lamivudine had no to negligible effect on 

Δψm in INS-1E cells. Data are expressed as mean ± SEM from n = 3 independent experiments. Statistically 

significant differences were determined using Kruskal-Wallis with Dunn’s post hoc test where p < 0.05 was 

considered as significant.  
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7.4 Discussion 
 

Although the use of NRTIs improves clinical outcomes in people living with HIV, there is 

growing concern about the alarming increase in T2D and insulin resistance in the HIV 

population on NRTI-based ART. To the best of our knowledge, this is the first study to 

demonstrate the effects of the NRTIs tenofovir DF, emtricitabine and lamivudine on beta cell 

function and survival.  

We demonstrate that the NRTIs tenofovir DF, emtricitabine and lamivudine had no direct 

damaging effects on the secretory function of beta cells, as well as beta cell survival. In this 

study, we show that the NRTIs tenofovir DF, emtricitabine and lamivudine had no effect on 

GSIS, cell viability and apoptosis and necrosis levels in INS-1E cells, indicating the lack of 

NRTI-induced dysfunction and toxicity in beta cells. We also show that tenofovir DF, 

emtricitabine and lamivudine did not disrupt ∆ψm and did not affect intracellular ROS 

formation and antioxidant capacity in INS-1E cells, indicating the lack of mitochondrial stress 

and oxidative stress in beta cells. 

Older NRTIs such as stavudine, zalcitabine and didanosine can interfere with mitochondrial 

DNA (mtDNA) synthesis and can subsequently cause ROS generation as per the ‘polymerase-

γ (poly- γ) hypothesis’ (Apostolova et al., 2011a). Owing to their mechanism of action, NRTIs 

mimic the nucleoside bases, adenosine and cytidine, that are needed during the formation of 

viral DNA. The nucleoside/tide analogues compete with natural nucleosides and when the 

reverse transcriptase attempts to incorporate them into the growing viral DNA chain, the 

elongation process is halted (Morse, 2015). NRTIs also act as substrates for pol-γ and are able 

to interfere with mtDNA synthesis and may subsequently cause mitochondrial ROS generation 

as per the ‘poly-γ hypothesis’. However, it is widely accepted that older NRTI compounds 

induce more mitochondrial manifestations compared to newer NRTI compounds (i.e., tenofovir 

DF, emtricitabine and lamivudine) which is related to their capacity to inhibit poly-γ and inhibit 

mtDNA (Apostolova et al., 2011a; Venhoff et al., 2007). Unlike older NRTIs, newer NRTIs 

are weak inhibitors of the mtDNA replication enzyme, which may explain the lack of 

mitochondrial toxicity and ROS generation in beta cells. Tenofovir DF and emtricitabine were 

shown to have no effect on cell viability, cell death and intracellular oxidative stress in 

endothelial cells (Faltz et al., 2017). Additionally, tenofovir DF and lamivudine produced no 

significant effects on mtDNA levels in human hepatocytes, skeletal muscle and renal proximal 

tubular endothelial cells, as opposed to the ‘older’ NRTIs stavudine and didanosine (Birkus et 
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al., 2002). However, conflicting data regarding the effects of tenofovir DF on proximal tubule 

epithelium exists to date. Contradictory to Birkus et al. (2002), Ramamoorthy et al. (2019) 

showed an increase in apoptosis in tubular and glomerular cells in kidneys in tenofovir DF-

treated rats (Ramamoorthy et al., 2019). Rats administrated with tenofovir DF had increased 

ROS and reactive nitrogen species (RNS) production, depleted antioxidants and increased 

mitochondrial damage in their kidneys (Ramamoorthy et al., 2019). Tenofovir DF was also 

shown to induce apoptosis in Human Kidney 2 cell line (Lu et al., 2019; Murphy et al., 2017; 

Zhao et al., 2017). In summary, tenofovir DF may potentially cause mitochondrial toxicity in 

rat proximal tubular cells and human kidney cells. However, we show that this mitochondrial 

toxicity seen in kidney cells is not extended to beta cells. 

7.5 Conclusion 
 

Based on the data presented here, we conclude that exposure to NRTIs does not affect beta cell 

function and survival. This may be explained by the lack of mitochondrial toxicity and oxidative 

stress.  
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8. General Discussion 
 

Antiretroviral therapy has undoubtedly saved millions of lives during the past decades. This 

life-saving therapy has transformed the management of HIV by preventing its progression to 

life-threatening AIDS. Due to its chronic nature, the management of HIV infection requires a 

lifetime use of ART which eventually precipitates further complications to the management of 

HIV infection. A commonly reported complication of ART includes an increased incidence of 

type 2 diabetes (T2D), often seen in cohort studies in HIV-infected individuals. ART is also 

becoming increasingly popular as a preventative strategy for HIV infection and is taken as both 

pre-exposure prophylaxis (PreP) and post-exposure prophylaxis (PeP) in people at risk of 

contracting the virus. The use of ART is indispensable for the prevention and management of 

HIV infection and hence warrants the need to understand the toxicological effects of common 

antiretroviral agents on the function and survival of beta cells to further elucidate the 

implications of these agents in the progression of T2D in PLWH and individuals at risk of 

contracting HIV.  

Altogether, this study painted a picture of the nature of HIV reverse transcriptase in the context 

of beta cell function and survival, revealing that HIV reverse transcriptase inhibitors have 

divergent effects.  

The first part of our study revealed that within the NNRTI class, we found intraclass contrasting 

effects in relation to their cellular and molecular effects in beta cells. The second part of our 

study then revealed further differences in the effects of NNRTIs in regard to their respective 

mechanistic modulation of mitochondrial function. The third part of this study revealed that 

rilpivirine activates the pancreatic beta cell KATP channel, another potential mechanism 

mediating the rilpivirine-potentiated insulin-secretory dysfunction. It also revealed that 

gliclazide, a sulfonylurea, protected against rilpivirine-mediated apoptotic beta cell death. The 

fourth part of this study found that non-toxic concentrations of efavirenz and rilpivirine act in 

synergy in combination with physiological amounts of palmitate to potentiate cellular 

dysfunction and death in beta cells. Finally, the fifth part of this study found that the NRTIs had 

no effect on beta cell function and survival.  

8.1 The effects of NRTIs on beta cell function and survival    
 

The first approved antiretroviral agent for the management of HIV/AIDS was the NRTI 

zidovudine that inhibited the very crucial step of viral reverse transcription via its nucleoside-
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like structure. This discovery in the late 1980s, paved the way to newer NRTIs and classes 

approved in hopes of maximising ART efficacy and safety. As of today, zidovudine, amongst 

other NRTIs, are classified as ‘older’ NRTIs and are being slowly discontinued due to the 

approval of ‘newer’ NRTIs with better efficacy and safety profiles. Only recently, newer NRTIs 

have gained in popularity as a preventative approach as PreP and PeP, and as a gold-standard 

backbone as part of combination ART.  

Several older NRTIs have been shown to cause mitochondrial toxicity in a variety of cell types 

secondary to their ability to inhibit mitochondrial DNA (mtDNA) synthesis. In our study, we 

tested three newer NRTIs: tenofovir DF, emtricitabine and lamivudine. We found that these 

newer NRTIs had no effect on the secretory function of beta cells and beta cell death. Unlike 

older NRTIs, newer NRTIs are weak inhibitors of the mtDNA replication enzyme, which may 

explain the lack of mitochondrial toxicity and ROS generation in beta cell. 

8.2 First-generation NNRTI (efavirenz)-mediated beta cell dysfunction and death: 

the predictable   
 

Following the approval of NRTIs, the search for novel ART classes continued. In the late 1990s, 

the first NNRTI nevirapine was approved giving way to a novel approach to inhibiting the viral 

replication, via binding to a hydrophobic pocket found in the viral reverse transcriptase. Today, 

the NNRTIs are classified into first-generation, second-generation and ‘novel’ subclasses 

depending on their dates of approval. The novel NNRTI doravirine is believed to have a better 

efficacy and safety profile than its predecessors, the second-generation NNRTIs (i.e., 

rilpivirine) and so on. This signifies that first-generation NNRTIs, such as efavirenz, have a 

suboptimal safety profile in comparison to second-generation and novel NNRTIs. Indeed, 

efavirenz has been shown to have more adverse events when compared to newer NNRTIs. 

Previous findings demonstrated that efavirenz causes cellular toxicity in a variety of cell types 

including hepatocytes, adipocytes and neurones. 

Unsurprisingly, we found that efavirenz also causes beta cell dysfunction and triggers beta cell 

apoptosis, which mirrors the above-mentioned previous findings. By inducing oxidative and 

mitochondrial dysfunction, efavirenz may potentiate cellular dysfunction and induces cell 

death. We suggest that these deleterious effects are likely mediated by oxidative stress (i.e., 

increased generation of mitochondrial superoxide and intracellular ROS and reduced 

antioxidant capacity), secondary to the direct inhibition of the activity of mitochondrial 
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complex I of the electron transport chain (ETC), a mechanism previously established in isolated 

mitochondria of the liver (Blas‐García et al., 2010). The efavirenz-mediated increases in 

oxidative stress may have caused mitochondrial dysfunction, characterised by a loss of Δψm 

and depletion of cellular ATP levels (Figure 8.1). As opposed to rilpivirine, efavirenz also 

increased the expression of UCP2, a phenomenon likely induced by ROS. Overall, the 

mitochondrial dysfunction and oxidative stress caused by efavirenz may have damaging 

repercussions on the function of beta cells, as demonstrated by the reductions in insulin 

secretion from pancreatic beta cells, as well as the activation of the mitochondria-dependent 

apoptotic pathway (Figure 8.1). This pathway can contribute to the increased apoptotic cell 

rates in beta cells exposed to efavirenz, however, we believe that ER stress is also an important 

mediator of efavirenz-induced apoptosis due to the efavirenz-induced increases in ER stress 

that can trigger the unfolded protein response (UPR)-mediated apoptotic pathway (Figure 8.1).  

 

Figure 8.1 A schematic representation of the proposed mechanisms for efavirenz-mediated beta cell dysfunction 

and death in our study. Figure created with BioRender.com. 

 

When combined with palmitate, efavirenz exerts a synergistic impairment of the insulin-

secretory function of beta cells and increase in apoptotic cell death (Figure 8.2). Due to its 

established effect as a specific inhibitor of complex I, palmitate may potentiate the inhibition 
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of the activity of this mitochondrial enzyme by efavirenz, explaining the synergistic impairment 

of mitochondrial function and increase in oxidative stress (Figure 8.2). Although efavirenz and 

palmitate do not upregulate the expression of CHOP, it is apparent that the mitochondria-

dependent pathway of apoptosis plays an important role in mediating efavirenz and palmitate 

synergistic beta cell apoptosis (Figure 8.2).  

 

Figure 8.2 Proposed effects of efavirenz-mediated beta cell dysfunction and death and role of palmitate. Figure 

created with BioRender.com. 

 

8.3 Second-generation NNRTI (rilpivirine)-mediated beta cell dysfunction and 

death: the unpredictable   
 

Due to its status as a second-generation NNRTI, we predicted that rilpivirine would have no 

effect on beta cell function and survival, as opposed to the first-generation NNRTI efavirenz. 

To our surprise, despite being a second-generation NNRTI approved in hopes of ameliorating 

first-generation NNRTI safety profiles, we show, for the first time, that rilpivirine has damaging 

cellular effects.  

We show in our present study that rilpivirine impaired the insulin-secretory function of beta 

cells (Figure 8.3). This prompted the investigation into the potential occurrence of oxidative 
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stress and mitochondrial dysfunction, key players of diabetic beta cell dysfunction. Rilpivirine 

had no effect on mitochondrial complex I activity as opposed to efavirenz; however, another 

crucial mitochondrial enzyme could be involved. We suggest that by directly inhibiting the 

activity of mitochondrial ATP synthase, rilpivirine increases Δψm, causing the mitochondria to 

increase its production of ROS. Due to the physiological nature of beta cells containing 

intrinsically low levels of antioxidant activity, coupled with a rilpivirine-mediated reduction in 

antioxidant capacity, oxidative stress may play a central role in inhibiting insulin release from 

beta cells.  Indeed, rilpivirine-induced oxidative stress and subsequent oxidative damage may 

have deleterious effects at the mitochondrion level, as demonstrated by reductions in cellular 

ATP levels (Figure 8.3).  

We also investigated the direct effects of rilpivirine on a crucial component of the insulin 

secretory machinery: the pancreatic beta cell KATP channel. Due to the important and central 

nature of this ion channel in beta cells, we postulate that rilpivirine may have an effect on this 

channel, which could explain the absence of cellular toxicity in other cell types. In our present 

study, we found, for the first time, that rilpivirine directly activates the pancreatic beta cell KATP 

channel (Kir6.2/SUR1) (Figure 8.3). This may undeniably have a major impact on insulin 

secretion from beta cells, suggesting that rilpivirine has multiple mechanisms responsible for 

the reductions in insulin secretion. Further, despite attenuating mitochondrial dysfunction and 

completely abolishing increases in intracellular ROS generation, gliclazide failed to fully 

protect against the rilpivirine-mediated reductions in GSIS, suggesting that rilpivirine-mediated 

overactivation of the pancreatic beta cell KATP channel plays an important role in beta cell 

insulin-secretory dysfunction.   

On the other hand, gliclazide fully protected beta cells against rilpivirine-mediated apoptosis 

while abolishing the increases in ROS generation and attenuating mitochondrial dysfunction. 

To explain this, gliclazide may have prevented oxidative stress and subsequent oxidative 

damage due to its antioxidant properties, suggesting that the mitochondria-dependent apoptotic 

pathway is an important regulator of apoptosis in beta cells exposed to rilpivirine. As to its 

direct effects on the mitochondria, we also postulate that mitochondrial KATP channels may be 

activated by rilpivirine due to the strong pharmacological similarities between the plasma and 

mitochondrial KATP channels, however, this hypothesis is yet to be confirmed due to the lack of 

strong evidence of KATP channels in the mitochondria of beta cells. However, we believe that 

ER stress is also an important mediator of rilpivirine-induced apoptosis due to the rilpivirine-



 

253 
 

induced increases in ER stress that can trigger the UPR-mediated apoptotic pathway (Figure 

8.3).  

Altogether, we postulate that rilpivirine inhibits insulin secretion likely through a direct 

prolonged activation of pancreatic beta cell KATP channels and that the increased mitochondrial 

metabolism (i.e., increased Δψm and elevated generation of mitochondrial superoxide and 

intracellular ROS) may be a compensatory response to counteract the secretory defect of beta 

cells. This compensatory response may further impair the insulin-secretory function of beta 

cells as well as trigger beta cell apoptosis. 

 

Figure 8.3 A schematic representation of the proposed mechanisms for rilpivirine-mediated beta cell dysfunction 

and death in our study. Figure created with BioRender.com. 

 

Rilpivirine in combination with palmitate synergistically induced apoptotic cell levels while 

potentiating mitochondrial dysfunction and ROS generation. It is worth noting that since a 

synergistic increase in Δψm was observed in beta cells exposed to rilpivirine and palmitate, we 

hypothesise that the synergistic activation of mitochondrial KATP channels by both of these 

agents could have resulted in potentiated mitochondrial hyperpolarisation (Figure 8.4). Another 

possible reason for mitochondrial hyperpolarisation is the release of cytochrome c by both 

palmitate and rilpivirine. However, this hypothesis should be confirmed experimentally.  
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Rilpivirine in combination with palmitate synergistically impaired insulin secretion from beta 

cells while potentiating mitochondrial dysfunction and ROS generation. The resulting oxidative 

stress and mitochondrial impairment may play a role in reducing insulin release from beta cells. 

However, since we also observe that rilpivirine activates the pancreatic beta cell KATP channel, 

we postulate that through its established effect (i.e., palmitoylation of Kir6.2) on pancreatic 

KATP channels, palmitate may act in synergy with rilpivirine to activate this ion channel, 

explaining the amplified decreases in insulin secretion observed in beta cells (Figure 8.4).  

 

Figure 8.4 Proposed effects of rilpivirine-mediated beta cell dysfunction and death and role of palmitate. Figure 

created with BioRender.com. 

 

Although the mechanism of action for the therapeutic purpose of the management of HIV is the 

same, the NNRTI-mediated effects seen in pancreatic beta cells are distinct. Therefore, we ask 

the question: why do these NNRTIs have different off-target activities? We can only speculate 

that the different drug structures could account for the different off-target effects and 

subsequent different mitochondrial effects between efavirenz and rilpivirine.  
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8.4 Interplay of these mechanisms in beta cell dysfunction and death: a vicious 

cycle 
 

Oxidative stress induced by efavirenz and rilpivirine could cause further mitochondrial 

dysfunction and ER stress, further aggravating ROS production in beta cells. For example, 

mitochondrial dysfunction is generally associated with increased mitochondrial ROS 

production by the organelle itself, which acts to potentiate oxidative stress. Mitochondrial ROS 

production may also further aggravate oxidative stress through contributing to ER stress. ER 

stress has been established as a crucial player of apoptotic cell death seen in the context of T2D, 

leading to a loss of beta cell mass. Although not confirmed, we can only speculate that both 

efavirenz and rilpivirine can induce oxidative damage to other essential mitochondrial and 

cellular proteins, lipids and DNA that may be involved in the insulin-secretory machinery and 

programmed cell death. Damage to cellular proteins by ROS can in fact trigger an ER stress 

response followed by the UPR-mediated apoptotic pathway (Figure 8.1 and Figure 8.3). We 

can only confirm that PDX-1 expression is not involved in the efavirenz- and rilpivirine-

associated beta cell dysfunction and death.  

ER stress is also a potent ROS producer and contributes to cellular dysfunction mainly by 

increasing its oxidative protein folding of proinsulin and mitochondrial dysfunction (Eguchi et 

al., 2021; Kaufman et al., 2010). ER stress causes a Ca2+ leakage, resulting in a disruption of 

calcium homeostasis in the mitochondria and increased mitochondrial ROS production (Back 

& Kaufman, 2012). Altogether, these bidirectional interactions clarify the potential sequels of 

oxidative stress, mitochondrial dysfunction and ER stress caused by the NNRTIs efavirenz and 

rilpivirine in beta cells.  

8.5 Potential clinical implications 
 

People living with HIV (PLWH) are at increased risk of developing T2D due to several factors 

including exposure to ART. Although it is crucial to treat HIV, it is also important to optimise 

cART regimens to ensure a healthy ageing HIV population. Identifying common antiretroviral 

agents that are capable of causing cellular dysfunction is of extreme importance due to its 

potential clinical implications. In our case, investigating the effects of common antiretroviral 

agents on beta cell function and survival is of extreme importance to predict clinical outcomes 

and help guide therapeutic regimens, mainly in the context of T2D. Treatment of beta cells with 

tenofovir DF, emtricitabine and lamivudine, at concentrations that exceed those concentrations 



 

256 
 

achieved at therapeutically relevant levels in plasma (maximum plasma concentrations: 1.03, 

7.28 and 15 μM, respectively), were not associated with beta cell dysfunction and worsening of 

beta cell survival (Gallant & Moore, 2009; Molina et al., 2004). Altogether, our data and 

previous data support the hypothesis that newer NRTIs have a better toxicological profile than 

their predecessors. From a clinical perspective, the use of the NRTIs tenofovir DF, emtricitabine 

and lamivudine is potentially safe in the context of T2D in HIV. 

The damaging effects of efavirenz seen in this study are at concentrations comparable to those 

seen clinically where the Cmax of efavirenz was reported as 12.4 ± 3.7 μM, with studies 

showing that efavirenz concentrations display a major interindividual variability, reaching 

50 μM in many individuals (Apostolova et al., 2017; Marzolini et al., 2001). Although the 

damaging effects of rilpivirine were observed at concentrations higher than the 

reported Cmax (approximately 1 µM), the interindividual variability in HIV patients is yet to 

be fully elucidated (Lamorde et al., 2015). However, as HIV-infected individuals on ART now 

have a normal lifespan, their pancreatic beta cells may be exposed to drugs like efavirenz and 

rilpivirine for decades. Therefore, we cannot rule out that the beta cell damaging effects induced 

by efavirenz and rilpivirine seen in our study may occur ensuing long-term exposure to 

therapeutic concentrations.  

From a clinical perspective, the first- and second-generation NNRTIs efavirenz and rilpivirine 

may contribute to poor glycaemic control and insulin dependency in type 2 diabetics who are 

also HIV positive or at risk of contracting HIV infection. The use of rilpivirine may need to be 

reconsidered as HIV prophylaxis or treatment in type 2 diabetic HIV-infected patients and 

individuals at risk of contracting HIV infection due to its deleterious effects on beta cell 

function and survival. Further, rilpivirine may affect the sensitivity of KATP channels to 

gliclazide and/or may disturb the primary mode of action of gliclazide, hence potentially 

reducing its therapeutic efficacy. The potential development of rilpivine formulations for PreP 

may pose challenges in people with T2D, potentially impairing their glycaemic control, 

complicating effective management, and possibly increasing their likelihood of becoming 

insulin dependent.  

Gliclazide was shown to protect against rilpivirine-mediated beta cell death, and this effect was 

observed at the lower end of its therapeutic range. The reported Cmax of gliclazide was up to 

24.7 μM for oral administration of gliclazide 40 to 120 mg (Palmer & Brogden, 1993). 

However, gliclazide does not confer functional protection in beta cells. Despite its ability to 
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potentially protect beta cell mass, the interaction between gliclazide and rilpivirine on beta cell 

function may impair the therapeutic effectiveness of gliclazide, impairing glycaemic control 

with the likelihood of an increased risk of hyperglycaemia-mediated complications. This might 

be extended to other sulfonylureas due to the nature of its pharmacological effects on pancreatic 

beta cell KATP channels. Individuals with T2D with a good management of their HIV infection 

on rilpivirine-based ART regimens should potentially avoid gliclazide and an alternative 

antidiabetic agent should be considered. Care should be taken when this combination is 

prescribed for the clinical benefit of diabetic patients. However, further basic and clinical 

research is warranted to confirm this.   

From a T2D pathophysiological point of view, clinically relevant concentrations of efavirenz 

or rilpivirine act in synergy with palmitate to induce beta cell dysfunction and trigger apoptosis. 

From a clinical perspective, this could mean that HIV positive type 2 diabetics who are also 

obese and on efavirenz or rilpivirine-based ART regimens, are potentially more prone to poor 

glycaemic control, complicating effective management, and possibly increasing their likelihood 

of insulin dependency. Moreover, previous findings show that the HIV population is affected 

by the obesity epidemic through risk factors including exposure to ART, further contributing 

to this lipotoxic environment, that further aggravates the damaging effects of these drugs in our 

study (Crum-Cianflone et al., 2008; Obry-Roguet et al., 2018; Tate et al., 2012). 

The novel NNRTI doravirine increased basal insulin release and GSIS at supraphysiological 

concentrations as the reported Cmax of doravirine is approximately 3 μM (Yee Ka et al., 2017). 

Nevertheless, from a clinical perspective, doravirine may be considered as an NNRTI of choice 

in the context of T2D in the HIV population.  Therefore, the novel NNRTI doravirine and the 

NRTIs tenofovir DF, emtricitabine and lamivudine may be safe to use for the prophylaxis or 

management of HIV infection as backbone agents in the case of NRTIs and as an additional 

agent in the case of doravirine as part of a triple therapy cART regimen in individuals at risk of 

developing metabolic diseases and T2D. 

8.6 Limitations of this study and future work 
 

One limitation of our study is the lack of confirmation in in vivo animal models, which could 

have been useful in confirming these effects in a more relevant and reliable model.  

We conducted very few experiments to confirm the effects observed in rat INS-1E cells in the 

human 1.4E7 beta cell line. We show that efavirenz and rilpivirine significantly reduced cell 
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viability in 1.4E7 cells (Figure 4, Appendix I). There was an increasing trend in intracellular 

ROS generation following exposure to efavirenz and rilpivirine, but not doravirine, in human 

1.4E7 cells, as observed in rat INS-1E cells (Figure 5, Appendix I). However, due to the lack 

of biological replicates, we can only predict that the damaging effects seen in rat beta cells are 

mirrored in a human beta cell line. It is worth mentioning that such human beta cell lines have 

yielded inconsistent results in the past (Leslie, 2019).  

The interpretation and clinical implications of our results, including the mitochondrial targets 

involved, is a complex issue that demands further evaluation. In silico molecular modelling is 

a helpful tool in determining binding affinities and finding potential targets, however, the 

effects of efavirenz and rilpivirine on the activity of mitochondrial ATP synthase should be 

investigated in vitro in order to confirm our speculations.  

Future work includes confirming these effects in in vivo animal models and in in vitro 

pancreatic human islets as to further strengthen our hypothesis of the clinical implications of 

our study. Finally, conducting clinical studies in HIV-infected and type 2 diabetic patients 

(ideally on gliclazide or other sulfonylureas) on rilpivirine-based cART regimens is necessary 

to confirm the clinical implications of our study.  
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Appendices 
 

Appendix I 
 

Table 1. NNRTIs and NRTIs and their respective stock solution concentration. NNRTIs and NRTIs were added 

to 1 mL of DMSO to make up 25 mM stock solutions.  

 
 

Antiretroviral Agent Weight of the drug (in 
mg) 

Concentration of stock solution 
(in mM) 

NNRTIs Efavirenz 7.0 25 

Rilpivirine 9.1 25 

Doravirine 8.4 25 

NRTIs Tenofovir DF 10.9 25 

Emtricitabine 5.8 25 

Lamivudine 5.7 25 

 

DF, Disoproxil fumarate; NNRTIs, non-nucleoside reverse transcriptase inhibitors; NRTIs, nucleoside/tide reverse 

transcriptase inhibitors  

 

Table 2 Volumes required to produce solutions of increasing concentrations of NNRTIs. NNRTIs (25 mM stock 

solution) were diluted in 5 mL of 3% heat-inactivated FCS RPMI-1640 media. 

 NNRTIs  

Concentration (in μM) Efavirenz (in μL) Rilpivirine (in μL) Doravirine (in μL) 

1 0.2 0.2 0.2 

3 0.6 0.6 0.6 

10 2 2 2 

20 4 4 4 

30 6 6 6 
 

Table 3 Ct method for RT-qPCR with example 

Treatment Ct values 

CHOP – 
Efavirenz 

20 μM 

CHOP -
control  

GAPDH – 
Efavirenz 20 

μM 

GAPDH -
control 

Technical 
replicate (1) 

21.13 22.81 19.2 19.45 

Technical 
replicate (2) 

21.26 22.85 20.19 19.92 

Technical 
replicate (3) 

21.45 22.44 20.01 19.52 ΔCtExp 
 

ΔCtC 
 

ΔΔcT 
 

Average 21.28 22.7 19.8 19.63 11.48 23.07 3-1.59 
1 ΔCtExp = (CHOP – Efavirenz 20 μM) – (GAPDH – Efavirenz 20 μM) = 21.28 - 19.8 = 1.48 

2 ΔCtC = (CHOP-control) – (CHOP-control) = 22.7 - 19.63 = 3.07 

3 ΔCtExp – ΔCtC = 1.48 - 3.07 = -1.59 
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Figure 1 Sample SwissDock predictions output file for efavirenz docked in the ND5 subunit of mitochondrial 

complex I visualised in Chimera UCSF 

Table 4 Volumes required to produce solutions of increasing concentrations of gliclazide. A 5 mM stock solution 

of gliclazide was diluted in 5 mL of 3% heat-inactivated FCS RPMI-1640 media 

Concentration (in μM) Gliclazide (in μL) Stock solution (in mM) 

0.1 1 0.5 (1:10 dilution of 5 mM stock 
solution) 

0.3 3 0.5 (1:10 dilution of 5 mM stock 
solution) 

1 1 5 

 

Table 5 Acquisition settings for confocal microscopy  

Setting Optimised setting  

Laser power 0.1-10% 

Gain 2-6% 
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Figure 2 Confirmed expression of Kir6.2 (A) and SUR1(B) in INS-1E cells. mRNA expression was assessed in 

INS-1E cells exposed to vehicle (DMSO)-treated cells (control) or 10 μM rilpivirine for 24 hrs by RT-qPCR.  

 

Figure 3 Gliclazide binds to the intermembrane site of sulfonylurea receptor 1. The established binding site of 

sulfonylureas is shown as a black dashed oval. 
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Table 6 Volumes required to produce palmitate combination treatments. Increasing concentrations of palmitate 3, 

10, 30 and 100 µM were prepared by diluting palmitate stock solution in 50 mL of 3% heat-inactivated FCS 

supplemented RPMI-1640. Stock solutions of efavirenz, rilpivirine and doravirine were used to make working 

solutions in 10 mL of palmitate solutions. 

 

Table 7 Volumes required to produce solutions of increasing concentrations of NRTIs to treat INS-1E cells. NRTIs 

(25 mM stock solution) were diluted in 5 mL of 3% heat-inactivated FCS RPMI-1640 media. 

NRTIs 

Concentration (in μM) Tenofovir DF (in μL) Emtricitabine (in μL) Lamivudine (in μL) 

1 0.2 0.2 0.2 

3 0.6 0.6 0.6 

10 2 2 2 

20 4 4 4 

30 6 6 6 

 

 

 

Figure 4 Effects of NNRTIs on cell viability in human 1.4E7 cells. 1.4E7 cells were cultured for 24 hrs (see 2.2.1) 

before exposing cells to increasing concentrations of efavirenz, rilpivirine or doravirine for 24 hrs before 

measuring cell viability using an MTT assay. Efavirenz and rilpivirine, but not doravirine, reduced cell viability 

Combination treatment Efavirenz stock 

solution (µL) 

Rilpivirine stock 

solution (µL) 

Palmitate stock 

solution (µL) 

Efavirenz 3 µM plus Palmitate 10 µM 1.2 0 50 

Efavirenz 3 µM plus Palmitate 30 µM 1.2 0 150 

Efavirenz 10 µM plus Palmitate 10 µM 4 0 50 

Efavirenz 10 µM plus Palmitate 30 µM 4 0 150 

Rilpivirine 0.3 µM plus Palmitate 10 µM 0 0.12 50 

Rilpivirine 0.3 µM plus Palmitate 30 µM 0 0.12 150 

Rilpivirine 1 µM plus Palmitate 10 µM 0 0.4 50 

Rilpivirine 1 µM plus Palmitate 30 µM 0 0.4 150 
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in 1.4E7 cells. Data are expressed as mean ± SEM from n = 3 independent experiments. Statistically significant 

differences were determined using Kruskal-Wallis with Dunn’s post hoc test. * p < 0.05, ** p < 0.01 significantly 

different from vehicle-treated control cells.  

 

 

Figure 5 Effects of NNRTIs on intracellular ROS generation in human 1.4E7 cells. 1.4E7 cells were cultured for 

24 hrs (see 2.2.1) before exposing cells to increasing concentrations of efavirenz, rilpivirine or doravirine for 24 h 

before measuring intracellular using a DCF assay. DCF fluorescence is proportional to the levels of intracellular ROS. 

Intracellular ROS generation is determined by DCF fluorescence normalised to cell proliferation by Crystal Violet assay. There 

was an increasing trend in increased intracellular ROS generation following efavirenz and rilpivirine, but not 

doravirine exposure. Data are expressed as mean ± SEM from n = 2 independent experiments. No statistical 

analysis was performed due to the limited number of independent experiments.  
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Appendix II  
 

 

Figure 1 Uncropped blot image for CHOP expression in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 2, 

n = 3) or thapsigargin 1 μM (positive control) for 24 hrs. Details below:  
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Figure 2 Uncropped stripped blot image in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 2, n = 3) or 

thapsigargin 1 μM (positive control) for 24 hrs. 

 

Figure 3 Uncropped blot image for GAPDH expression in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 

2, n = 3) or thapsigargin 1 μM (positive control) for 24 hrs. Details below: 
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Figure 4 Uncropped blot image for CHOP expression in INS-1E cells treated with rilpivirine 10 μM (n = 1, n = 2, 

n = 3) or thapsigargin 1 μM (positive control) for 24 hrs. Details below:  
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Figure 5 Uncropped stripped blot image in INS-1E cells treated with rilpivirine 10 μM (n = 1, n = 2, n = 3) or 

thapsigargin 1 μM (positive control) for 24 hrs. 
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Figure 6 Uncropped blot image for GAPDH expression in INS-1E cells treated with rilpivirine 10 μM (n = 1, n = 

2, n = 3) or thapsigargin 1 μM (positive control) for 24 hrs. Details below: 
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Figure 7 Uncropped blot image for CHOP expression in INS-1E cells treated with efavirenz 20 μM (n = 4 and n 

= 5) or thapsigargin 1 μM (positive control) for 24 hrs. Details below:  
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Figure 8 Uncropped stripped blot image in INS-1E cells treated with efavirenz 20 μM (n = 4 and n = 5) or 

thapsigargin 1 μM (positive control) for 24 hrs. 

 

 

 

Figure 9 Uncropped blot image for GAPDH expression in INS-1E cells treated with efavirenz 20 μM (n = 4 and 

n = 5) or thapsigargin 1 μM (positive control) for 24 hrs. Details below: 
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Figure 10 Uncropped blot image for CHOP expression in INS-1E cells treated with rilpivirine 10 μM (n = 4 and 

n = 5) or thapsigargin 1 μM (positive control) for 24 hrs. Details below: 
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Figure 11 Uncropped stripped blot image in INS-1E cells treated with rilpivirine 10 μM (n = 4 and n = 5) or 

thapsigargin 1 μM (positive control) for 24 hrs 
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Figure 12 Uncropped blot image for GAPDH expression in INS-1E cells treated with rilpivirine 10 μM (n=4 and 

n=5) or thapsigargin 1 μM (positive control) for 24 hrs. Details below:  
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Figure 13 Uncropped blot image for GRP78 expression in INS-1E cells treated with rilpivirine 10 μM (n=1, n = 

2 and n = 3) for 24 hrs. Details below:  
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Figure 14 Uncropped stripped blot image in INS-1E cells treated with rilpivirine 10 μM (n = 1, n = 2 and n = 3) 

for 24 hrs (GRP78 expression) 

 



 

276 
 

 

Figure 15 Uncropped blot image for GAPDH expression in INS-1E cells treated with rilpivirine 10 μM (n = 1, n 

= 2 and n = 3) or thapsigargin 1 μM (positive control) for 24 hrs. Details below:  

 



 

277 
 

 

 

Figure 16 Uncropped blot image for GRP78 expression in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 

2 and n = 3) for 24 hrs. Details below:  
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Figure 17 Uncropped stripped blot image in INS-1E cells treated with efavirenz 20 μM (n = 1, n = 2 and n =3) for 

24 hrs (GRP78 expression) 
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Figure 18 Uncropped blot image for GAPDH expression in INS-1E cells treated with efavirenz 20 μM (n = 1, n 

= 2 and n = 3) for 24 hrs. Details below:  
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Figure 19 Uncropped blot image for PDX-1 expression in INS-1E cells treated with efavirenz (20 µM) or 

rilpivirine 10 μM (n = 1, n = 2 and n = 3) for 24 hrs. Details below:  
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Figure 20 Uncropped blot image for GAPDH in INS-1E cells treated with efavirenz (20 µM) or rilpivirine 10 μM 

(n = 1, n = 2 and n = 3) for 24 hrs. Details below:  
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Figure 21 Uncropped agarose gel electrophoresis for analysis of unlinearised and linearised SUR1 DNA 
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Figure 22 Uncropped DNA electrophoresis of RNA elutes for Kir6.2 and SUR1 
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Appendix III  
 

 

Figure 1 Uncropped cleaved caspase-3 ICC images (control). INS-1E cells were exposed to vehicle (DMSO) for 

24 hrs before analysing cleaved caspase-3 by ICC. Red fluorescence represents cleaved caspase-3. Blue 

fluorescence (DAPI) represents nuclei.  
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Figure 2 Uncropped cleaved caspase-3 ICC images (efavirenz). INS-1E cells were exposed to efavirenz 20 µM 

for 24 hrs before analysing cleaved caspase-3 by ICC. Red fluorescence represents cleaved caspase-3. Blue 

fluorescence (DAPI) represents nuclei.  
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Figure 3 Uncropped cleaved caspase-3 ICC images (rilpivirine). INS-1E cells were exposed to rilpivirine 10 µM 

for 24 hrs before analysing cleaved caspase-3 by ICC. Red fluorescence represents cleaved caspase-3. Blue 

fluorescence (DAPI) represents nuclei.  
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