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Abbreviations 
 

ΔΨmt   Mitochondrial membrane potential 

2DNAGE  two-dimensional neutral/neutral agarose gel-electrophoresis 

ADP  Adenosine 5’-diphosphate 

AIDS  Acquired immunodeficiency syndrome 

ALCAR  Acetyl-L-carnitine 

AOX  Anti-oxidant 

ApoB  Apolipoprotein B 

ART  Antiretroviral therapy 

ATP  Adenosine 5ʹ-triphosphate 

AZT  Zidovudine 

CD4+  Cluster of differentiation-4 positive cells 

C. elegans Caenorhabditis elegans 

Complex I NADH dehydrogenase 

Complex II Succinate dehydrogenase 

Complex III CoQH2-cytochrome c reductase 

Complex IV Cytochrome c oxidase 

Complex V F1,F0-ATPase 

CoQ  Coenzyme Q 

COX  Cytochrome c oxidase 

CYP  Cytochrome P450 

d4T  Stavudine 

ddC  Zalcitabine 

ddI  Didianosine 

ddNTP  Dideoxynucleoside analogue triphosphates 

DEG  (Statistically) differentially expressed gene 

dH2O  Distilled water 

DMSO  Dimethylsulfoxide 

DNA  Deoxyribonucleic acid 

DNC  Deoxynucleotide carrier 

dNTP  Deoxy-nucleotidetriphosphate 
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DP  Diphosphate 

E. coli  Escherichia coli 

EI  Entry inhibitor 

ENT  Equilibrative nucleoside transporter 

ER  Endoplasmic reticulum 

FAD(H)  Flavin adenine dinucleotide 

FDA  U.S. food and drug administration 

FLT  Alovudine 

FUdR  5-Fluoro-2'-deoxyuridine 

GFP  Green fluorescent protein 

GO  Gene ontology 

GSH  Glutathione 

GST  Glutathione-S-transferase 

H2DCFDA 2’7’-Dichlorofluorescein 

H2O2  Hydrogen peroxide 

HAART  Highly active antiretroviral therapy 

HEK293T Human Embryonic Kidney 293 cell line 

HepG2  Human liver carcinoma cell line 

HIV  Human immunodeficiency virus 

IDV  Indinavir 

II  Integrase inhibitor 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

L1  Nematode larval stage 1 

L4  Nematode larval stage 4 

LAA  L-ascorbic Acid 

M9  Buffer for C. elegans 

MI  Maturation inhibitor 

MP  Monophosphate 

MRC   Mitochondrial respiratory chain (a.k.a. electron transport chain) 

mRNA  messenger ribonucleic acid 

MRP  Multidrug resistance-related protein 
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mtDNA  Mitochondrial DNA 

NAC  N-acetyl cysteine 

NAD(H)  Nicotinamide adenine dinucleotide 

nDNA  Nuclear DNA 

NFV  Nelfinavir 

NGM  Nematode growth medium 

NNRTI  Non-nucleoside reverse transcriptase inhibitor 

NRTI  Nucleoside reverse transcriptase inhibitor 

OCR  Oxygen consumption rate 

PBMC  Human peripheral blood mononuclear cells 

PCA  Principal component analysis 

PCR  Polymerase chain reaction 

PI  Protease inhibitor 

PQ  Paraquat 

RNAi  RNA interference 

RNAseq  RNA sequencing 

ROS Reactive oxygen species; In this thesis ROS is taken to encompass the initial species generated 
by reduction of oxygen (superoxide or hydrogen peroxide) as well as their secondary reactive 
products 1. 

RTV  Ritonavir 

S.E.M.  Standard error of the mean 

SIV  Simian immunodeficiency virus 

SOD  Superoxide dismutase 

SQV  Saquinavir 

TK  Thymidine kinase 

TP  Triphosphate 

Trolox  6-hydroxy-2, 5, 7, 8-tetramethylchromane-2-carboxylic acid (α-tocopherol derivative) 

UPRER  Endoplasmic reticulum unfolded protein response 

UPRmt  Mitochondrial unfolded protein response 

UPS  Ubiquitin proteasome system 
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General introduction 

1. HIV infection and AIDS 

1.1 Background and epidemiology 

The first signs of a deadly new infectious disease appeared in 1981 in New York and Los Angeles, USA, with the 

emergence of Pneumocytis carnii pneumonia and Kaposi’s sarcoma among previously healthy homosexual men 

and injection drug users. Pneumocytis carnii pneumonia and Kaposi’s sarcoma are rare and chiefly 

opportunistic diseases, before only known to occur in the severely immune compromised. Soon thereafter, 

more cases of these opportunistic infections rose amidst sex workers, partners of infected men, and Haitian 

migrants 3. In 1983 the cause for the rise in these immune deficiency-related diseases was identified as a novel 

retrovirus similar to human T-lymphotropic viruses and named the acquired immune deficiency syndrome 

(AIDS) virus. In 1986 it was officially designated as the human immunodeficiency virus (HIV) 4.  

HIV is a Retrovirus belonging to the Lentivirus genus and comes in two types; HIV-1 and HIV-2. HIV-1 is closely 

related to the common chimpanzee and Western lowland gorilla simian immunodeficiency viruses SIVcpz and 

SIVgor respectively. HIV-2 is much less common than HIV-1 and was isolated from AIDS patients in West Africa in 

1986. HIV-2 is similar to the sooty mangabey monkeys SIVsm which inhabit Central and West Africa. HIV-1 is the 

predominant type worldwide and has particularly become well-known as a causative agent for AIDS.  

To date, HIV infection is one of the most important global health issues, with approximately 35 million people 

infected worldwide and 2.1 million newly infected each year 5. Particularly in Sub-Saharan Africa the HIV 

disease burden is very high with an approximate prevalence rate of 5.2% 3. HIV infection has challenged the 

public health systems of every country infected and can justly be named the most significant of modern 

pandemics 6,7. 

1.2 AIDS 

Although the course of a HIV-1 infection varies from patient to patient, in general, infection follows a common 

pattern. After initial infection the virus replicates exponentially during a period of approximately three to six 

weeks. As the viral load increases the innate immune response becomes activated after a period of one to two 

weeks, followed by a humoral response after four to eight weeks post infection 8. Symptoms are similar to 

those presented in patients with acute infections. This initial phase of infection is followed by a decrease in 

viral load after the onset of the immune response and viral titers can settle to constant values for several years. 

This phase is known as the chronic or asymptomatic phase wherein the infected immune cells show rapid 

turnover. Particularly CD4+ T-cells decrease in number as they are primary targets for HIV-1. The third phase is 

characterized by a decline in T-cell number to a degree that viral load can no longer be kept stable which 

consequently leads to a peak in viral load. Clinically, HIV-1 infection is classified as AIDS when the host has less 

than 200 CD4+ T cells per μL blood 8. T-cells are not the only immune cells to be targeted by HIV-1, other CD4+ 

cells such as monocytes, macrophages and dendritic cells are also known to be susceptible to infection, albeit 

to a lesser extent than T-cells 9. Due to the depletion of the immune system’s CD4+ cells the immune system of 
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the patient becomes compromised to the extent that opportunistic pathogens can easily infect the host. If HIV-

1 infection is left untreated it can lead to immune-incompetence and acquired immune deficiency syndrome 

(AIDS), which quickly leads to death.  

1.3 HIV structure 

HIV-1 is approximately 120nm in diameter and appears spherical in shape due to its phospholipid bilayer 

envelope. From this bilayer a number of spikes protrude which consist of glycoproteins gp41 and gp120. Within 

the bilayer envelope a protective matrix of p17 proteins enclose a conical capsid composed of structural capsid 

p24 proteins. The capsid contains two copies of positive single-stranded RNA, which are coated with the 

nucleocapsid protein, p7. The capsid also contains the viral enzymes; reverse transcriptase, integrase and 

protease. Together with the capsid these components make up the core of the virus 3 (Figure 1).  

 
 
 

Figure 1. Diagram of a mature HIV-1 virion. The viral RNA (orange) is 

coated by p7 proteins (black) and together with the viral reverse 

transcriptase (yellow), integrase (red) and protease (purple) is enclosed 

in the conical capsid (green) which is made up of structural capsid p24 

proteins. A protective matrix of p17 proteins ensures structural 

integrity of the core. Collectively the core and protective matrix are 

enveloped by a lipid bilayer (blue), which contains transmembrane 

glycoprotein gp41 and glycoprotein gp120. Figure adapted from 

Teixeira et al. 2011 11. 

 

 

1.4 HIV life cycle 

Once an individual is infected, HIV-1 replication preferably takes place in several steps. In the first step, the 

virion attaches itself to the host cell with the help of gp120 which engages with the host cell’s outer membrane 

CD4 molecules. Depending on the HIV strain, a conformational change initiated by gp120-CD4 binding ensures 

anchorage of the virion onto the host cell by interacting with either chemokine co-receptor CCR5 or CXCR4. 

Fusion of the virus with the host cell is mediated by gp41, whereafter the capsid is disrupted and the viral core 

contents are introduced into the host cells cytoplasm. The infectious cycle of HIV-1 continues with the reverse 

transcription of the viral RNA by the viral reverse transcriptase. Once transcribed the resulting viral DNA is 

transported into the infected cell’s nucleus, is processed and incorporated into the host DNA with the aid of 

the viral integrase. Once the viral DNA has been inserted into the host genome, infection of that specific cell is 

permanent. The integrated viral DNA, now known as a provirus, is transcribed and translated by the host 

machinery to synthesize viral proteins and single stranded RNA for new virions. After processing and assembly 

of these components at the plasma membrane, the new virions bud off and mature with the aid of the viral 

protease, completing the HIV-1 life cycle (Figure 2). Release of the infectious viral particles causes rupture and 

consequently destruction of the host-cell. 
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Figure 2: The HIV-1 life cycle and the antiretroviral drug class intervention points 2. Entry inhibitors interfere with viral entry into the host 

cell and are comprised of a complex group of drugs with multiple mechanisms of action. By inhibiting several key proteins that mediate the 

process of virion attachment, coreceptor binding and fusion, virus spreading can be mitigated 12. NRTIs imitate endogenous 

deoxyribonucleotides and have a high affinity for the viral reverse transcriptase, thus facilitating incorporation into the viral DNA strand 

during synthesis. NRTI incorporation results in transcription termination as they all lack the 3’-OH group necessary for phosphodiester bond 

formation in DNA strand elongation 13. NNRTIs are compounds that fit into the allosteric ‘pocket’ site of the HIV-1 reverse transcriptase and 

disrupt its enzymatic activity, selectively blocking HIV-1 transcription 14. Integrase inhibitors bind cofactors of the viral integrase that are 

essential in host DNA interaction and therefore block insertion of proviral DNA into the host genome 15. Protease inhibitors bind the viral 

protease active site with high affinity and therefore inhibit cleavage of viral polypeptides and subsequent maturation of the virion after 

budding from the host cell 16. HIV-1 maturation inhibitors act much like protease inhibitors in that they inhibit the processing of the HIV-1 

polypeptides. However, maturation inhibitors do not bind the protease but rather the polypeptide itself, rendering it non-cleavable 17. The 

relative size of different components has been altered for pictorial clarity. 
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2. Highly Active Anti-Retroviral Therapy (HAART) 
Since the discovery of HIV-1 as a cause for AIDS, many antiretroviral pharmaceuticals have been developed to 

target viral replication. The first to be developed and prescribed as singular therapy was zidovudine (AZT) in 

1987. Therapy with one drug however led to viral resistance and ineffective treatment. For the treatment of 

HIV-1 infection today there are six different classes of anti-HIV drugs. Each class of drug acts on a particular 

aspect of the viral life cycle (Figure 2), and are used in unison to increase therapy efficacy, overcome problems 

of tolerance, and decrease emergence of viral resistance. The major classes include the Entry Inhibitors (EIs), 

the Nucleoside Reverse Transcriptase Inhibitors (NRTIs), the Non-Nucleoside Reverse Transcriptase Inhibitors 

(NNRTIs), and the Protease Inhibitors (PIs). The additional two anti-HIV drug classes are the Maturation 

Inhibitors (MIs) and Integrase Inhibitors (IIs), of which most compounds are still in clinical development.  

Since 1996 the combination of at least three antiviral drugs, preferably from at least two different classes, has 

become standard practice and is known as Highly Active Anti-Retroviral Therapy (HAART). A typical HAART 

regimen consists of two NRTIs combined with a PI or NNRTI, sometimes supplemented with one drug from 

another class 18,19. Without antiretroviral therapy HIV-infected patients usually die within years because of 

immune system failure. Due to HAART however, early death is prevented, allowing HIV-patients to live decades 

as long as medication is continued 20. The therapeutic use of a combination of drugs was a major advance in 

HIV therapy and has significantly improved the quality and length of patient lives.  

2.1 Nucleoside Reverse Transcriptase Inhibitors  

The first class of antiretroviral drugs to be utilized in the clinic was the NRTIs. To date they are considered the 

‘backbone’ of HAART (Table 1). With the exception of Tenofovir which is a nucleotide analogue, NRTIs are 

analogues of endogenous 2’-deoxy-nucleosides. NRTIs, however, miss the 3’-hydroxyl group on their ribose 

moiety which is necessary for chain elongation during reverse transcription (Figure 3). Due to their affinity for 

the viral reverse transcriptase, NRTIs act as chain terminators, suppressing the viral reverse transcriptase and 

consequent viral RNA to viral DNA transcription 13,21 (Table 5).  

Table 1. The nucleoside reverse transcription inhibitor (NRTI) class. The approval date indicates FDA approval date 6. ٭ FLT trials were 

stalled in phase II due to potential side effects relating to bone marrow toxicity. However, FLT has shown to be very effective in suppressing 

NRTI-resistant HIV-1 mutants and trials have been resumed 22. The NRTIs used in this study (didanosine, zalcitabine, zidovudine, stavudine 

& alovudine) are highlighted. 

Nucleoside analogue Drug name Other names/Abbreviations Approval date 

Purine 

Adenosine Tenofovir disoproxil fumarate TDF; 2-Cyclopentene-1-methanol, 4-(2-amino-6-
(cyclopropylamino)-9H-purin-9-yl)-, (1S-cis)- 2001 

Guanosine Abacavir ABC; 2-Cyclopentene-1-methanol, 4-(2-amino-
6-(cyclopropylamino)-9H-purin-9-yl)-, (1S-cis)- 1998 

Inosine Didanosine ddI; 2’,3’-dideoxyinosine  1991 

Pyrimidine 

Cytidine 
Emtricitabine FTC; 2'-deoxy-5-fluoro-3'-thiacytidine 2003 
Lamivudine 3TC; 2',3'-dideoxy-3'-thiacytidine 1995 
Zalcitabine ddC; 2’,3’-dideoxycytidine  1992 

Thymidine 
 

Alovudine FLT; 3’-deoxy-3’-fluorothymidine ٭ 
Stavudine d4T; 2’,3’-didehydro-2’,3’-deoxythymidine 1994 
Zidovudine AZT; 3’-azido-3’-deoxythymidine 1987 
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Figure 3. Molecular structure of NRTIs used in this study and their endogenous analogues. A: Deoxy-thymidine, B: AZT, C: d4T, D: FLT, E: 

Cytidine, F: ddC, G: Inosine, H: ddI. NRTIs are analogues of endogenous nucleosides (A, E & G). NRTIs (B-D, F & H), however, miss the 3’-

hydroxyl group on the ribose moiety which is necessary for chain elongation during reverse transcription. 

 

Figure 4. Intracellular phosphorylation pathways of NRTIs. AMPD, adenosine monophosphate deaminase; AMPK, adenosine 

monophosphate kinase (adenylate kinase); AMT, 3’-amino-3’-deoxythymidine; APT, adenosine phosphotransferase; CBV, carbovir; CT, 

cytidylyl transferase; dCK, deoxycytidine kinase; dCMPK, deoxycytidinemonophosphate kinase; ddA, 2’3’-dideoxyadenosine; dTMPK, 

deoxythymineoxythymine monophosphate kinase (thymidylate kinase); DP, diphosphate; gK, guanylate kinase; MP, monophosphate; 

PMEA, adefovir (a nucleotide RTI); PMPA, tenofovir (PMPA DP is a triphosphate analogue); TK1, thymidine kinase 1; TK2, thymidine kinase 

2; TP, triphosphate; 5’NDPK, 5’nucleoside diphosphate kinase; 5’NT, 5’ nucleotidase. Adapted from Kakuda 2000; Stein and Moore 2001; 

and Anderson et al. 2004 23–25. 
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Before NRTIs can be incorporated into the elongating viral DNA strand and inhibit chain elongation they must 

become triphosphorylated. The host cell mediates the sequential enzymatic phosphorylation steps generating 

active dideoxynucleoside analogue triphosphates (ddNTPs) which compete with endogenous deoxynucleotide 

triphosphates (dNTPs) (Figure 4) for substrate binding to the viral reverse transcriptase. The NRTIs affinity for 

the viral reverse transcriptase, the ratio of ddNTP to endogenous dNTP and the error-prone nature of the viral 

reverse transcriptase contribute to the functional ability of the viral reverse transcriptase to incorporate NRTIs 

into the proviral DNA 23. 

2.2 Protease Inhibitors 

PIs were the second class of antiretroviral drugs to be administered in the clinic for HIV-1 infection. PIs are 

designed to inhibit the HIV-1 protease-mediated cleavage of the viral Gag and Gag-Pol precursor polypeptides 

and inhibit viral enzyme maturation. HIV-1 protease inhibition hinders the production of mature infectious 

virus particles which is an essential step in viral infectivity (Figure 2). This is achieved through high affinity 

competitive binding to the viral protease 16. Besides their inhibitory effects on the viral protease, PIs have also 

been reported to reduce HIV-1 protease-induced apoptosis of CD4+ cells 26.  

The HIV-1 protease belongs to the aspartyl protease family, whose active form is a symmetrical homodimer 

that contains two aspartic acid residues at its active site. More specifically, a substrate-binding cleft is formed 

between the two identical subunits that each consist of 99 amino acids. The active site, containing the two 

aspartic acids at position 25 of each subunit, is located at the centre of the cleft. The substrate-binding cleft 

interacts with Gag and Gag-Pol polypeptides through recognition of the asymmetric shape of the peptide 

substrates and not by recognition of a specific amino acid sequence 16,27. 

To date, nine PIs have been approved for clinical use (Table 2). The first PI drug to be approved for clinical use 

by the FDA in the USA was Saquinavir, in 1995 27. Between 1995 and 1997 three other PI drugs were approved 

– namely Ritonavir, Indinavir and Nelfinavir – and together with Saquinavir they comprise the first generation 

PIs (Figure 5A-D). Because of problems with viral drug resistance, toxicity and low bioavailability of these drugs 

in patients, a second generation of PIs was introduced between 1999 and 2006, which partly solved these 

problems. Second generation PIs include Amprenavir (and its improved pro-drug Fosamprenavir), Lopinavir, 

Atazanavir, Tipranavir and Darunavir. These nine PIs, with the exception of Tipranavir which is characterised by 

a dihydropyrone ring (Figure 5E), are competitive peptidomimetic inhibitors and their cleavage by the viral 

protease is hindered by a hydroxyethylene core 27 (Figure 5A-D). 
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Table 2. The protease inhibitor (PI) class. The approval date indicates FDA approval date 16,27. The PIs used in this study (Indinavir, 

Nelfinavir, Ritonavir, Saquinavir) are highlighted. * Amprenavir was approved in 1999 and the prodrug Fosamprenavir in 2003. 

Inhibitor type Drug name Trade names/Abbreviations Approval date 

Peptidomimetic  
(hydroxyethylene core) 

Saquinavir SQV; Fortovase; Invirase 1995 
Ritonavir  RTV; Norvir 1996 
Indinavir IDV; Crixivan 1996 
Nelfinavir NFV; Viracept 1997 
Fosamprenavir* FPV; FOS-APV; Lexiva; Telzir 1999 
Lopinavir LPV; ABT 2000 
Atazanavir ATV; ATZ; Latazanavir; Reyataz; Zrivada 2003 
Darunavir DRV; Prezista 2006 

Non- peptidomimetic 
(dihydropyrone rine) Tipranavir TPV; Aptivus 2005 

 

 
 
Figure 5. Molecular structure of PIs used in this study: A: Indinavir, B: Nelfinavir, C: Ritonavir, D: Saquinavir. Their hyroxyethylene cores 

and Tipranavir’s dihydropyrone ring (E, is not used in this study) and are indicated with dashed boxes 27. 

 

The introduction of PIs was considered a major advance of the past two decades in anti-retroviral therapy, not 

only because of their clinical potency, but also because they markedly increased the physicians’ drug repertoire 

when applied in HAART regimens. Indinavir was the first drug to be administered in 1997 in combination with 

two NRTIs as a triple drug-combination therapy (HAART), leading to increased viral suppression and a 

significantly lower mortality of AIDS patients. A second major advance in PI use came when Ritonavir was 

recognized to improve bioavailability and half-life of concomitantly administered PIs through inhibition of 

intestine and hepatic cytochrome P450 3A4. This ‘boosting’ of antiretroviral therapy with low concentrations of 

Ritonavir led to the suppression of HIV-RNA to below 200copies/mL in 80% of patients and importantly enabled 

lower concentration use and fewer daily dosages for concomitant drugs 27. 
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2.3 Non-NRTIs, Entry inhibitors, Integrase inhibitors & Maturation Inhibitors 

NRTIs and PIs are the most commonly used drug classes and most HAART regimens include them. Other less 

frequently used classes include NNRTIs, EIs, IIs and MIs. NNRTIs are compounds that fit into the allosteric 

‘pocket’ site of the HIV-1 reverse transcriptase and disrupt its enzymatic activity, selectively blocking HIV-1 

transcription 14. Entry inhibitors interfere with viral entry into the host cell and are comprised of a complex 

group of drugs with multiple mechanisms of action. By inhibiting several key proteins that mediate the process 

of virion attachment, co-receptor binding and fusion, virus spreading can be mitigated 12. Integrase inhibitors 

bind cofactors of the viral integrase that are essential in host DNA interaction and therefore block insertion of 

proviral DNA into the host genome 15. HIV-1 maturation inhibitors act much like protease inhibitors in that they 

inhibit the processing of the HIV-1 polypeptides. However, maturation inhibitors do not bind the protease but 

rather the initially synthesized large polypeptide itself, rendering it non-cleavable 16,17. 

2.4 Development of new compounds 

True eradication of HIV-1 cannot be achieved with the technologies now at hand. Viral rebound follows 

discontinuation of therapy which means that therapy must be taken for a lifetime. Even though administration 

of antiretroviral drugs occurs with great care to diminish pill burden and improve efficacy, viral drug resistance 

and drug toxicity still interfere with successful chronic treatment. Additionally, drugs specialized at HIV-1 

replication-inhibition in children and the elderly are scarce 6. Whilst continuing to refine current treatment 

strategies, new targets for therapy are also required. Besides the expansion of the afore-mentioned 

antiretroviral drug classes 13,28, new paradigms in treating HIV-1 also exist. In short, these include proteosomal 

inhibitors, specific small molecule antagonists of Vif, Small interfering RNA molecules, and RNase H-mediated 

retrovirus-destruction triggered by oligodeoxynucleotides (“siDNA”). For a review see Broder 2010. 

3. The antiretroviral drug burden 

3.1 Background 

Nowadays cocktails of antiretrovirals has become standard therapy and has led to the near successful 

inhibition of viral replication and, as a consequence, to a momentous decrease in morbidity and mortality of 

HIV-1 patients 6. Overshadowing this celebrated success, however, is the problem that near complete inhibition 

of viral replication demands that patients continue daily therapy for the rest of their lives so as to prevent rapid 

virus rebound 29. Besides this pill burden, HIV-1 infected patients are afflicted with drug induced adverse 

events, some of which can be life threatening 30,31. Typical initial adverse events include hypersensitivity 

reactions such as rash and gastrointestinal toxicity, which mostly abate after time. Chronic drug exposure, 

however, can lead to more severe symptoms such as lipodystrophy, myopathy, neuropathy, hepatic steatosis, 

hepatitis, lactic acidosis, insulin resistance, neutropenia, and an increased risk for myocardial infarction 19,32 

(Table 3). Patients suffering from (severe) adverse events are required to alter their therapy regime, likely only 

to delay the reoccurrence of new or similar adverse events. To make matters worse, even with successful and 

tolerated regimes, HIV-1 patients receiving antiretrovirals can show signs of premature and accelerated ageing 
2 (See Chapter 1, Paragraph 3.9). 
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Table 3. Summary of common toxic effects of NRTIs and PIs. Gastrointestinal (GI) toxicity = abdominal pain, nausea, emesis, diarrhea; GI 

upset = nausea, emesis and abdominal pain; dyslipidemia = abnormal amount of lipids in the blood, including hypercholesterolemia and 

hypertriglyceridemia. ++++, strongest association with mitochondrial toxicity, + weakest association with mitochondrial toxicity: adapted 

from Apostolova et al. 2011; and Margolis et al. 2014 19,32. The data presented here should be considered with caution, as there are 

discrepancies among studies regarding some of these adverse events. 

 

Antiretroviral class Common toxicities 
Potential for 
mitochondrial 
toxicities 

NRTI 

Abacavir (ABC) Hypersensitivity reaction, cardiovascular risk, dyslipidemia + 
Alovudine (FLT) Myelosuppression, hepatotoxicity ++++ 

Didanosine (ddI) Pancreatitis, peripheral neuropathy, cardiovascular risk, dyslipidemia, insulin 
resistance, hepatotoxicity, lactic acidosis 

++++ 

Emtricitabine (FTC) Mild headache, rash, GI upset + 
Lamivudine (3TC) Constitutional symptoms, dyslipidemia, pancreatitis, peripheral neuropathy + 

Stavudine (d4T) Lipoatrophy, pancreatitis, peripheral neuropathy, dyslipidemia, 
lipohypertrophy, insulin resistance, hepatotoxicity, lactic acidosis  

++++ 

Tenoforvir (TDF) Fanconi’s syndrome, renal insufficiency, GI upset + 

Zalcitabine (ddC) Thrombocytopenia, anemia, pancreatitis, cardiomyopathy, peripheral 
neuropathy, lactic acidosis, hepatotoxicity 

++++ 

Zidovudine (AZT) Myelosuppression, lipoatrophy, lipohypertrophy,  (cardio)myopathy, 
dyslipidemia, insulin resistance, hepatotoxicity, lactic acidosis 

++ 

PI 

Atazanavir (ATV) GI toxicity, dyslipidemia, unconjugated hyperbilirubinemia, lipohypertrophy + 
Darunavir (DRV) GI toxicity, rash, lipohypertrophy, hepatotoxicity unknown 
Fosamprenavir (FPV) GI toxicity, risk for myocardial infarction, rash, lipohypertrophy, dyslipidemia unknown 

Indinavir (IDV) GI toxicity, dyslipidemia, unconjugated hyperbilirubinemia, nephrolithiasis, 
insulin resistance, lipohypertrophy 

++ 

Lopinavir (LPV) GI toxicity, dyslipidemia, risk for myocardial infarction, insulin resistance, 
lipohypertrophy 

+ 

Nelfinavir (NFV) GI toxicity, insulin resistance, lipohypertrophy, dyslipidemia, hypersensitivity 
reaction, rash 

++ 

Ritonavir (RTV) GI toxicity, dyslipidemia, risk for myocardial infarction, insulin resistance, 
lipohypertrophy 

+++ 

Saquinavir (SQV) GI toxicity, cardiovascular risk, insulin resistance, lipohypertrophy + 
Tipranavir (TPV) GI toxicity, dyslipidemia, intracranial hemorrhage, rash, hepatotoxicity unknown 

 

3.2 Mitochondrial toxicity as a common pathway for antiretroviral induced adverse 

events 

Most adverse events witnessed by patients using antiretroviral therapy seem to be related to tissues with high-

energy demand and show a strong similarity to hereditary mitochondrial diseases 33. Indeed, after introduction 

of HAART to treat HIV-1 infection, it quickly became apparent that mitochondrial toxicity is likely a major 

reason for antiretroviral-related adverse events 34. Mitochondria are organelles with a unique double 

membrane structure that play a vital role in the life cycle and fitness of the cell. As they produce most of the 

cell’s adenosine 5’-triphosphate (ATP), harbour the citric acid cycle, β-oxidation and the respiratory chain, they 

are often termed 'cellular power houses' 35. Importantly, mitochondria are also versatile signalling organelles, 

fundamental to cellular function by maintaining the cell’s redox balance and regulating apoptosis 36–38. 

Therefore, a perturbation of any of these functions impairs cellular life-expectancy and has been shown to have 

tissue and systemic repercussions including accelerated ageing 39. 

3.3 NRTI related mitochondrial toxicity 

Mitochondrial failure caused by the antiretroviral therapy class of NRTIs has been extensively studied. As NRTIs 

mimic endogenous nucleosides and can compete for polymerase binding it was quickly reasoned that NRTI-TPs 
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might inhibit cellular polymerases. In line with this, NRTI-TPs were found to have affinity for cellular 

polymerases 40 (Table 4). Upon examination as early as 1989 it became apparent that NRTI-TPs more readily 

inhibit mtDNA polymerase gamma ( ) than other polymerases, albeit with varying affinity 21,41,42 (Table 4 & 5). 

As polymerase-  is responsible for mtDNA replication and repair, inhibition thereof results in low mtDNA copy 

numbers, and mutated and/or truncated mtDNA. 

Table 4. NRTI Ki values for human cellular polymerases. Polymerases were purified from HeLa S3 cells. ND, not determined. Km values for 

each enzyme were determined using endogenous nucleotide substrates. Adapted from Martin et al. 1994 40. 

 

Substrate Inhibitor Polymerase-  Polymerase-  Polymerase-  Polymerase-  
Ki (μM) Ki/Km Ki (μM) Ki/Km Ki (μM) Ki/Km Ki (μM) Ki/Km 

dTTP 
AZT-TP 140 ± 20 58 290 ± 20 180 8.7 ± 0.7 51 400 ± 50 130 
d4T-TP 120 ± 10 50 1.2 ± 0.3 0.75 0.048 ± 0.005 0.28 59 ± 9 20 
FLT-TP 8.8 ± 0.9 3.6 1.7 ± 0.3 1.1 0.036 ± 0.004 0.21 ND ND 

dGTP CBV-TP 6.9 ± 0.9 7.7 340± 30 240 14 ± 2 100 410 ±  80 160 
dCTP ddC-TP 90 ± 20 64 1.2 ± 0.2 0.86 0.015 ± 0.003 0.09 70 ± 10 29 
dATP ddA-TP 64 ± 8 49 1.1 ± 0.2 0.92 0.018 ± 0.002 0.11 67 ± 9 22 

 

Table 5. Discrimination of NTRIs by polymerase-  and the wild type HIV-1 reverse transcriptase. Human polymerase-  and wild type HIV-1 

reverse transcriptase (RT) were recombinant and purified from E. coli. Discrimination is determined by the binding preference for the 

correct versus the incorrect nucleoside triphosphate during polymerization. Effective discrimination is represented as a high value and a 

high value for polymerase-  (pol- ) over HIV-1 reverse transcriptase therefore indicates the effectiveness of the analogue to be a more 

specific HIV-1 reverse transcriptase inhibitor. Adapted from Johnson et al. 2001 21. 

 

Analog 
HIV-1 reverse transcriptase 

Pol-  
DNA RNA 

AZT-TP 3.4 1.4 37.103 
d4T-TP 0.56 1.17 7.4 
CBV-TP 34 7.4 902.777 
ddC-TP 15.7 4.5 2.9 
3TC-TP 61.5 149 2.857 
ddA-TP 5 4.5 4 

PMPA-DP 6.1 7.1 11.4 

Because each cell can harbour multiple copies of mtDNA, between 1000 and 1.000.000 copies depending on 

their energy need and thus dependency on mitochondrial function, a natural heterogeneity exists within 

mitochondria of any given cell, and among cells of a particular tissue 43. This phenomenon is further amplified 

by the unpredictable segregation of mtDNA during cellular replication and the malleability of mitochondria 

through the dynamic processes of mitochondrial fission and fusion. This genomic diversity and sheer number of 

mtDNA copies causes there to be a threshold effect for the expression of mitochondrial dysfunction. More 

specifically, a mitochondrion will only show evidence of dysfunction when a large population of its mtDNA has 

a mutation load that exceeds a threshold (usually >80%: 90% for tRNA point mutations and 60% for large scale 

mtDNA deletions). This threshold effect can therefore often mask the severity of mtDNA depletion or 

degradation and may explain tissue specificity and clinical presentation of NRTI induced mitochondrial toxicity 

and the onset of side effects 44. Interestingly, whole mtDNA sequencing has shown that NRTIs can also hasten 

the clonal expansion of pre-existing mutations in mtDNA as depleted mtDNA pools display accelerated 

digression from their original genetic content. This can lead to an irreversible increase in the frequency of 
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deficient mitochondria and the premature onset of progressive multi-organ failure mirroring those seen much 

later in life caused by normal aging 45,46. 

Besides the direct competitive inhibition of mtDNA replication by NTRI-TPs, NRTI-MPs have been found to 

obstruct base excision repair and proofreading capabilities of polymerase-  42,47,48. Interestingly, mice with 

impaired polymerase- proofreading ability show rapid accumulation of mtDNA mutations leading to disrupted 

mitochondrial function, a variety of ageing phenotypes and early death 49. The exonucleolytic ability of 

polymerase-  appears to be dependent on the NRTI analogue. For example, although AZT is one of the NRTIs 

least likely to be incorporated into mtDNA due to its relatively low affinity for polymerase- , it is the NRTI which 

is most ineffectively removed 50.  

Taken together, polymerase-  is responsible for mitochondrial DNA (mtDNA) replication and repair, and 

inhibition results in reduced mtDNA copy numbers and/or truncated mtDNA 47. As mtDNA encodes for 

essential components of the mitochondrial respiratory chain, depletion in mtDNA quality and quantity likely 

impedes mitochondrial oxidative phosphorylation and consequently mitochondrial function. Indeed, Pan-Zhou 

et al. showed that in HepG2 cells NRTIs can influence mtDNA encoded polypeptide synthesis and activity of 

respiratory chain enzyme complexes, although the analogues differ in their inhibitory capacity and there are 

signs of selectivity in the extent of inhibition of individual polypeptides 51. Diminished oxygen consumption, 

reduced membrane potential, increased lactate/pyruvate ratios and altered mitochondrial morphology have all 

been witnessed in mitochondria from HIV-1 patients, mice, worms and cell-lines receiving NRTIs 2,52,53. This 

central mechanism underlying the toxic effects of NRTIs was postulated as the ‘polymerase-  theory’ in 1995 

(Lewis and Dalakas 1995; Figure 6). 
 

 

Figure 6: The polymerase-  theory 2. NRTIs compete with endogenous 

nucleotides and nucleosides for transcriptase binding. Due to the surplus 

and high affinity of NRTIs for polymerase- , NRTIs are frequently 

incorporated into the new DNA strand which results in chain termination 

as they all lack the 3’-OH group necessary for phosphodiester bond 

formation in DNA strand elongation. This results in a reduced number of 

mtDNA molecules and possibly a reduction in mtDNA encoded proteins, 

essential components of the mitochondrial respiratory chain (MRC) 

complexes. In turn, this leads to disrupted electron transport through the 

MRC and a concomitant reduction in proton efflux, reducing the 

membrane potential and ATP production by the mitochondrion. This 

disturbed mitochondrial function can result in augmented ROS production 

and morphological changes. Disturbed mitochondrial function due to 

polymerase-  inhibition has been proposed as a central mechanism for 

NRTI induced adverse events 30,50. 
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3.4 NRTI toxicity beyond the polymerase-  theory 

Although the polymerase-  theory clarified the cause of many adverse events witnessed in patients receiving 

NRTIs, a large body of evidence has accumulated over the years which suggests that there are modes to NRTI 

mitochondrial toxicity that lie beyond simple inhibition of polymerase- 32,54. Initial doubt was placed in the 

polymerase-  theory because affinity with, and concurrent inhibition of, polymerase-  by NRTIs does not 

linearly correlate with clinical manifestations of mitochondrial toxicity. Moreover, newer NRTIs which have low 

affinity for polymerase-  can still cause mtDNA depletion and mitochondrial dysfunction 13.  

Here besides, mitochondrial toxicity caused by NRTIs does not necessarily follow the chronological steps of the 

polymerase-  theory. Not every case of mtDNA depletion leads to changed expression levels or activity of 

mitochondrial respiratory chain proteins 49,55. Similar observations were made in knockout mice deficient of the 

mtDNA transcription factor Tfam, which show reduced mtDNA content but normal levels of mitochondrial 

transcripts and mtDNA encoded respiratory chain subunits 56. Conversely, altered mitochondrial gene 

transcription and impaired respiratory chain activity have been observed in the absence of mtDNA depletion 

during NRTI exposure 57,58. In addition, respiratory chain complex activity was shown to decrease significantly in 

the absence of mtDNA or polypeptide synthesis depletion 51. 

3.4.1 Adaptation of mtDNA encoded transcripts 

Expression profiles of mitochondrial mRNA possibly explain these occurrences as they have been shown to 

adjust, both in a peripheral blood mononuclear cell line and mice upon exposure to NRTIs. These adjustments 

likely reflect cellular adaptation to pressure on the mitochondrial transcriptional machinery 59,60. Indeed, 

polymerase-  deficient nematodes compensate for their mtDNA replication deficiency by up-regulating 

mitochondrial transcripts and mice that have lowered mtDNA copy number show normal levels of mtDNA-

encoded transcripts and proteins 61. Furthermore, primate cell lines have been shown to adapt to mtDNA 

expression inhibition by increasing the stability of mtDNA-encoded transcripts and proteins 62. 

Such adaptations are likely to prove successful only for short periods of time. Continued suppression of mtDNA 

transcription for longer periods will eventually result in MRC failure due to the perturbed turnover of mtDNA 

encoded transcripts and MRC proteins. This is likely especially the case, when under constant inhibition, 

polymerase-  generates truncated mtDNA copies or during transcription can no longer reach the end of its 

templates, creating non-polycistronic transcripts 63. Furthermore, these components remain susceptible to ROS 

induced damage that increases upon deterioration of MRC function 2. To allow for compensation of mtDNA-

encoded proteins mitochondria likely increase fusion so as to complement defective components that have 

accumulated in individual mitochondria during NRTI pressure on the mtDNA replicative machinery 52,61). 

3.5 Major theories of NRTI toxicity beyond polymerase-  inhibition 

In an elegant review, Apostolova et al. illustrate that mitochondrial toxicity of antiretroviral drugs often goes 

beyond the polymerase-  theory, as disruption of many other mitochondrial mechanisms has been discovered 

upon exposure to NRTIs 32. The major theories for toxicity beyond polymerase-  inhibition are described below. 
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3.5.1 NRTI pharmacokinetics 

Most NRTIs are hydrophilic which inhibits their diffusion into cells in large quantities. NRTIs therefore depend 

upon nucleoside transporters to transpose across biological membranes. In humans, cells can directly import 

unphosphorylated NRTIs via the equilibrative nucleoside transporter (ENT2) 64. Besides nucleoside transporters, 

organic anion and cation transporters as well as multi-drug resistant proteins have been reported to transport 

NRTIs, although their exact function in NRTI related toxicity remains to be truly evaluated. Studies of the role of 

such transporters may, however, shed light upon specific drug effects and the susceptibility of specific tissues 

to NRTI toxicity as the distribution of such transporters differs among tissues 53. Evidence suggests that NRTIs 

can alter activity and expression of multidrug resistance-related proteins (MRP) and in this way modify drug 

absorption and elimination in a tissue specific manner. Moreover, different NRTIs were seen to inhibit different 

MRPs. This observation may explain the superior efficacy of combinational therapy but also the enhanced 

toxicity of specific antiretroviral combinations 65. Indeed, the transport of nucleosides and nucleotides into 

mitochondria, or other subcellular compartments, has been proposed as a major determinant of mitochondrial 

effects of NRTIs 66. There are many transport systems available for nucleosides depending on their 

phosphorylation state. For instance, di- and tri-phosphorylated NRTIs can be transported into the mitochondria 

via the deoxynucleotide carrier (DNC) 67. NRTIs have been proposed to affect DNC stoichiometry and 

consequently disrupt the homeostasis of native nucleotides 50. 

3.5.2 Direct inhibition of (mitochondrial) enzymes  

NRTIs, in particular AZT, are known to directly inhibit the mitochondrial respiratory chain complex I, (NADH 

dehydrogenase), complex II (succinate dehydrogenase), and complex V (F1,F0-ATPase) 68–70. Most other 

enzymes that show inhibition by NRTIs depend on nucleosides or nucleotides as substrates or cofactors for 

their activity. For example, AZT is known to competitively inhibit the ADP/ATP translocator, also known as the 

adenine nucleotide translocator (ANT). ANT is solely responsible for the transport of cytosolic ADP into the 

mitochondrial matrix in exchange for ATP, and AZT exposure of isolated rat liver mitochondria caused a rapid 

significant decline of cellular ATP levels 71,72. AZT is also known to interact with adenylate kinase, hexokinase, 

and fructose-6-phosphokinase 73. Additionally, AZT-MP has been found to inhibit protein glycosylation, N-linked 

protein glycosylation in particular, by directly competing with several pyrimidine sugars for transport into Golgi 

membranes. The accumulation of AZT-MP in the cytosol likely unbalances the nucleotide gradient on which the 

enzymatic activity of the sugar tranferases depends 74. 

3.5.3 NRTI thymidine analogue phosphorylation 

To become incorporated into the viral DNA, NRTIs need to become tri-phosphorylated (Figure 4). The cellular 

energy state of any given cell type has the most influence on this process, as has been well described for 

thymidine analogues. Thymidine kinase 1 (TK1) is cytosolic and is particularly active in replicative tissues, 

especially during S-phase. TK2 is constitutively expressed, is predominantly localised in the mitochondria, and is 

the major thymidine kinase in mitotically quiescent tissues such as the heart 75. Different thymidine analogues 

have varying affinity for TK1 and TK2. AZT and FLT were shown to be efficiently phosphorylated by TK1 

compared to endogenous deoxythymidine, whereas d4T was not. TK2 can phosphorylate AZT, although poorly, 
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whereas FLT and d4T were not phosphorylated by TK2 23,76. The differences in TK expression during cellular 

replication activity and the varying abilities of NRTI thymidine analogues to be phosphorylated by TK’s may give 

insight into the susceptibility of specific tissues for NRTI toxicity, although more research is needed. 

Besides the TK1 supported de novo synthesis of deoxyribonucleotides, TK1 and TK2 are needed for thymidine 

salvage with the end product being deoxythymidine-TP. Deoxythymidine-TP is a feedback inhibitor of TK1 and 

an allosteric inhibitor of ribonucleotide reductase where it shifts ribonucleotide reductases’ specificity from 

pyrimidine to purine reduction. Therefore a rise in the deoxythymidine-TP pool causes an imbalance in 

pyrimidine and purine pools, inhibiting DNA metabolism and repair. An imbalance in nucleoside and nucleotide 

pools has been proposed as a major cause for NRTI induced toxicity 77,78. For example, changes in cellular 

thymidine kinase kinetics by interaction with NRTI thymidine analogues have been linked to cardiomyopathy 

and lipodystrophy 32. Conversely, mitochondrial dysfunction has itself been shown to lead to a decrease in 

deoxynucleoside pools which causes a delay of replication fork progression and double strand breaks, causing 

genomic instability such as chromosomal translocations and rearrangements 79.  

Thymidine analogues have also been shown to inhibit TK1 and TK2 phosphorylation of endogenous 

deoxythymidine. TK1 is particularly inhibited by d4T, and FLT and d4T can effectively inhibit TK2 76,80. AZT has 

also been shown to inhibit TK2 in rat heart mitochondria and in this way AZT likely limits the supply of normal 

deoxypyrimidine phosphates resulting in loss of replication fidelity and mtDNA depletion 81. AZT exposure in 

human osteosarcoma (U2OS) cells led to the reduction of mitochondrial TK2 and deoxyguanosine kinase (dGK) 

protein levels. dGK complements TK2 function in the mitochondria and both are vital to mitochondria as 

deficiency in either causes severe mtDNA depletion 82. Interestingly, ddI also has been found to down-regulate 

TK2 and dGK whilst TK1 and the cytosolic deoxycytidine kinase were not affected 83. In addition, nucleoside 

diphosphate kinase (NDPK) resides within the mitochondrial intermembrane space and is an important enzyme 

for the tri-phosphorylation of all NRTI-DPs (Figure 4). Valenti et al. have shown that AZT can competitively 

inhibit NDPK in isolated rat liver mitochondria at clinically effective concentrations 84. 

NRTIs can also inhibit cellular replication by a phenomenon known as the “thymidine block”. Cells exposed to a 

high concentration of thymidine undergo S-phase arrest. Thymidine is a strong allosteric inhibitor of 

ribonucleotide reductase which converts a fraction of the cellular pool of ribonucleotides into 

deoxyribonucleotides. In this way thymidine reduces the affinity of ribonucleotide reductase for its pyrimidine 

ribonucleotide substrates; uridine diphosphate and cytidine diphosphate. Inhibition of cytidine diphosphate 

conversion to deoxycytidine diphosphate depletes deoxycytidine triphosphate pools, thus causing S-phase 

arrest. Hematopoiesis in bone marrow and thymus is especially sensitive to thymidine block at physiological 

concentrations of thymidine, causing replication stress in proliferating T-cells, B-cells and erythroid precursors 
85. It is not surprising then that bone marrow toxicity and neutropenia are common adverse events in patients 

receiving thymidine analogues (Table 3). 

Finally, the use of the hosts’ enzymes to accomplish NRTI activation and nucleoside pool imbalance can put 

demands upon normal nucleoside homeostasis resulting in over-activation of these enzymatic processes. 
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Indeed, HIV-1 patients taking NRTIs often show higher rates of NRTI phosphorylation than normal nucleosides 
24. In vitro experiments have also shown that cellular activation can be increased by amplified rates of NRTI and 

endogenous nucleoside phosphorylation. Cellular activation corresponds to an over expression of cytokines, 

which is often seen in patients, and links NRTI use to a pro-inflammatory state and adverse events 24. 

3.5.4 Reactive oxygen species 

Many of the adverse events seen in patients receiving NRTIs have specifically been linked to oxidative stress 
86,87. For example, cardio-vascular disease, ageing, central nervous system disorders, inflammation, and 

metabolic and lipodystrophy syndromes have all been found to be related to ROS caused by antiretroviral 

treatment 88,89. HIV-1 patients treated with antiretroviral therapy have been shown to have significantly higher 

serum oxidant levels compared to therapy naive HIV-1 patients and uninfected controls. Underscoring the 

effect of antiretroviral therapy on oxidative stress, patients who strictly adhere to therapy guidelines have 

increased oxidative status compared to those who do not closely follow therapy 90. Many in vitro experiments 

have also shown that NRTIs can cause ROS production. 

Of the theories for NRTI toxicity beyond the polymerase-  theory, oxidative stress is considered to be the most 

conspicuous 87. This is especially the case when taking into account that ROS can further worsen mitochondrial 

function by causing oxidative damage to lipids, MRC proteins, and mtDNA 91,92. Moreover, polymerase-  is very 

sensitive to oxidative damage and modification of its amino acid residues by oxidation causes a decrease in 

DNA-binding ability and polymerase activity 93.  

One could argue that MRC malfunction in consensus with the line of events proposed by the polymerase-  

theory would logically lead to increased ROS levels, making an increase in oxidative stress a secondary effect. 

Interestingly, however, mitochondrial malfunction and augmented ROS production have been observed with 

NRTIs in the absence of mtDNA depletion, which is in contradiction to the chronology of events proposed in the 

polymerase-  theory 68. 

3.6 PI related mitochondrial toxicity 

In general, PIs have been linked to various side-effects ranging from mild – such as gastrointestinal irritations, 

headache and fatigue – to severe, such as cardiovascular complications and metabolic abnormalities including 

hyperlipidemia, lipodystrophy and insulin resistance (Table 3). These severe symptoms are usually observed 

after chronic PI based therapy 26,27,94. Although a direct mechanism for PI toxicity has yet to be verified, PI 

adverse events, much like NRTIs, are similar to those observed in patients suffering from mitochondrial 

diseases, implying that PIs induce mitochondrial dysfunction 33. In support of this, a reduction of mitochondrial 

membrane potential (ΔΨmt) has been observed in fibroblasts after long-term treatment with Indinavir (IDV) and 

Nelfinavir (NFV), accompanied with decreased expression of the mitochondrial-encoded cytochrome c oxidase 

subunit II (COX2) and increased ROS production from the mitochondria 95. Studies have also demonstrated that 

PIs affect mitochondrial morphology 96–98 and increase mtDNA content 58. The precise chronology of events 

leading to PI induced mitochondrial dysfunction, however, is - to date - unknown. The major theories 

underpinning PI mitochondrial toxicity are described below. 
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3.6.1 Reactive oxygen species 

A principal theme within PI-induced mitochondrial dysfunction is the elevation of ROS 32. Several human and 

animal studies have clearly established a link between PI usage and increased ROS production in different cell- 

and tissue types (reviewed in Reyskens & Essop, 2014 99). For example, high levels of ROS were found after 30 

minutes exposure to PIs in human peripheral blood mononuclear cells (PBMCs) 100. Increase of ROS production 

has also been reported after treatment of different cell-systems such as human pulmonary artery endothelial 

cells and human umbilical vein endothelial cells with some PIs 32. The widely used antiretroviral ‘booster’ 

Ritonavir (RTV) has been shown to cause increased oxidative stress in arterial endothelium, and through this 

mechanism is expected to stimulate cardiovascular disease 101. Caron et al. demonstrated that skin fibroblasts 

treated with IDV or NFV had a premature ageing phenotype, alterations in expression of MRC proteins, and 

ROS hyper-production 95. RTV and Lopinavir (LPV) have been shown to induce elevated ROS production by 

mitochondria from HL-1 cardiomyocytes, possibly via depolarization of mitochondrial membrane potential 102. 

The exact role of oxidative stress in PI-induced mitochondrial dysfunction and development of adverse events 

is still unclear. Although most studies suggest a mitochondrial origin for PI induced ROS production, others 

have indicated the presence of extra-mitochondrial ROS and hypothesize that cytosolic ROS is the initial trigger 

that leads to mitochondrial malfunction 99. For instance, RTV treated porcine carotid arteries showed elevated 

levels of ROS likely through increased NAD(P)H oxidase activity and a consequent elevation in superoxide 

production 101. Elevated cytosolic ROS by NFV has been linked to a decreased activity and gene expression in 

Cu/ZnSOD but not MnSOD 99. Additionally, Chandra et al. found decreased levels of glutathione and Cu/ZnSOD 

in a rat pancreatic insulinoma cell line (INS-1) after exposure to NFV, suggesting that PIs affect the antioxidant 

defence mechanism 103. Reyskens and Essop therefore proposed that a diminished cytosolic antioxidant 

defence system leads to an increase in cytosolic ROS, which then raises ROS levels in the inter-mitochondrial 

membrane space causing enhanced leakage of ROS from the mitochondria and a perturbation of MRC complex 

activity 99. Although the proposed chronology is plausible, more research is needed to precisely elucidate the 

chain of events that leads to mitochondrial dysfunction. 

3.7 Contradictory effects of PIs 

Individual PIs have been found to have different or even contradictory effects, depending on their 

concentration and in which model system they are applied. For instance, treatment of lymphocytes with low 

concentrations (<10nM) of NFV, LPV, IDV or Saquinavir (SQV) followed by stimulation of the cells to undergo 

apoptosis, yielded a protection from apoptosis-related ΔΨmt loss and ROS production. When treating the cells 

with higher drug concentrations (>10μM) the effects were reversed, leading to accelerated apoptosis 96. 

Additionally, there are indications that increased ROS production only occurs after exposure to a certain 

threshold concentration of PIs. For example, neither SQV nor Atazanavir (ATV) in concentrations up to 20μM 

enhanced ROS levels or negatively affected antioxidant defence systems in INS-1 cells 103. In primary human 

skeletal myotubes, a higher concentration (40μM) of SQV and ATV, however, did significantly increase ROS 

production 104. Indeed, the model system in which PIs are tested also influences the outcome of adverse 

events. In human pulmonary artery endothelial cells treated with RTV and IDV at their plasma concentrations 
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(15μM and 13.5μM respectively), exposure reduced their ΔΨmt 
105. Incubation of the parasite Leishmania with 

40μM of NFV resulted in complete loss of ΔΨmt 
97. On the other hand, no effect on ΔΨmt was observed when 

HeLa cells were treated with 10μM NFV or RTV, but the drugs did cause extensive mitochondrial fragmentation 
106. 

Concentration dependant effects may be related to the well documented inhibition of cytochromes P450 and 

ABC transporters by PIs. All the PIs currently available inhibit CYP3A4, with RTV being the most potent and SQV 

the weakest 107. CYP3A5 and 3A7 are also inhibited by RTV, NFV, IDV, APV, and SQV in vitro, albeit with varying 

potency 108. RTV and SQV also inhibit CYP2C9 in human liver microsomes in vitro 109. SQV, NFV, RTV, APV, and 

IDV are known to inhibit the ABC transporter P-glycoprotein and MRP-related transporters with varying affinity 
110–112 and RTV, SQV, and NFV have been found to effectively inhibit the breast cancer resistance protein (BCRP) 
113. Taken together, PIs have been found to modify activity and expression of active drug transport systems 

which in turn may alter drug absorption, elimination, and tissue distribution. The difference in expression of 

drug transporters between cell types, especially in vitro, may explain the concentration dependent and model 

system specific effects seen with PI treatment. Moreover, expression variation between tissues of patients may 

clarify why PI toxicity is particularly evident in specific cell types, such as adipocytes (Table 3). 

3.8 Theories on the mechanistic basis of PI induced toxicity 

Due to their ability to inhibit the viral protease, PIs have been speculated to also inhibit endogenous proteases 

or other enzymes with similar catalytic sites to the HIV-1 viral protease. Theories on the mechanistic basis of PI 

induced toxicity have particularly arisen in an attempt to understand PI induced metabolic syndromes such as 

lipodystrophy and insulin resistance, which affect up to 80% of patients on PIs 114. 

3.8.1 The low density lipoprotein-receptor-related protein 

The aminoacid sequence of the HIV-1 protease catalytic site is 63% homologous with a lipid binding domain in 

the low density lipoprotein-receptor-related protein (LPR). Besides LPRs importance in post-prandial 

chylomicron clearance in the liver, LPR is also co-expressed with lipoprotein lipase (LPL) on capillary 

endothelium where it cleaves fatty acids from circulating triglycerides enabling free fatty acid entry into 

adipocytes for storage as fat. Inhibition of LPR by PIs likely then initiates hyperlipidaemia as circulating lipids in 

the blood rise. Also LPR perturbation increases the occurrence of insulin resistance by, for example, disruption 

of glucose and lipid oxidation pathway competition in skeletal muscle 115. 

PIs may also be linked to deregulation of fatty acid metabolism by inhibiting 20S proteasomal degradation of 

newly synthesized apolipoprotein B (ApoB). ApoB is the principal structural component of triglyceride and 

cholesterol-rich plasma lipoproteins, and secretion of these lipoproteins is negatively-regulated by proteasomal 

degradation of nascent ApoB 116. IDV, RTV and SQV have been shown to inhibit proteasomal ApoB degradation 

and, surprisingly, also decrease secretion of ApoB related lipoproteins  by impairing cholesteryl ester synthesis 

and triglyceride transfer to ApoB through inhibition of the triglyceride transfer protein 116. This imbalanced 

regulation of lipoprotein particle turnover together with the implicated LRP inhibition may contribute to the 

hyperlipidemia onset in patients on PIs. 
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3.8.2 The cytoplasmic retinoic-acid binding protein type 1 

The HIV-1 protease catalytic site is also 58% homologous to a C-terminal region of the cytoplasmic retinoic-acid 

binding protein type 1 (CRABP-1). CRABP-1 binds almost all intracellular retinoic acid and presents it to CYP450 

3A isoforms which catalyse the conversion of retinoic acid to cis-9-retinoic acid. Cis-9-retinoic acid is the sole 

ligand of the adipocyte nuclei retinoid X receptor (RXR) which works in a heterodimer with peroxisome-

proliferator-activated receptor type gamma (PPAR- ) to inhibit adipocyte apoptosis and upregulate adipocyte 

differentiation and proliferation. RXR and PPAR-  agonists improve abnormal insulin sensitivity and 

hyperlipidaemia, and inhibition of CRABP-1 by PIs has been suggested to be a cause of insulin resistance and 

lipodystrophy in HIV-1 patients 115. 

3.8.3 The mitochondrial processing protease  

The mitochondrial processing protease (MPP) is a metalloendoprotease localised in the mitochondrial matrix 

and catalyses the proteolysis of N-terminal mitochondrial targeting signals from nuclear encoded mitochondrial 

proteins. It does so by utilisation of a glutamic acid residue in its active site which recognises targeting 

sequences based on their secondary and tertiary structure, like the viral protease 117. The activity of MPP is 

essential for the viability of eukaryotic cells and lack of cleavage by the MPP results in dysfunctional or non-

functional mitochondrial proteins, hindering mitochondrial function. Mukhopadhyay et al. demonstrated that 

IDV and APV significantly inhibit MPP processing in yeast, and protein import was also found to be inhibited by 

IDV 118. Since only supra-physiological concentrations of PIs significantly inhibited MPP activity, the clinical 

relevance may be limited. However, PIs may reach higher concentrations in vivo when boosted with RTV and 

may accumulate in the mitochondria over time. In both cases a PI concentration may be reached to an extent 

that MPP is inhibited. PIs are also highly hydrophobic and therefore may concentrate in adipose tissue 

predisposing dysfunction and adverse events such as lipodystrophy 118. 

3.8.4 The integral membrane metalloprotease ZMPSTE24 

ZMPSTE24 is an integral membrane zinc metalloprotease that processes prelamin A which provides nuclear 

structural and functional integrity. Exposure to LPV, RTV and TPV inhibited the activity of the purified 

ZMPSTE24 yeast ortholog Ste24p 119. In cultured fibroblasts, IDV, NFV, TPV and LPV inhibited ZMPSTE24 and 

consequent prelamin A maturation leading to dysmorphic nuclei and the accumulation of the farnesylated 

precursor of prelamin A 95,120. The accumulation of improperly processed farnesylated prelamin A caused 

mitochondrial dysfunction, increased oxidative stress and premature senescence 95,121. Interestingly, prelamin 

A accumulation has also been shown to cause genomic instability 122,123. 

3.9 HAART treated HIV-patients age prematurely 

Without antiretroviral therapy HIV-infected patients usually die within years because of immune system failure. 

Thanks to HAART however, early death is prevented, allowing HIV-patients to live decades as long medication is 

continued 20. It was recently estimated that more than 50% of HIV-infected patients in the United States will be 

over the age of 50 in 2015 124. Even though this gain in lifespan is celebrated as a success, data show that the 

life expectancy of treated patients remains shorter than that of the normal population 125. Life expectancy for 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  General introduction 

25 
 

treated HIV-patients is dependent on the age at which antiretroviral therapy is started and is estimated to be 

10-30 years less than that of the uninfected 126. Several studies have also observed that co- and multi-

morbidities, like cardiovascular disease, diabetes, and osteoporosis, which are normally witnessed later on in 

life as a result of natural ageing, were increasingly prominent among the HIV-infected population 127,128. These 

observations led to the hypothesis that the HAART treated HIV-infected population is ageing more rapidly, a 

phenomenon now known as premature and accelerated ageing. 

3.9.1 Theories for premature and accelerated ageing in HAART treated patients 

There are several factors that influence life-span of the HIV-infected, but have limited effects on progression of 

premature and accelerated ageing phenotypes. These include lifestyle risk factors such as smoking, drinking, 

and illicit drug use, which are prevalent across the HIV-infected population 129. Illicit drug use for example, is 

associated with poorer medication adherence and lesser immunological and virological control 130. Additionally, 

co-infection, such as with viral hepatitis, is common among the HIV-infected population and is known to 

decrease life expectancy 131. HIV-1 patients also run a greater risk for adverse drug interactions due to the 

increase in ‘pill-burden’ to combat comorbidities 132. Moreover, both natural ageing or HIV-1 infection cause 

changes in gastrointestinal tract, liver and kidney function that collectively affect the pharmacology of 

administered drugs 133. None of these factors however can directly be related to causing the premature and 

accelerated ageing phenotype witnessed in treated HIV-patients 134.  

Most research in this relatively new field focuses on how HIV-1 infection depletes CD4+ cell counts and 

exhausts the patient’s immune system 9,135. In this way, HIV-infection itself if left untreated has been shown to 

convert the immune system of a young individual into one similar to someone 40 years older 136. This theory of 

an accelerated ageing process of the immune system is called immunosenescence and is characterized by 

continuous immune provocation and systemic low-grade inflammation, which predisposes patients to 

comorbidities and natural ageing symptoms more frequently seen in the elderly 137,138. 

The immunosenescence theory of ageing has substance when considering untreated patients, as it principally 

focusses on viral effects. However, this theory is less plausible for treated patients as HAART has proven highly 

successful in swiftly replenishing CD4+ cell counts and reducing viral-load to barely detectable limits 139. 

Additionally, various antivirals have been shown to induce inflammatory signals and it is therefore plausible 

that if an altered immune-organization is seen in HAART treated patients it is due to antiretroviral therapy 
121,140,141. The influence HAART has warrants thorough investigation as HIV-patients take HAART daily and for 

the rest of their lives. Very few premature and accelerated ageing studies in the HIV-infected population, 

however, focus upon the influence that antiretroviral drugs have on ageing and age-related comorbidities. 

Accordingly, no consensus has arisen as to why the successfully treated HIV-infected population shows signs of 

premature and accelerated ageing. 

3.9.2 Is HAART involved in immunosenescence? 

With the success of HAART in viral suppression the question arises whether HIV-1 is the sole plausible cause for 

immunosenescence in HIV-treated patients. HAART, which is taken daily for lifelong periods, is probably also 
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responsible for immune system malfunction. Besides that various antivirals have been shown to induce 

inflammatory signals 121,140,141, senescent cells have also been shown to change their phenotype, secreting 

proinflammatory cytokines and contributing to systemic low-grade inflammation 142. The systemic exposure 

and relatively high concentration of antiretrovirals likely affects all cell types, immune system cells included. 

The direct relationship between antiretroviral drugs and inflammation needs to be addressed further. 

Hematopoietic progenitor and lymphoblastoid cell toxicity of NRTIs may explain immune cell depletion 

independent of inflammation 143–145. Moreover, a decline in mitochondrial genetic integrity in hematopoietic 

progenitor cells could also explain continued immune dysfunction upon cessation of therapy. MtDNA levels do 

recover in patients after discontinuation of HAART 146, but due to generation of somatic mutations by 

antiretrovirals and ROS, it is likely that replenished mtDNA harbours mutations predisposing the recuperating 

mitochondria to continued dysfunction 45. 

3.9.3 HAART-related mitochondrial toxicity in ageing  

Antiretroviral therapy as an explanation for premature and accelerated ageing was first mentioned in studies 

wherein clinical symptoms of ageing were shown to correlate with adverse side effects of antiretroviral therapy 
147. For example, cardiovascular disease, diabetes, kidney and liver disease, metabolic disorders, osteoporosis 

and lipodystrophy have all been associated with HAART 124,148. Accelerated Tau deposition, a marker for 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s, has also been shown to be elevated in 

patients receiving HAART compared to HIV-infected non-treated patients 149. These symptoms collectively 

seem to be related to tissues with high-energy demand and show a strong similarity to hereditary 

mitochondrial diseases 33. Indeed, after introduction of HAART to treat HIV-1 infection, it quickly became 

apparent that mitochondrial toxicity is a major reason for antiretroviral-related adverse events 34. The specific 

influence of HAART upon mitochondria and ageing however is often not addressed. 

Due to the apparent relationship between mitochondrial dysfunction and exposure to antiretroviral drugs, 

HAART-induced mitochondrial dysfunction likely plays a role in most, if not all complications associated with 

premature and accelerated ageing 150,151. In consensus, an accumulation of mitochondrial DNA (mtDNA) 

mutations, increased mitochondrial oxidative stress and a decrease in mitochondrial energy metabolism are all 

important contributors to ageing 152. Mitochondria therefore play dominant roles in ageing and marked effects 

of HAART upon mitochondria likely accelerate these effects. HAART is known to influence mtDNA integrity, 

alter mitochondrial morphology and function, induce oxidative stress, inflammation and cell senescence, and 

HAART is also directly connected to the emergence of ageing symptoms and comorbidities. With the increase 

in life expectancy it has only recently become clear that HIV-1 patients are suffering from symptoms of ageing 

ahead of time. Strong correlations exist between antiretroviral drug-induced mitochondrial toxicity and 

premature and accelerated ageing which are discussed below (Figure 7: A schematic representation of our 

current framework of analysis). 

 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  General introduction 

27 
 

 

Figure 7: Schematic representation of the major effects of 

antiretroviral drugs that drive premature and accelerated 

ageing 2. Antiretroviral drugs cause mtDNA damage and 

depletion, oxidative stress and altered mitochondrial 

morphology and function. These alterations in the 

mitochondria contribute, either alone or in unison, to 

premature and accelerated ageing in HAART treated patients. 

3.9.4 Drug induced accumulation of mtDNA damage 

Because mitochondria contain their own DNA, mitochondrial genome integrity is essential for organelle 

function. The mtDNA encodes vital components of the mitochondrial respiratory chain and therefore damage 

to mtDNA is directly detrimental to energy metabolism and organelle fitness. Not surprisingly, cell senescence 

and ageing are associated with an increase in the amount of damaged mtDNA. Additionally, accumulation of 

mutations in mtDNA is known to increase with age, and aberrant mtDNA replication, specifically accumulation 

of point mutations, contributes to premature-and-accelerated-ageing phenotypes 153,154. MtDNA repair is an 

essential mechanism to limit the deterioration of mtDNA integrity and polymerase-  exhibits extremely high 

mtDNA replication fidelity, partly due to its exonuclease ability 155. Moreover, polymerase-  is needed for 

mtDNA mismatch repair and base-excision repair of oxidised or damaged bases 156. NRTIs have been shown to 

inhibit mtDNA polymerase-  replication and exonuclease activity, causing a decrease in mtDNA amount and 

quality; commonly known as the polymerase-  theory 45,47,143. FLT, known for its high toxicity, can cause DNA 

fragmentation and induce apoptosis 143. Interestingly, AZT and d4T also disrupt telomerase maintenance and 

have telomere shortening effects, properties often related to cell senescence and ageing 157,158. 

During HAART it is very likely that NRTIs and PIs augment each other’s ability to steer the cell into premature 

senescence. This is especially the case when the ‘booster’ RTV is used in the HAART cocktail, as RTV inhibits 

CYP3A function by mechanism-based inhibition through direct interaction with the CYP3A heme group 159. 

Interestingly, mtDNA damage has also been found to correlate with PI RTV use in human endothelial cell 

cultures in a dose-dependent manner 160. Although mitochondria are the most important players in 

antiretroviral toxicities, outside these organelles PIs can cause accumulation of the farnesylated pro-

senescence protein prelamin A. 

3.9.5 Oxidative stress 

Oxidative stress can be defined as an imbalance between production and detoxification of ROS, or similarly put; 

an imbalance between pro-oxidants and anti-oxidants. ‘ROS’ is a collective term encompassing many chemical 

species that are formed upon incomplete reduction of oxygen 161. Typically, ‘ROS’ is used to refer to the initial 

species (superoxide anions or hydrogen peroxide) as well as their secondary reactive products 1. In many 

studies, ROS and oxidative stress have been measured through indirect methods, such as fluorescent and 
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colorimetric studies, or via the detection of ROS ‘footprints’. As such the actual oxidative stress inducing 

reactive species are not identified 162. 

ROS, especially superoxide and hydrogen peroxide, are habitually produced in small quantities by mitochondria 

during oxidative phosphorylation. However, a decrease in, or malfunction of, mitochondrial proteins, due to 

diminished mtDNA for instance, can disrupt electron flow through the electron transport chain and cause 

increased ROS formation 163. Consequently, this increase in ROS can damage mitochondrial components, such 

as the electron transport complexes, and hence induce even more ROS production 164. A fundamental feature 

of ageing is a decline in mtDNA transcription and repair capacity which can lead to mitochondrial malfunction 

and set in motion a vicious cycle of enhanced ROS production 165.  

An increase in oxidative stress, observed as increased oxidant and reduced antioxidant levels in serum, has 

frequently been associated with HAART in patients 90. Several studies conclude that symptoms of ageing such 

as cardiovascular disease, lipodystrophy and insulin resistance are all influenced by antiretrovirally induced ROS 

production 86,166. A common side effect of AZT, namely cardiomyopathy, is likely caused by stimulation of ROS 

production in heart and endothelial mitochondria 167,168. Prompt heart injury has even been ascribed largely to 

2’,3’-dideoxycytidine (zalcitabine or ddC) induced ROS production, independent of mtDNA depletion or 

damage, a finding that emphasizes the impact of antiretroviral induced ROS toxicity 169. Increased oxidation of 

lipids, mtDNA and the major antioxidant glutathione (GSH), further relate AZT to skeletal muscle myopathy 170. 

d4T is known to cause oxidative stress in human hepatoma cells and may underlie hepatic steatosis and lactic 

acidosis, which are often experienced by patients on HAART 171. Thymidine analogues have additionally been 

shown to cause cell senescence through an increase in oxidative stress and induction of mitochondrial 

dysfunction in human fibroblast cell lines and in subcutaneous adipose tissue from HAART patients 172. 

PIs also have the potential to induce oxidative stress, although it is not always clear whether PI induced 

elevated ROS is produced at the mitochondrial level. The most clearly PI affected cell type is endothelial cells, 

although other cell types are also afflicted, and strong connections exist between drug toxicity and ROS 

production 173. RTV and LPV can increase ROS production in human arterial endothelial cells 121 and are known 

to induce ROS through a perturbed mitochondrial function in cardiomyocytes 102. IDV and NFV have been 

shown to elicit ROS production in skin fibroblast cultures in vitro and in patients’ adipose tissue in vivo 58. IDV 

and NFV have furthermore been shown to cause ROS production in human aortic endothelium and are thus 

involved in recruitment of mononuclear cells and exacerbation of inflammation, prerequisites for vascular 

complications 141. Additionally, treatment with IDV or NFV was shown to cause increased mitochondrial ROS 

production and premature senescence in skin fibroblasts 95, and an IDV and AZT combination induces ROS 

mediated apoptosis in human brain microvascular endothelial cells 88. Short-term treatment of NFV increases 

ROS generation and diminishes levels of GSH and the detoxification enzyme superoxide dismutase in a 

pancreatic insulinoma cell line 103. Moreover, NFV has been linked to adipocyte insulin resistance through 

oxidative stress induced apoptosis and necrosis 174,175, which is noteworthy as the anti-apoptotic properties of 

PIs in a low-dose have been documented 96. SQV however, was shown to cause apoptosis in human umbilical 
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vein endothelial cells via higher levels of ROS production 176. SQV, IDV, NFV and RTV also elevate ROS in 

cerebral endothelial cells and interfere with proper blood brain barrier maintenance. Therefore, these PIs 

conceivably play a significant role in antiretroviral-induced neurological symptoms and could also increase viral 

entry into the central nervous system 177. Collectively, these results indicate that oxidative stress is a powerful 

driving force behind antiretroviral induced toxicity and has important roles in premature-and-accelerated-

ageing symptoms 87. 

3.9.6 Altered mitochondrial morphology and function 

Mitochondrial function, especially respiration and ATP production, has been demonstrated to decline with age 

and even be an important mediator of senescence 178. Energy deficiency can cause a broad range of metabolic 

and degenerative diseases including ageing 179. Mitochondrial processes for example play important roles in 

adipocyte differentiation and function, which in turn influence a wide array of homeostatic processes including 

insulin sensitivity and lipid accumulation 166.  

Changes in mitochondrial structure and function are known to occur in age-associated disorders such as 

Parkinson’s disease, sarcopenia and metabolic diseases, including heart-disease and diabetes mellitus 178,180. 

Mitochondria are no longer considered as static spherical bodies, but highly dynamic organelles that readily 

fuse, divide, propagate and diminish according to cellular requirements. Mitochondrial morphology plays an 

essential role in mtDNA rescue, protein quality control and cell survival 181,182. Certain distinct morphological 

changes in mitochondrial structure and organisation are therefore considered indicators of ageing in worms, 

mice and humans 183,184. Specifically, mitochondria of aged individuals are often swollen and their structures 

contain less villous cristae, while the mitochondrial network is frequently disrupted 164.  

Not surprisingly then, antiretroviral drugs are found to alter mitochondrial morphology and function, although 

specific mechanisms and the chronology of these events remain to be fully unravelled. Altered mitochondrial 

morphology might be considered a compensatory mechanism to help preserve mitochondrial functions under 

stress. Increased proliferation for example, may be an attempt of mitochondria to recover mtDNA and increase 

functional capacity under pressure 185. However, evidence exists that the newly formed mitochondria could be 

non-functional 172. Electron microscopy of AZT-treated striated skeletal muscle from rats, and AZT, ddC and ddI 

treated human hepatocytes show widespread mitochondrial swelling with poorly organized cristae 51,186. 

Muscle biopsies from AZT treated patients give similar results with striking variations in mitochondrial size, 

shape and network organization 187. AZT and d4T induce a rapid increase in mitochondrial proliferation in 

human fibroblasts 172, and their combination with or without IDV increase mitochondrial mass in both white 

and brown murine adipocytes 58. Individual exposure of HeLa cells to NFV, RTV and SQV caused fragmentation 

of the mitochondrial network and decreased mitochondrial number and volume 98. 

Murine adipocytes exposed to AZT, d4T and/or IDV displayed impaired mitochondrial function as measured by 

lower respiration rate and decreased ATP production 58,188. AZT is also known to competitively inhibit the 

ADP/ATP antiporter in rat heart mitochondria and thus could contribute to the ATP deficiency syndrome 
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witnessed in patients 72. Cells with diminished oxidative phosphorylation shift to glycolysis for their energy 

demands which results in accumulation of lactate and, if left untreated, can cause lactic acidosis. AZT, d4T or 

ddC treated human hepatoma cells show increased lactate concentrations and, in some cases, decreased 

activity of mitochondrial respiratory chain complexes 171. An analysis of mitochondrial genes in adipose tissue 

and monocytes from HIV-negative subjects receiving dual NRTI therapy revealed a significant decrease in 

mitochondrial respiratory chain component expression 57. AZT and IDV have additionally been found to 

suppress membrane potential and cause apoptosis in blood-brain barrier endothelial cells 88. Moreover, PI-

induced mitochondrial effects are typically related to an altered membrane potential 32. A randomized, double-

blind, placebo-controlled study found that short-term AZT exposure reduced mitochondrial function and insulin 

sensitivity in non-infected participants 189. Additionally, a randomized clinical trial in non-symptomatic 

antiretroviral-naïve patients showed that long-term exposure to PIs or NNRTIs is associated with disrupted 

glucose transport as well as disrupted lipid metabolism with increased insulin resistance 190. In conclusion, 

antiretroviral therapy has frequently been implicated in metabolic diseases as a result of mitochondrial 

dysfunction 166 and mitochondrial impairment is found in the absence of HIV infection. 

3.10 HIV-1 induced mitochondrial toxicity 

Non-HAART induced mitochondrial damage in myocardial tissue led to the finding that HIV-1 itself may affect 

mitochondrial function 191. HIV-1 infection in untreated individuals has been associated with the development 

of (cardio) myopathy and distal symmetric polyneuropathy and nephropathy 192. T-lymphocytes from untreated 

HIV-1 patients show depletion in ΔΨmt and enhanced ROS levels that are likely responsible for the increase in 

apoptosis underlying these adverse events 193. Indeed, apoptosis could largely be avoided by supplementation 

of antioxidants, implying mitochondrial dysfunction as a cause for HIV-1 induced lymphocyte toxicity 193,194. The 

expected culprits include viral proteins such as transactivating regulatory protein (tat) and viral protein R (vpr) 

which have been reported to adversely affect mitochondrial function, mostly through mitochondrial 

transmembrane depolarization 195–199. Additionally, previous studies have shown that HIV-1 infection alone can 

cause a decrease in mtDNA in several tissues including adipocytes and peripheral blood mononuclear cells 
200,201. 

These findings have substance when considering untreated patients, as they focus on viral effects. However, 

they become less relevant or even unlikely for treated patients, as HAART has proven highly successful in 

swiftly replenishing CD4+ cell counts and reducing viral-load to barely detectable limits 139. Additionally, as is 

the case for mtDNA depletion, antiretroviral induced toxicity clearly adds to the HIV-1 induced effects 146.  

4. Outlook & Thesis outline 
There are a number of questions that remain unanswered in the research field of antiretroviral induced 

toxicity, simply because we do not fully understand the effects of antiretroviral drugs individually, let alone in 

combination (Chapter 2 & 6). For example, questions remain about mitochondrial toxicity of NRTIs beyond the 

polymerase-  theory (Chapter 4). Various cellular transport systems interact with NRTIs and once inside the cell 

NRTIs are actively phosphorylated from their pro-drug form 47 (Chapter 4). Additionally, the occasionally 
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divergent relationship between mtDNA copy number, respiratory chain protein levels and mitochondrial 

dysfunction needs to be explained (Chapter 2, 3 & 4). The influence NRTIs have on gene expression could give 

us insight into cellular adaptation to antiretroviral drugs (Chapter 4). Alleviation of oxidative stress could prove 

an easy way to improve the well-being of patients and delay the detrimental effects of antiretroviral drugs. 

Interestingly, most of the above mentioned ROS complications have experimentally been found to lessen upon 

co-administration of antioxidant compounds. Antioxidant- or mitochondria-directed supplementation may 

therefore benefit HAART patients, although thorough research remains to be done before any definitive advice 

can be given to patients 202 (Chapter 3 & 5). 

4.1 Searching for the causes of NRTI and PI toxicity 

In vivo approaches like mice or rat models have clarified toxic consequences of antiretroviral therapy, 

particularly in support of the polymerase-  theory 186,203. These approaches, however, are often costly, time 

consuming and ethically questionable. To circumvent these problems, efforts have been made to study drug 

specific responses in vitro and diverse cell-type cultures have been used with varying success to clarify 

mechanisms behind NRTI and PI related toxicity. Through these investigations it has become apparent that no 

clear link can be made between mitochondrial toxicity effects in vitro and symptoms from patients in the clinic. 

For example, tissue-specific cell cultures show no marked differences between specific NRTIs in their potential 

to inhibit mtDNA replication or cause mitochondrial dysfunction. Here besides, the immortality of some cell-

lines places further doubt on the advantages of such in vitro approaches. This is especially the case for 

undifferentiated cell lines because their mitochondria strongly differ in metabolism from differentiated cells 204. 

In this study, we use Caenorhabditis elegans as a model system to study the mechanisms and timing of 

antiretroviral therapy induced (mitochondrial) toxicity. 

4.2 Choice of antiretroviral drug classes used in this study 

For this study first-generation NRTIs and PIs (Table 1 & 2) were selectively chosen as these drugs have been 

broadly studied and most are still frequently prescribed. It is increasingly important to understand the 

mechanisms behind NRTI and PI toxicity because there are limited prospects for alternative therapies to battle 

HIV/AIDS, the number of HIV-1 infected continues to grow, and importantly, due to the prolonged lifespan of 

HIV-1 patients receiving antiretrovirals, the incidence of antiretroviral related toxicities will continue to rise. 

Moreover, the possible introduction of FLT into the physician’s arsenal to battle HIV-1 resistance and continued 

prescription of first-generation antiretrovirals, particularly in low-income countries, demands that mechanisms 

of toxicity by these compounds are addressed 13,205. 
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Chapter 2 

 

Caenorhabditis elegans as a model system for studying drug induced 
mitochondrial toxicity 

 

This chapter has been published 52: 

Smith RL¶, de Boer R¶, de Vos WH, et al. (2015) Caenorhabditis elegans as a model system to study drug 

induced mitochondrial toxicity. PLoS One 10:1–16. doi: 10.1371/journal.pone.0126220 

¶ These authors contributed equally to this work  
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Abstract 

Today HIV-1 infection is recognized as a chronic disease with obligatory lifelong treatment to keep viral titers 

below detectable levels. The continuous intake of antiretroviral drugs however, leads to severe and even life-

threatening side effects, supposedly by the deleterious impact of nucleoside-analogue type compounds on the 

functioning of the mitochondrial DNA polymerase. For detailed investigation of the yet partially understood 

underlying mechanisms, the availability of a versatile model system is crucial. We therefore set out to develop 

the use of Caenorhabditis elegans to study drug induced mitochondrial toxicity. Using a combination of 

molecular-biological and functional assays, combined with a quantitative analysis of mitochondrial network 

morphology, we conclude that anti-retroviral drugs with similar working mechanisms can be classified into 

distinct groups based on their effects on mitochondrial morphology and biochemistry. Additionally we show 

that mitochondrial toxicity of antiretroviral drugs cannot be exclusively attributed to interference with the 

mitochondrial DNA polymerase. 

1. Introduction 

Mitochondrial dysfunction is the underlying cause of a wide range of human diseases 206. In recent years it has 

become increasingly clear that mitochondrial dysfunction can also be caused by treatment with therapeutic 

drugs202. One important disease in which drug related toxicities have recently been observed is infection with 

Human Immunodeficiency Virus 1 (HIV-1), the causative agent of Acquired Immunodeficiency Syndrome (AIDS) 
21,34,114,207. 

Highly Active Anti-Retroviral Therapy (HAART) is the latest development in the long quest for a therapy that 

effectively inhibits viral replication. The introduction of HAART, consisting of a combination of different 

(classes) of anti-retroviral drugs, has led to a dramatic reduction in HIV-1 related morbidity and mortality 20. 

The current therapy guidelines for first-line treatment consist of a combination of two Nucleoside Reverse 

Transcriptase Inhibitors (NRTIs) combined with a Protease Inhibitor (PI) or a Non-Nucleoside Reverse 
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Transcriptase Inhibitor (NNRTI) 208. Due to this therapy, at least in developed countries, HIV infection has 

acquired the characteristics of a chronic disease requiring life-long treatment. However, during the past fifteen 

years many severe adverse side effects have been reported. These side effects include, among others, fever, 

rashes (hypersensitivity), respiratory and/or gastrointestinal symptoms, neuropathies, myopathies, 

nephrotoxicity, lipodystrophy, and hepatotoxicity (for a review see Apostolova et al. 2011 32). As an example, 

body fat distribution is reported to be perturbed in up to 80% of the patients receiving HAART 114. Additionally, 

such side effects are the main reason for patients to switch their drug regimen 209. Hence, it is essential to 

obtain a better understanding of the molecular mechanisms underlying these adverse effects and to identify 

novel drugs with fewer side effects. 

In humans, the toxic effects of most anti-retroviral drugs strongly resemble those known for hereditary 

diseases caused by mitochondrial dysfunction 33. Although it has been shown that PIs also may have side 

effects on mitochondrial function 32, NRTIs are the prime suspects. The common hypothesis to explain the toxic 

effect of the NRTIs on mitochondria is frequently referred to as the “DNA polymerase-  hypothesis” 30,34. In 

essence, NRTIs could interfere with proper mitochondrial (mt) DNA polymerase-  function by causing chain 

termination, thus resulting in a decline of mtDNA copies. Consequently, the expression of subunits of the 

Mitochondrial Respiratory Chain (MRC) would also decline, leading to a dysfunctional MRC, illustrated by 

changes in respiratory rate, a decrease in ATP production, changes in mitochondrial membrane potential, 

energy depletion and increased ROS production 31,50. It has indeed been shown that in vivo DNA polymerase-  

has a high affinity for NRTIs 25. Nevertheless, it is clear that NRTI induced toxicity not only acts via DNA 

polymerase- , but that a more complex relationship between NRTIs and the mitochondria exists 2,32. To date, 

most studies have been performed on patients or human cell cultures. Such approaches respectively pose 

limitations on the experiments that can be performed or limit their physiological relevance for whole 

organisms. Therefore progress in this field is highly dependent on robust and reliable integrated model 

systems. 

In this study we describe the free-living soil nematode Caenorhabditis elegans as versatile model system to 

investigate the molecular basis of HAART-induced mitochondrial dysfunction. C. elegans has a proven track 

record for the elucidation of molecular pathways implicated in human diseases, including diseases with a 

mitochondrial origin 210–212. Additionally, it has frequently been used to study mitochondria and drug specific 

effects 37,213–217. Not only is the C. elegans genome fully sequenced, it is also a very practical system that is 

easily amenable to genetic modification. It is one of the smallest organisms known to have several types of 

differentiated tissue such as muscle, dermal, nervous and intestinal tissue and can thus act as a model system 

for higher eukaryotes. Previous studies clearly underline the usefulness of C. elegans for assessing 

mitochondrial function 218,219. The metabolism and structure of the C. elegans MRC closely resembles its 

mammalian counterpart 220. Moreover, the nematode mtDNA is similar in size and gene content to the human 

mtDNA. With this in mind we use C. elegans to evaluate the effects of individual antiretroviral drugs on 

mitochondrial integrity and function. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  C. elegans as a model system to study drug induced toxicity 

37 
 

In this study, we use a highly sensitive and robust quantitative polymerase-chain-reaction (PCR) assay for 

mitochondrial DNA in C. elegans, a functional test (respiration), as well as an automated and quantitative 

analysis of mitochondrial network morphology. Together they illustrate that C. elegans is a powerful model 

system to study the complicated and partially understood side effects that anti-retroviral drugs cause in large 

numbers of HIV-1 infected patients. The results we present here confirm the notion that the negative effects of 

NRTIs on mitochondria cannot exclusively be explained by their interference with the functioning of DNA 

polymerase-  by showing that mitochondria can be perturbed by their presence without the concomitant loss 

of mtDNA. 

2. Results 

2.1 Exposure of C. elegans to various NRTIs causes severe mtDNA depletion 

In order to validate the use of C. elegans as a model for drug induced mitochondrial dysfunction we first 

needed to establish whether the side effects that occur in humans can also be seen when exposing C. elegans 

to NRTIs, the backbone of HAART. The most obvious effect of NRTIs in patients is the reduction of mtDNA copy 

numbers 146. To assess this in C. elegans we set up a quantitative PCR assay for mtDNA using the conserved 

mitochondrial DNA encoded COX1 gene as a target (see Materials and Methods). In a typical experiment, the 

nematodes were synchronized and consequently exposed to fixed concentrations of NRTIs for 72h. Drugs were 

either mixed in with the bacterial lawn or added directly to the agar plates. Both methods were effective and 

are reported previously 221,222. Since no data was available for uptake and sensitivity of C. elegans for this class 

of drugs we started with the NRTI 3’-deoxy-3’-Fluorothymidine (Alovudine or FLT) as a benchmark. FLT is no 

longer used to treat HIV-1 infected individuals because of its well-known severe mitochondria related toxicity 

in patients 13. Exposing the nematodes to FLT resulted in a significant decrease in mtDNA copy number (Figure 

1). This decline is concentration dependent, starting from an absolute control value of 3,8x106 copies per 

worm. Maximal reduction to 10% of the control was reached at a concentration of 100μM FLT. Relative 

quantification of mtDNA copies per nDNA (qPCR of the nuclear actin gene as described previously 61 gave 

identical results (S1 Table). 

In clinical practice the mitotoxic effects of NRTIs on patients can mostly be reversed if the treatment is 

interrupted 223. To examine whether the mtDNA lowering effect of FLT is also reversible in C. elegans we 

performed an experiment in which adult nematodes were first exposed to 200μM FLT for 72h to be certain that 

the maximum effect was obtained, after which the worms were transferred to a fresh plate without FLT. Adult 

worms were exposed to avoid any effects on the development of the worms that might influence the results. 

Samples were taken after 1, 2, 3, 5 and 6 hours after transfer and analysed for mtDNA content. The results 

depicted in Figure 2 clearly demonstrate that FLT induced mtDNA depletion is reversible.  
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Figure 1. Concentration dependent decrease of mtDNA. 

Synchronised L1 worms were put on a plate with FLT and 

experiments were performed after 72h of continuous exposure. In 

FLT exposed animals, the reduction of mtDNA is concentration 

dependent. Error bars represent 95% CI (16df). Significance was 

determined using a two-tailed student’s t-test assuming unequal 

variances. P-value was <0.001 for all reported concentrations. 

 

 

The first two hours after transfer there is no significant recovery of mtDNA levels. Surprisingly, after three 

hours the mtDNA level is significantly elevated compared to pre-exposure levels. After 5 and 6 hours the 

amount of mtDNA gradually declines to normal levels. This effect suggests that during exposure to NRTIs, the 

mitochondria try to compensate for loss of mtDNA. 

 

Figure 2. Recovery of mtDNA after cessation of exposure. Worms 

are exposed to FLT (200μM) from D1 of adulthood onwards for 72h 

after which they are transferred to plates without FLT. This results 

in a recovery of mtDNA. Error bars show the 95% C.I. (16df). C= 

untreated worms, T = #h after transfer, 4d = 4days of continuous 

exposure. Significance was determined using a two-tailed student’s 

t-test assuming unequal variances. ***P-value <0.001 compared to 

unexposed animals. ns: not significant compared to unexposed 

animals. 

 

In patients not all NRTI drugs cause the same level of mtDNA decrease 146. In order to see whether this is also 

observed in C. elegans, worms were exposed to a selection of frequently used NRTIs. It has been shown that 

DNA polymerase-  has an affinity for all NRTIs 32,40. However, unlike FLT, none of the other NRTI’s induced 

mtDNA reduction at 100μM concentration after 72h (data not shown). We therefore repeated the experiment 

using higher concentrations at prolonged incubation times (up to 192h, Table 1). The results show that with 

these concentrations, mtDNA reduction is observed after 96h incubation with 3’-azido-3’-deoxythymidine 

(Zidovudine or AZT), 2'-3'-didehydro-2'-3'-dideoxythymidine (Stavudine or d4T), 2',3'-dideoxyinosine 

(Didanosine or ddI) and 2'-3'-dideoxycytidine (Zalcitabine or ddC). The reduction of mtDNA with these NRTIs is 

clearly modest compared to exposure to FLT. NRTI MIC values on E. coli OP50 were determined and with the 

exception of AZT, no growth perturbation was found at relevant concentrations. (S2 Table) The growth 

inhibitory effect of AZT 224 has no visible influence on nematode physiology and drug properties remain 

consistent when administered with UV deactivated E. coli, as measured by mtDNA copy number (S3 Table). 
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Table 1. Relative quantities of mtDNA compared to unexposed animals. P-value was determined compared to unexposed animals. 

Significance was determined using a two-tailed student’s t-test assuming unequal variance. Numbers between parentheses indicate 95% 

confidence intervals (16df), * P-value <0.05, ** P-value <0.01, *** P-value <0.001, ns: not significant. 

 

 72h (+/-) 96h (+/-) 120h (+/-) 144h (+/-) 168h (+/-) 192h (+/-) 
Control 100% (9/10) 100% (12/11) 100% (12/11) 100% (24/21) 100% (13/12) 100% (10/9) 
AZT 400 μM 60%* (6/7) 40%*** (5/4) 114%ns (10/6) 53%*** (6/6) 63%*** (8/7) 40%*** (5/4) 
AZT 800 μM 105%ns (9/10) 48%*** (6/5) 45%*** (8/7) 121%* (10/9) 61%*** (5/5) 75%** (6/6) 
D4T 400 μM 28%*** (3/3) 25%*** (3/3) 134%** (9/8) 52%*** (6/6) 74%** (9/8) 44%*** (5/5) 
D4T 800 μM 43%*** (4/5) 44%*** (5/5) 55%*** (7/6) 68%*** (10/9) 30%*** (6/6) 62%*** (7/6) 
FLT 400 μM 4%*** (0/1) 3%*** (0/0) 8%*** (1/1) 5%*** (1/1) 9%*** (1/1) 4%*** (1/0) 
FLT 800 μM 6%*** (1/1) 5%*** (1/0) 4%*** (1/1) 4%*** (1/1) 2%*** (1/1) 6%*** (1/1) 
ddI 400 μM 81%ns (9/10) 42%**** (5/4) 97%ns (11/10) 74%** (9/8) 75%** (9/8) 79%* (9/8) 
ddI 800 μM 130%** (11/13) 70%*** (8/7) 99%ns (9/7) 105%ns (14/12) 63%*** (6/6) 131%** (13/11) 
ddC 400 μM 84%ns (9/10) 50%*** (6/5) 121%* (14/13) 78%* (9/8) 96%ns (11/10) 65%*** (8/7) 
ddC 800 μM 102%ns (12/13) 55%*** (6/6) 97%ns (11/10) 100%ns (15/13) 74%** (8/7) 80%* (10/9) 

 

2.2 O2 consumption rate is affected by exposure to some NRTIs 

To investigate whether mtDNA depletion also affects mitochondrial respiratory chain functioning, oxygen 

consumption was measured after 72h of exposure to NRTIs (100μM). Whereas FLT and AZT induce a significant 

reduction of oxygen consumption, no significant effects were observed after treatment with d4T, ddC or ddI 

(Figure 3). For d4T, ddC and ddI these results correlate well with the lack of mtDNA depletion seen with these 

NRTIs at this concentration and incubation time (Table 1). In the case of AZT treated worms however, a 

significant decrease in oxygen consumption can be observed despite the absence of mtDNA depletion with this 

NRTI (Table 1). 

 

Figure 3. Oxygen consumption rates in NRTI exposed 

worms. Drug concentration was 100μM in all 

experiments. FLT and AZT exposed worms show a 

significantly reduced oxygen consumption rate 

compared to unexposed animals. C = Control, ** P-

value <0.01, *** P-value <0.001. Significance was 

determined using a two tailed student’s t-test 

assuming unequal variance. 

 
 

2.3 Quinone redox state is altered by some NRTIs 

C. elegans mitochondrial coenzyme Q (CoQ9) serves as a mobile electron carrier in the mitochondrial 

respiratory chain where it shuttles electrons from complex I and II to complex III. The ratio between reduced 

(ubiquinol) and oxidized (ubiquinone) forms of CoQ9 indicate that mitochondrial respiratory chain enzyme 

complexes may have reduced activity, and has been proposed as a useful biomarker for diagnosing and 

managing patients with mitochondrial respiratory chain defects 225. To assess the effects NRTIs have on 

mitochondrial respiratory enzyme complex activity, CoQ9 redox ratio was measured after 72h of exposure 
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(100μM). AZT and ddC treated worms show significantly lower levels of reduced CoQ9, whereas no significant 

effects were seen for FLT, d4T and ddI (Figure 4). For AZT these results are in line with diminished oxygen 

consumption (Figure 3) as animals with inhibited electron shuttling are likely to consume less oxygen. 

 

Figure 4. Quinone redox status is altered by some NRTIs. 

The redox state of the UQ9 pool is presented as percentage 

reduced (i.e. UQ9-H2) of the total UQ9 pool. Error bars 

indicate standard error. * = P ≤ 0.05. 

 

 
 

 
2.4 Exposure to NRTIs causes differential alteration of mitochondrial ultrastructure 

It has been shown that mitochondrial fusion is required for mtDNA stability 226 and mitochondrial morphology 

can be influenced by exposure to antiretroviral drugs 187. To visualize these effects in C. elegans we used a 

transgenic glo-1(zu391) strain with a mitochondrially localized GFP marker which is regulated by the muscle-

specific myo-3 promoter (see Appendix) 227. A quantitative morphological comparison of the mitochondrial 

network in anterior muscle cells of C. elegans revealed that some NRTIs cause a significant disruption of the 

mitochondrial network (Figure 5A-G) in comparison with DMSO as control. Some drugs induce more complex, 

tubular mitochondrial networks (FLT, d4T and ddC; Figure 5 C, D, & F). Other drugs induce fragmented, blob-

like structures (AZT, Paraquat; Figure 5 B & G). The results for ddI (Figure 5E) are most comparable -but not 

identical- to the control phenotype. Interestingly, FLT, the drug with the most significant effect on mtDNA copy 

number, shows a decrease in mitochondrial area, similar to worms deficient of DNA polymerase-  61. For 

several single parameters drug-induced effects are clearly different from the control, like the decreased area 

induced by FLT (Figure 5H) and the increase in average entropy induced by AZT and d4T (Figure 5I). In an 

integrative approach, exhaustive data extraction of all parameters and subsequent hierarchical clustering of all 

data (2-dimensional clustergram Figure 5J) showed a clear segregation of drug treatments into two distinct 

classes that differ from the control phenotype which shows a semi-aligned network of mitochondria of 

intermediate length (DMSO treated; Figure 5A). Remarkably, despite the fact that ddC and d4T do not result in 

reduced mtDNA levels they do cluster together with FLT. In contrast, AZT which has no effect on mtDNA 

content does show a clear altered morphological effect with a fragmented, blob-like mitochondrial phenotype. 
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Figure 5. Exposure to NRTIs causes changes in mitochondrial morphology. a-g: Mitochondrial morphology in the body wall muscle of 

worms exposed to NRTIs (200μM) (a: control, b: AZT, c: FLT, d: d4T, e: ddI, f: ddC) and g: Paraquat.) (h,i): Boxplots comparing selected 

metrics per condition. Asterisks indicate statistically different from control (per metric). (j): Two-dimensional clustergram performed on the 

standardized dataset (z-scores) of features extracted after image analysis, using Euclidean distance as distance metric and the average 

value as linkage value for the dendrograms. 

3. Discussion 

Since the introduction of a successful therapy in 1996, HIV-1 infection has turned into a chronic disease. 

However, it has become painfully clear that the obligatory lifelong intake of antiretroviral drugs comes with a 

heavy burden: severe and even life-threatening side effects. For detailed investigation of the yet poorly 

understood underlying mechanisms the availability of a versatile model system is crucial. Here we describe the 

deployment of C. elegans as such a model. Our results show that C. elegans is an excellent and accessible 

model-system to study drug induced mitochondrial toxicity.  

First, a quantitative PCR assay for C. elegans mtDNA was developed since mtDNA depletion has been observed 

frequently in patients treated with antiretroviral drugs. Similar effects in C. elegans would be a strong 

indication that the drugs enter the worm cells and act in a similar way as in human cells. Using the COX1 gene 

as a target we were able to set up a very robust and reproducible RT-PCR. Using this assay we showed that 

different NRTIs result in a reduction of mtDNA copy number, albeit to a variable degree (Table 1). We also 

demonstrated that depletion of mtDNA is NRTI concentration dependent and reversible (Figure 1 & 2) (Note: 

the difference in FLT induced mtDNA depletion between the two figures is due to the fact that in Figure 1 the 

worms were exposed from L1, and in Figure 2 72h after adulthood). An interesting observation is the overshoot 
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of mtDNA after transfer of the worms to drug-free plates (Figure 2). This suggests that compensatory 

mechanisms may operate during exposure to NRTIs in an attempt to keep mtDNA content at a sufficient level 

that is compatible with life e.g. by overproduction of the replication machinery resulting in a transient 

overshoot/overproduction of mtDNA upon removal of the inhibitor. Interestingly, this result closely matches a 

report of a patient receiving HAART 223, fortifying the usefulness of C. elegans as a model system for drug 

induced mitochondrial toxicity. 

Second, to investigate whether a decline in mtDNA correlates with a reduction of mitochondrial function we 

tested O2 consumption rates. O2 consumption rate was significantly reduced in C. elegans treated with the drug 

that resulted in the strongest mtDNA reduction (FLT; Figure 3). In addition, also worms exposed to AZT showed 

a strongly reduced O2 consumption (Figure 3). This result is unexpected since mtDNA is not reduced at the 

concentration and incubation period used. No reduced O2 consumption is observed with the other drugs that 

do not reduce mtDNA levels (d4T, ddI, ddC).  

Third, the results obtained with AZT underline that mtDNA depletion per se is not a prerequisite for 

mitochondrial dysfunction, another explanation could be interference with the electron transport chain. 

Indeed, CoQ9 redox state was significantly altered by AZT and ddC (Figure 4). More reduced CoQ9 pools for AZT 

correlates with reduced oxygen consumption. ddC interestingly shows neither lower mtDNA copy numbers or 

oxygen consumption. A reduction of mitochondrial respiratory chain complex I activity for AZT and an inhibited 

phosphorylation of complex I by ddC, however, has previously been described. Altered phosphorylation of 

complex I Q-site subunits may affect NADH:CoQ oxidoreductase activity and lead to a more reduced quinone 

pool 69. 

Finally, keeping in mind the intricate relationship between mitochondrial function and morphology, we 

analysed the morphology of the mitochondrial network in muscle cells of C. elegans by confocal fluorescence 

microscopy. Mitochondrial fusion, fission and autophagy are important for protection against persistent 

mtDNA damage 181,226. Therefore, altered mitochondrial morphology might be considered as a marker of 

mitochondrial health as well as a compensatory mechanism in helping to preserve mitochondrial functions. 

Conversely, mitochondrial dysfunction may be reflected in altered morphology. We found significant 

differences between the tested drugs, with two major, opposing, phenotypical effects on the mitochondrial 

network structure; either yielding more tubulated (FLT, d4T and ddC) or fragmented (AZT) networks. This is a 

highly interesting result, since the effect of AZT on morphology mimics the effect of Paraquat, a compound 

known to disrupt mitochondrial morphology. Paraquat is also well known for its strong induction of reactive 

oxygen species 228. ddI exposure results in a near-normal phenotype, comparable to the control incubation 

(worms exposed to DMSO, the solvent used for NRTIs).  

Taken together, these data suggest that mitochondrial function can be affected by NRTIs in a mtDNA 

polymerase -independent way. In humans, ddC is regarded as one of the most toxic NRTIs, resulting in limited 

prescription in recent years 78. In post-mitotic cells, mitochondria rely partly on salvage pathways by 

deoxynucleotide kinases. C. elegans appears to have only one cytoplasmic salvage kinase (THK-1) displaying 
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high activity with thymidine, but low or no activity with deoxyguanosine, deoxycytidine and deoxyadenosine 75. 

It is therefore expected that ddC and ddI will not be phosphorylated, suggesting that mtDNA depletion 

observed with these drugs is either non-specific or due to interference with other steps in nucleotide 

metabolism. Preliminary RNAi experiments have shown that when THK-1 is knocked down, exposure to FLT 

(200μM) but not AZT (200μM) leads to loss of reproduction, indicating an exacerbation of the toxic effects with 

the unphosphorylated form of the thymidine analogue FLT (results not shown). This underlines our hypothesis 

that chain termination in mtDNA replication by the triphosphorylated form is not the only mechanism involved 

in NRTI toxicity. In light of this, our observations stress the usefulness of independent and separate parameters 

as indicators of unwanted effects on mitochondria by anti-HIV-1 medication and give indications for different 

mechanisms behind the toxicity of these different compounds. Moreover, these findings underscore the fact 

that there is more to NRTI toxicity than the interaction with DNA polymerase-  alone 32. One possible 

interpretation of our results could be that without detectable mtDNA depletion (AZT), inhibition of the 

mitochondrial respiratory chain complexes as indicated by more reduced CoQ9 pools causes increased radical 

formation and fragmented mitochondrial networks. Also, with normal oxygen consumption levels (d4T, ddC) 

morphological changes in the mitochondria (as reflected by the tubular structures) are observed, comparable 

to FLT exposure. With strong mtDNA depletion (e.g. using FLT), oxygen consumption (and likely ATP 

generation) undergo a sharp drop on top of the earlier problems. 

In conclusion, we show here that C. elegans can be used as an excellent model system to further unravel the 

mechanistic basis of observed adverse effects of both individually and collectively administered antiretroviral 

drugs. Besides the deleterious effects of individual drugs, a highly relevant issue is the effect of drug 

combinations. This model system will allow systematic screening of different combinations of drugs resulting in 

a better prediction of preferred or less-preferred combinations. As an example, it has been shown already that 

the protease inhibitor Ritonavir interferes with the efflux pump cytochrome P-450, thereby increasing the 

intracellular concentrations of other drugs 229. Of crucial importance, this system can also be used to screen 

novel therapeutic compounds with less unwanted side effects as well as to probe for molecules that are able to 

alleviate detrimental effects. Thus the C. elegans model that we describe allows for a more comprehensive 

screen for mitochondrial toxicity of NRTIs and will thus provide unique opportunities to improve drug-

treatment regimens and thereby help to improve quality of life for many patients. 
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4. Materials and Methods 

4.1 Strains and Conditions 

Worms were cultured at 20°C and fed with E. coli OP50 as a food source, unless otherwise noted. C. elegans 

strains used were N2 Bristol wild-type strain and glo-1(zu391). Exposure to drugs was performed by adding the 

drugs to the bacterial lawn or agar plate to a final concentration as mentioned.  

4.2 Drugs 

Dimethylsulfoxide (D4540 Sigma-Aldrich), 2ʹ,3ʹ-Didehydro-3ʹ-deoxythymidine (D1413 Sigma-Aldrich), 3ʹ-Azido-

3ʹ-deoxythymidine (A2169, Sigma-Aldrich), 2'-3'-dideoxycytidine (D5782, Sigma-Aldrich), 2',3'-dideoxyinosine 

(D0162, Sigma-Aldrich), 3’-deoxy-3’-Fluorothymidine (361275, Sigma-Aldrich), Methyl viologen dichloride 

hydrate (856177 Sigma-Aldrich). 

4.3 Real Time PCR 

The mtDNA copy number was measured using quantitative Real Time PCR. Exposure was performed by adding 

the drugs to the OP50 before spreading it on the plates. Synchronized worms were placed on the plates and 

allowed to develop for 72 hours after which five adult worms were collected and lysed (Lysis buffer: 50mM KCl, 

10mM Tris (pH 8.3), 2.5mM MgCl2, 0.45% NP-40 (IGEPAL),0.45% Tween-20, 0.01% Gelatin, 0.1mg/mL 

proteinase K). Before detection in the PCR, the solution was diluted 40 times and 2μl was used as input in the 

PCR reaction. Primers specific for cytochrome c oxidase subunit I (COX1) were used for the determination of 

mtDNA copy number. CeCOX1 Forward primer: 5’-GGGCTATTACTATGTTGTTAACTGATCGT-3’. CeCOX1 reverse 

primer: 5’-AAATCAAAATATATACTTCAGGATGACCA-3’. PCRs were performed using the Taqman universal cycling 

conditions. Amplified products were detected using a Taqman probe: CeCOX1: 6-FAM-

ACTTCATTTTTTGATCCAAGAACTGGAGGTAATCCT-TAMRA and the TaqMan Universal PCR Master Mix with ROX, 

(Applied Biosystems). Primer concentration in each reaction was 300nM and probe concentration was 250nM. 

Fluorescent signal intensities were determined using the 7300 Real-Time PCR System (Applied Biosystems) with 

software SDS (version 1.9.1). To measure the mtDNA copy numbers, Ct values were determined using the 

linear exponential phase from a standard curve generated by using plasmid containing cloned target sequence 

(COX1) into the pUC19 plasmid. Absolute values were determined by 7 tenfold dilutions of plasmid DNA with 

known concentrations. Quantitative PCR was performed at least four times and the results were reproducible. 

Primers were tested for specificity using a SYBR green assay and melting curve analysis. In total, a minimum of 

three biological replicates and two technical replicates per condition was analysed. After PCR the total mtDNA 

copies per worm were calculated. Quantification of nDNA has been performed and showed no difference 

between conditions (S1 Table). 

4.4 Relative quantification qPCR 

The mtDNA was quantified using the following method. First a dilution series was prepared and quantified in 

triplicate. Using the determined values a regression line was plotted using Microsoft Excel’s Linreg function. 

Next, ct values of the unknown samples were averaged and linear regression was performed to determine the 

95% confidence interval. Finally the absolute values were normalized to the unexposed reference samples. 
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Significance was determined using a t-test with 0 1 2H x x and the t-value was calculated using
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. n1 and n2 are the number of observations in the 

two groups. Sp is the pooled standard deviation. A F-test was performed to check whether the standard 

deviations were statistically different. 

4.5 Oxygen consumption measurements 

Oxygen consumption rates were measured using a Neofox fiber optic oxygen sensor (Ocean optics). 

Synchronized D1 adult worms were kept on 50μM of 5’-Fluoro-2’-deoxyuridine (FUdR, 46875 Fluka) and 

exposed to 100μM of drugs mixed in the NGM medium for 72h, washed three times with S-basal to remove any 

bacteria and pelleted. 100μL of worm pellet (~1mg protein) was suspended in 1mL O2 saturated S-basal in an 

oxygraph chamber and oxygen concentration was measured for a minimum of 10 minutes. The slope of the 

straight portion of the plot was used do derive the oxygen consumption rate. Worms were recovered after 

respiration measurements and collected for protein quantification using the Lowry method. Rates were 

normalized to protein content as previously described 230. A minimum of four biological replicates per condition 

was analysed. 

4.6 Quinone extraction & redox state measurements 

Approximately 4000 wild type worms were cultured on NGM plates seeded with menA- E. coli until young adult 

stage. MenA is an essential protein in the menaquinone biosynthesis of E. coli. menA- was used because 

menaquinone-8 interferes with the UQ9 HPLC signal 231. Young adult worms were transferred to NGM control 

plates or plates containing 100μM drug and cultured for 72 hours. Worms were transferred daily to fresh plates 

after washing with M9 buffer and filtered through a Nitex μM filter (03-31/24, Sefar AG Filtration Solutions, 

Heiden, Switzerland) to rid culture of larvae and eggs. After 72h of culture worms were washed from plates 

with ice-cold M9 buffer, filtered and collected in 8mL ice-cold MeOH/PCa (60:1). 1mL of worm suspension was 

separated and used for Lowry protein measurements (1mg protein). Quinones were extracted from the 

remaining worm suspension by pottering on ice with the Potter S (Satorius, type: 8533024; 20x at 

1000revs/min) to ensure complete lysis of cells whilst flushing the potter tube with N2. Next 6mL of analytical 

grade petroleum ether (40-60oC) was rapidly added to the suspension and vortexed for 1 minute. After the 

mixture was centrifuged (1 minute, 3000rpm) the upper petroleum ether phase was removed, transferred to a 

test tube and evaporated to dryness under a flow of nitrogen. Another 6mL of petroleum ether was added to 

the remaining suspension, whereafter extraction was repeated. After evaporation to dryness extracts were 

stored for maximally 9 days under nitrogen at -20oC before being analysed. 

Immediately before use, the extracts of UQ/ubiquinol were resuspended with a glass rod in 60μl ethanol and 

analysed by HPLC, using a Pharmacia LKB gradient pump 2249 system. The instrument was equipped with a 

fluorescence detector (Agilent 1260 infinity FLD) and a reverse-phase Lichrosorb (Chrompack) 10 RP 18 column 
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(4.6-mm i.d., 250-mm length) at 50oC. The column was equilibrated with pure methanol which was also used as 

the mobile phase. The flow rate was set at 2 ml min−1. Detection of the quinones was performed at 290/248 

nm and peaks were identified by UV/Vis spectral analysis at 12 and 20 minutes for UQ9-H2 and UQ9 

respectively. Methanol, ethanol and petroleum ether were of analytical grade (Sigma). The redox state of the 

UQ9 pool is presented as percentage reduced (i.e. UQ9-H2) of the total UQ9 pool. A minimum of three biological 

replicates per condition was analysed. A one-sided student’s t-test assuming unequal variance was used to 

assess significance. 

4.7 Image acquisition and analysis of mitochondrial morphology 

Mitochondrial morphology in body wall muscle cells was visualized in transgenic glo-1(zu391) animals using 

mito::GFP expressed from the myo-3 promoter making it ideal for the analysis of mitochondrial morphology 

(Appendix). Synchronized worms were allowed to develop until L4, after which they were transferred to plates 

with drugs added to the NGM. 24h later at least 10 individual worms were imaged using the Nikon A1 confocal 

microscope, with a Plan Apo 60x WI objective with a numerical aperture of 1.27, a 488nm argon laser, a pixel 

size of 0,2μM and NIS-Elements AR v4.1004 (Build 854) software. Image processing was performed in ImageJ 

freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/, 1997–2012). Mitochondria were segmented by means of a custom-designed image-

processing pipeline (available at www.limid.ugent.be/downloads). First, uninformative slices or slices with 

reflections were removed from the image stacks, using an image quality criterion that only retains slices with a 

covariance >1. The triaged stacks were then projected according to the maximum pixel intensity and pre-

processed by background subtraction (rolling ball radius 15) and local contrast enhancement (block size 15) 

after which objects were enhanced by means of a multi-scale Laplacian operator 232. Subsequently, the image 

was binarized according to a Yen auto-thresholding procedure and the resulting mask was used for analyzing 

shape and intensity metrics of objects larger than a predefined size (>12 pixels) on the original image. In 

addition, global texture metrics were measured on the original image using the GLCM texture plugin (by Julio 

Cabrera).  

For unsupervised clustering and heatmap generation, a subset of mitochondria- and image-specific descriptors 

was retained. Of the segmented mitochondria, average values were calculated for Mean (average grey value), 

Area (average projected area), AR (aspect ratio of the fitted ellipse, i.e. major axis/minor axis), Feret (longest 

internal distance), Solidity (area/convex area), Circularity (4*pi*area/perimeter2) and Roundness 

((4*area)/(pi*major axis2)). Of the texture parameters, the following metrics were calculated as averages from 

a horizontal and a vertical gray-level co-occurrence matrix (GLCM), both with one pixel offset.: 

Entropy(
1

, 0
ln

N

ij ij
i j
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, 0
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reflecting values of row i and column j in the GLCM. 
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4.8 Statistical Analysis 

Statistical analyses were performed in Microsoft excel 2010, Matlab 2010a (Mathworks, Eindhoven, The 

Netherlands) or R freeware. Individual parameters (shape and texture descriptors) were statistically compared 

between conditions, by means of pairwise student’s t-tests or, in case of non-normal distributions, Wilcoxon 

rank sum tests. Results were summarized in boxplots. K-means cluster analysis was performed on the 

standardized dataset (z-scores), using Euclidean distance as distance metric and the average value as linkage 

value for the dendrograms. The results were represented in a two-dimensional clustergram. 
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5. Supporting Information 
Table S1. Ct values of QPCR used to quantify the nDNA in NRTI exposed worms. Results show no significant differences between ct values. 

When absolute values are calculated using the determined regression line formula , results are comparable to 

previously described results 233. Significance was determined using a two-sided students t-test assuming equal variance on the obtained ct 

values of at least five independent replicates. 

 

 

 

Methods: Nuclear DNA (nDNA) copy numbers were quantified using real time PCR. Primers specific for the actin gene are previously 

described and were used for the determination of nDNA copy number. CeAct-1 Forward primer: 5’-TGCGACATTGATATCCGTAAGG-3’. 

CeAct1 reverse primer: 5’- GGTGGTTCCTCCGGAAAGAA -3’. PCRs were performed using the Taqman® universal cycling conditions. Amplified 

products were detected using the SYBR® Green PCR Master Mix (Applied Biosystems). Primer concentration in each reaction was 300nM. 

Fluorescent signal intensities were determined using the 7300 Real-Time PCR System (Applied Biosystems) with software SDS (version 

1.9.1) To measure the mtDNA copy numbers, Ct values were determined using the linear exponential phase from a standard curve 

generated by using plasmid containing cloned target sequence (Act-1) into the pUC19 plasmid. Absolute values were determined by 7 

tenfold dilutions of plasmid DNA with known concentrations. Quantitative PCR was performed at least four times and the results were 

reproducible. Primers were tested for specificity using a SYBR® green assay and melting curve analysis. 

Table S2. NRTI MIC values in μM for B. subtilis 168, E. coli LMC500 and E. coli OP50. Only AZT inhibits E. coli growth at concentrations 

used in this study. The growth inhibitory effect of AZT has no visible influence on nematode physiology and drug properties remain 

consistent when administered with UV deactivated E. coli, as measured by mtDNA copy number (S3 Table). 

 B. subt. 168 E. coli LMC500 E. coli OP50 
FLT ≥ 600 67 600 
AZT ≥ 600 ≤ 2,5 ≤ 2,5 
d4T ≥ 600 200 ≥ 600 
ddI ≥ 600 67 200 
ddC nd nd ≥ 600 

 

Methods: NRTI susceptibility testing was performed using Bacillus subtilis 168, Escherichia coli LMC500 and Escherichia coli OP50 strain 

cultures. Cultures in exponential phase were diluted to an OD of 0.0001 in LB medium and cultured overnight (~14h) at 37ᵒC whilst exposed 

to a 1:4 serial dilution of NRTIs. A minimum of 6 replicates were tested. DMSO concentrations of up to 2% had no effect on lag time or 

growth speed (data not shown). nd: not done. 

Table S3. UV inactivated E. coli does not alter the effect of AZT on mtDNA copy number. Ct values obtained for mtDNA quantification in C. 

elegans exposed to AZT and fed on UV-killed E. coli. Results show no significant differences between ct values. Significance was determined 

using a two-sided students t-test assuming equal variance on the obtained ct values. 

 

 Ct value Stdev P-value 
Control 23.67 0.18 - 
200μM AZT 23.04 0.57 ns 
200μM AZT (UV treated) 22.78 0.43 ns 

 

 

 Ct value Stdev P-value 
Control 30.36 1.42 - 
100μM AZT 30.91 2.14 ns 
100μM FLT 29.81 1.14 ns 
100μM d4T 30.62 1.22 ns 
100μM ddI 29.66 1.20 ns 
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HIV-1 Nucleoside Reverse Transcription Inhibitors inhibit mitochondrial 

respiratory chain function and induce a mitohormesis-like prolonged 

longevity in C. elegans 
Reuben L. Smith1, Josephine M. E. Tan1, Rubén T. Muñumer2, Thomas Buissink1, Steve Veldhuijzen1, Marina 

Manuele1, Stanley Brul1, Hans. van der Spek1 

1 Molecular Biology & Microbial Food Safety, Swammerdam Institute for Life Sciences (SILS), Faculty of Science 

(FNWI), University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands 
2 Department of Biology, University of Eastern Finland, Yliopistokatu 7, 80130 Joensuu, Finland 

Abstract 

Highly Active Anti-Retroviral Therapy (HAART) has significantly increased the life expectancy of the HIV-positive 

population. Nonetheless, HIV-1 patients show signs of premature and accelerated ageing that may be caused 

by adverse effects of antiretroviral drugs, specifically those that affect the mitochondria. The Nucleoside 

Reverse Transcriptase Inhibitor (NRTI) antiretroviral drug class for instance, is known to cause depletion of 

mitochondrial DNA via inhibition of the mitochondrial specific DNA polymerase- . Moreover, NRTI treatment 

has been directly related to an amplified production of reactive oxygen species (ROS) and the increased risk of 

detrimental diseases. NRTI induced premature and accelerated ageing, however, has rarely been addressed in 

the literature. We therefore set out to discover if NRTIs induce premature and accelerated ageing using 

Caenorhabditis elegans as a model system. With the aid of molecular-biological and functional assays, 

combined with longevity and fitness analyses, we show that NRTIs cause mitochondrial dysfunction and induce 

mitohormetic like phenomena such as lifespan extension. Direct inhibition of mitochondrial respiratory chain 

function and increased ROS production are the likely cause of these events. Additionally, we demonstrate that 

the extent of NRTI induced mitochondrial dysfunction is dependent on the nucleoside analogue type, and NRTI 

induced toxicity and lifespan extension can be attenuated by antioxidants. 

1. Introduction 

1.1 Premature and accelerated ageing of HIV-patients 

Although antiretroviral medication has enabled HIV-1 infected patients to live without the onset of AIDS, 

patients receiving antiretrovirals are estimated to live 10-30 years less than the uninfected 126. Additionally, co- 

and multi-morbidities which normally occur later on in life, such as diabetes, osteoporosis, and cardiovascular 

disease, are found to be increasingly more common amongst the HIV-1 infected population 127,128. These 

observations led to the theory that the HIV-1 infected age more rapidly, a phenomenon more commonly 

known as premature and accelerated ageing. One explanation for these observed changes is an accelerated 

ageing process of the immune system, more commonly known as immunosenescence. Immunosenescence is 

characterized by continuous HIV-1 induced immune provocation and systemic low-grade inflammation, which 

predisposes patients to comorbidities and natural ageing symptoms more frequently seen in the elderly 137,138. 
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However, as antiretrovirals are so successful in inhibiting viral replication to below even detectable limits, it is 

more likely that these ageing symptoms can be attributed to the side effects of antiretroviral medication 2. 

1.2 Antiretroviral drug induced mitochondrial toxicity 

Mitochondrial dysfunction caused by the antiretroviral therapy class of nucleoside reverse transcription 

inhibitors (NRTIs) has been extensively studied and a central mechanism underlying their toxic effects, known 

as the polymerase-  theory, was proposed as early as 1995 30. In short, NRTIs mimic endogenous 

deoxyribonucleotides and are incorporated into the HIV-1 DNA by the viral reverse transcriptase. As NRTIs lack 

the 3’-OH group needed for reverse transcription, chain elongation is terminated and viral replication is 

suppressed. However, due to the fact that NRTIs also have affinity for the mitochondrial DNA (mtDNA) 

polymerase- , mtDNA replication and repair are likewise perturbed, resulting in lower mtDNA copy numbers 

and/or truncated mtDNA 45. This results in a disruption of mtDNA encoded mitochondrial respiratory chain 

(MRC) subunits, MRC malfunction, and consequent mitochondrial failure. Indeed, diminished oxygen 

consumption, reduced membrane potential, increased lactate/pyruvate ratios and altered mitochondrial 

morphology have all been witnessed in mitochondria from chronically treated HIV-1 patients, mice, 

nematodes, and cell-lines receiving NRTIs 2,52,53. 

1.3 NRTIs increase mitochondrial oxidative stress 

Mitochondria are essential organelles and an accumulation of mtDNA mutations, over-production of 

mitochondrial ROS and a decrease in mitochondrial energy metabolism can accelerate cellular deterioration 152. 

ROS is a major contributor in this process as has been described in the free radical theory of ageing 234,235. The 

pivotal role of ROS in ageing is additionally supported by the evidence that ROS can further worsen 

mitochondrial function by causing oxidative damage to lipids, MRC proteins and mtDNA, leading to a 

continuous amplification in ROS production; a concept known as the vicious cycle of ROS production 91,92. 

Additionally, the mitochondrial DNA polymerase-  is very sensitive to oxidative damage and modification of its 

amino acid residues by oxidation causes a decrease in mtDNA-binding ability and polymerase activity 93. While 

the damaging capacities of ROS are indisputable, more recent data shows that ROS are also important 

signalling molecules that regulate fundamental cellular processes such as apoptosis, mitophagy and autophagy, 

immune responses, and adaptation to hypoxia, starvation and stress 38,161,236. A disruption in cellular redox 

balance by antiretroviral drugs may thus cause the onset and exacerbation of many detrimental conditions. 

Antiretroviral medication has frequently been associated with severe adverse events and the initiation or 

exacerbation of degenerative processes, diseases and syndromes. Many of these detrimental processes have 

been linked to NRTI induced mitochondrial dysfunction and specifically to the incurrence of oxidative stress 
86,87. For example, cardio-vascular disease, central nervous system disorders, inflammation, and metabolic and 

lipodystrophy syndromes have all been found to be related to ROS caused by antiretroviral treatment 39. HIV-1 

patients treated with antiretroviral therapy have been shown to have significantly higher serum oxidant levels 

compared to therapy naive HIV-1 patients and uninfected controls. Underscoring the effect of antiretroviral 

therapy on oxidative stress, patients who strictly adhere to therapy guidelines have an increased oxidant levels 
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and lower antioxidant levels compared to those who do not closely follow therapy 90. Taken together; NRTI 

induced mitochondrial toxicity and the increased generation of ROS are very likely to be the driving force 

behind the premature and accelerated ageing of HIV-1 treated patients 2. 

1.4 Aim of this study 

In this study, we use Caenorhabditis elegans as a model system to study the mechanisms and timing of 

antiretroviral therapy induced mitochondrial toxicity and its role in premature and accelerated ageing. C. 

elegans has several advantages over other model systems as it is highly malleable and has frequently been 

used for the elucidation of molecular pathways implicated in many human diseases, including those of 

mitochondria and ageing 210,211. Not only is C. elegans a very practical system, we have previously verified C. 

elegans as a suitable model system to study antiretroviral induced mitochondrial dysfunction 52. Due to its 

relatively short average lifespan of 2-3 weeks for wild-type animals, the effects of different treatments on 

mitochondrial function, health- and lifespan, can rapidly be assessed. 

The initiation of mitochondrial dysfunction by NRTIs has predominantly been studied after chronic drug 

exposure, wherein the chronology of events as proposed in the polymerase-  theory have time to take place 

and many adverse events can consequently develop. The short-term effects of these drugs, however, are not 

often discussed in the literature. Furthering the knowledge on the initial effects of NRTIs on mitochondria could 

give valuable insights to explain the long-term detrimental effects of antiretroviral medicines. Short term 

mitochondrial dysfunction and ROS signalling can prompt the mitochondria into activating various stress 

responses which result in long term changes in mitochondrial function 38,237. Moreover, these insights could 

lead to possible drug targets in order to alleviate adverse events. 

2. Results  

Antiretroviral induced mitochondrial toxicity and specifically an over-production of ROS has been proposed to 

drive premature and accelerated ageing phenotypes in HIV-1 treated patients, yet this theory has yet to be 

verified. We therefore set out to assess the influence of NRTIs on C. elegans health span and lifespan. For this 

study first-generation NRTIs (Table 1) were selectively chosen as these drugs are known to be toxic to 

mitochondria, have been frequently studied in relation to antiretroviral medication induced adverse events, 

and most are currently still prescribed 19. 

Table 1. First generation NRTIs used in this study. The approval date indicates FDA approval date 6. ٭ FLT trials were stalled in phase II due 

to potential side effects relating to bone marrow toxicity. However, FLT has shown to be very effective in supressing NRTI-resistant HIV-1 

mutants and trials have been resumed 22. 

 

Antiretroviral drug class Drug name Other names/Abbreviations Approval date 

Nucleoside Reverse Transcriptase Inhibitor 
(NRTI) 

Alovudine FLT; 3’-deoxy-3’-fluorothymidine ٭ 
Didanosine ddI; 2’,3’-dideoxyinosine  1991 
Stavudine d4T; 2’,3’-didehydro-2’,3’-deoxythymidine 1994 
Zalcitabine ddC; 2’,3’-dideoxycytidine  1992 
Zidovudine AZT; 3’-azido-3’-deoxythymidine 1987 
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2.1 Selected NRTIs show lifespan extending effects  

Firstly we investigated if NRTI induced mitochondrial toxicity is dependent on a concentration threshold. We 

selected AZT as a bench mark for NRTI induced mitochondrial toxicity, as our previous research showed AZT to 

interrupt the function of many mitochondrial processes 52. Contrary to our expectations that AZT would 

decrease lifespan, 200μM AZT caused significant lifespan extension in C. elegans (Figure 1). An increase in AZT 

concentration above 200μM steadily decreased life span in L4 animals, indicating that NRTIs cause a biphasic 

dose response, a phenomenon more commonly known as hormesis 238. 

 

Figure 1. AZT portrays a biphasic dose response in C. elegans. 

Increasing the concentration of AZT above a threshold of 

approximately 200μM reversed the life extension seen with 

200μM. Animals were exposed from the L4 larval stage at 

20oC. Asterisks indicate significance as calculated with the 

Mantel-Cox test compared to the control: * = P<0.05, ** = 

P<0.01, *** = P<0.001, n.s. = not significant. 

 

 

Previous research with other compounds in nematodes has shown that the extent to which lifespan is 

increased depends on the age at which the animals are exposed 239,240. NRTI exposure of N2 animals from the 

L1 larval stage significantly extended both mean and maximal lifespan (Table 2A). As has been demonstrated 

before 241, paraquat, a verified compound frequently used to induce ROS production, extended mean lifespan 

of nematodes exposed from the larval L1 stage (Table 2A). Exposure of L4 animals to selected thymidine 

analogue NRTIs also caused significant mean and maximal lifespan extension. A relevant dimethyl sulfoxide 

(DMSO) concentration of 0.067% has no obvious effect on mean or maximal lifespan, although a Mantel-Cox 

test and Gehan-Breslow-Wilcoxon test showed them to be significantly different compared to the control, 

probably because of the large variation between experiments. A previous report also showed that 0.1% DMSO 

had no effect on lifespan 242. With the exception of AZT, which showed minor yet significant lifespan extension, 

nematodes exposed to NRTIs from day 1 of adulthood showed no significant lifespan changes (Table 2C). When 

exposure was initiated after the reproductive period at day 8 of adulthood; AZT, ddC and ddI showed minor yet 

significant lifespan extension (Table 2D). 

Due to its rapid generation time, C. elegans is able to transmit maternal factors, such as mRNA, to its offspring 

which can affect viability of adult offspring, a so-called ‘maternal effect’ 243. To assess if maternal effects might 

influence the lifespan of offspring administered NRTIs, we continued to expose the progeny of nematodes that 

were treated from L4 onwards. NRTIs from each nucleoside analogue type (inosine, ddI; cytidine, ddC; and 

thymidine, FLT), showed significant lifespan extension. The increase in mean lifespan was not different to that 

shown by animals treated from L1, indicating that maternal factors likely do not influence lifespan outcome 

during NRTI treatment (Supporting Information, Figure 1 & Table 1). 
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Table 2. NRTIs caused average lifespan extension. Lifespan extension is dependent on the timing of exposure: A, exposure from larval L1; 

B, exposure from larval L4; C, exposure from adult day 1 (D1); D, exposure from adult day 8 (D8). NRTI concentration = 200μM. All animals 

are N2 at 20oC, mean and maximum refer to the amount of days after L1 (A), and L4 (B, C & D). Statistics of NRTIs at L4 were conducted 

compared their respective DMSO control (AZT, d4T, ddI, & FLT = 0.067%; ddC = 0.2%). All other statistics are compared to controls. SEM = 

standard error of the mean. 

 

 Exposure N (total) Mean  
± SEM 

Maximum  
± SEM 

P-value 
(Mantel-
Cox test) 

P-value (Gehan-
Breslow-

Wilcoxon test) 

A (L1) 

Control 183 17.0 (±1.0) 31.0 (±4.2)   
100μM Paraquat 46 21.0 (±0.0) 31.0 (±0.0) 0.0131 <0.0001 
AZT 249 24.0 (±2.1) 36.7 (±2.9) <0.0001 <0.0001 
d4T 210 22.0 (±1.0) 36.0 (±2.5) <0.0001 <0.0001 
ddC 195 20.5 (±2.5) 33.0 (±6.0) 0.0004 0.0330 
ddI 508 20.3 (±2.4) 35.3 (±2.8) <0.0001 <0.0001 
FLT 391 23.8 (±2.3) 38.8 (±3.7) <0.0001 <0.0001 

B (L4) 

Control 680 18.0 (±1.1) 27.8 (±1.8)   
0.067% DMSO 98 18.0 (±4.0) 24.3 (±3.3) <0.0001 <0.0001 
AZT 164 24.5 (±2.5) 32.5 (±0.5) <0.0001 <0.0001 
d4T 176 23.3 (±0.7) 31.7 (±1.6) <0.0001 <0.0001 
FLT 175 19.8 (±2.5) 28.0 (±1.7) <0.0001 <0.0001 

C (D1) 

Control 259 14.0 (±0.0) 25.0 (±1.0)   
AZT 142 16.0 (±0.0) 25.0 (±0.0) <0.0001 0.0001 
d4T 578 14.4 (±0.6) 22.7 (±1.1) 0.1548 0.0735 
ddC 689 14.7 (±0.5) 26.3 (±1.4) 0.9210 0.2639 
ddI 591 15.1 (±0.4) 25.3 (±1.4) 0.1669 0.6276 
FLT 737 15.1 (±0.4) 25.1 (±1.2) 0.0684 0.1079 

D (D8) 

Control 296 16.0 (±0.0) 26.3 (±1.8)   
AZT 368 18.5 (±2.0) 28.3 (±0.7) 0.0022 0.0098 
d4T 372 17.0 (±0.0) 27.7 (±0.7) 0.8637 0.4738 
ddC 357 17.0 (±0.0) 27.7 (±0.7) 0.0345 0.0115 
ddI 422 17.0 (±0.0) 29.0 (±0.0) 0.0315 0.0158 
FLT 432 17.0 (±0.0) 27.0 (±2.0) 0.7712 0.4465 

 
2.2 NRTIs can decrease fitness and body size 

Besides lifespan, fitness is an important determinant of ageing and can be easily measured in C. elegans 244. 

Fitness was assessed by thrashing assays after 24, 48, and 72hrs of NRTI exposure to L4 nematodes (Table 3). 

AZT and FLT decreased the thrashing rate at all the time points. d4T decreased thrashing rate at 24h but not at 

later time points, whereas ddI showed opposite effects to d4T. ddC only significantly decreased thrashing rate 

after 48h exposure. 100μM paraquat also significantly decreased thrashing rates at 24 and 48hrs, yet showed 

increased thrashing rates at 72hrs. 

Increased lifespan of nematodes is often associated with trade-offs in fitness and body size 240. We therefore 

investigated if besides fitness, the body length of nematodes exposed to NRTIs is also reduced. Body length was 

measured after 48hrs exposure of L1, and 96h exposure of L4 animals (Table 4). With the exception of ddI and 

FLT, all NRTIs slightly yet significantly reduced body length when exposed to L1 or L4 animals. ddI showed no 

change, whereas FLT increased body length when exposed to L1 animals and decreased body length when 

exposed to L4 animals. 
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Table 3. NRTIs reduced fitness as measured by number of thrashes per worm per minute. NRTI concentration = 200μM. Statistics were 

calculated by two sided student’s t-test assuming unequal variance, compared to control of that same time point. Control 48h vs Control 

24h, Control 72h vs Control 48h. * = P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not significant. 

 Control AZT d4T ddC ddI FLT 100μM PQ 

24h 134.7 (±13.8) 113.9 (±21.7)  
*** 

118.6 (±14.6)  
*** 

129.8 (±15.0)  
n.s. 

129.8 (±14.7)  
n.s. 

119.5 (±13.9)  
*** 

122.5 (±16.2) 
** 

48h 125.9 (±15.0)  
*** 

106.9 (±18.3)  
*** 

123.7 (±17.9)  
n.s. 

97.5 (±22.3)  
*** 

116 (±15.8)  
** 

103.7 (±15.5)  
*** 

109.5 (±11.6) 
*** 

72h 111.8 (±13.1)  
*** 

95.6 (±11.5)  
* 

109.3 (±12.1)  
n.s. 

107.4 (±17.8)  
n.s. 

102.3 (±20.2)  
* 

89.2 (±108.1)  
*** 

119.6 (±11.8) 
*** 

 

Table 4. NRTIs reduced nematode body length. Relative body length was measured after 48hrs NRTI exposure of L1 and 96h exposure of 

L4 animals. NRTI concentration = 200μM. Statistics were calculated with a two-way ANOVA with replication, compared to controls. *** = 

P<0.001. 

 Control AZT d4T ddC ddI FLT 
L1 100 (±13) 87 (±13) *** 92 (±9) *** 87 (±12) *** 100 (±16) 106 (±12) *** 
L4 100 (±11) 95 (±16) *** 93 (±16) *** 95 (±11) *** 102 (±15) 95 (±11) *** 

 

In C. elegans, caloric restriction during development or adulthood can cause lifespan extension by increasing 

mitochondrial activity and prompting the expression of genes involved in stress resistance and longevity 245. To 

test if the changes in lifespan traits we observed were caused by caloric restriction due to a reduced food 

intake (reduced pharyngeal pumping) we exposed nematodes from the L4 larval stage and counted pharyngeal 

pumping rates at 2, 6, 24, and 48h (Figure 2). No significant change in pumping rate was seen at time points 2, 

6, and 24h. After 48h exposure, however, pharyngeal pumping rates were significantly higher than controls. 

Taken together, these results strongly suggest that the observed extension in lifespan is likely not caused by 

caloric restriction. 

 
 

Figure 2. NRTIs did not cause lifespan extension through caloric restriction. A: 2h post exposure, B: 6h post exposure, C: 24h post 

exposure, and D: 48h post exposure. After 48h exposure, pharyngeal pumping rate per minute (ppm) was significantly higher than controls 

for all NRTIs. Significance was determined using a two-tailed student’s t-test assuming unequal variance. * = P<0.05, *** = P<0.001. NRTI 

concentration = 200μM. 
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2.3 Does MRC dysfunction by NRTIs induce changes in life-history traits? 

Although the NRTI induced alterations in life-history traits are not consistent for all the nucleoside analogues, 

an increase in lifespan and a decrease in fitness points towards adaptive responses which are also seen in C. 

elegans mitochondrial (mit) mutants that have a dysfunctional MRC 246. Previously we demonstrated that 

nematodes chronically exposed to NRTIs have perturbed mitochondrial morphology, decreased respiration, 

and alterations in mtDNA copy number, verifying that NRTIs are toxic to mitochondria in C. elegans 52. 

Moreover, the polymerase-  theory of NRTI induced mitochondrial dysfunction supports our reasoning that 

MRC function is likely perturbed 47 and could therefore be a reason for the observed changes in life history 

traits. 

MtDNA quantity can be used as a measure for the severity of NRTI induced mitochondrial dysfunction and the 

prediction of adverse events 146. To assess if the changes in life-history traits caused by chronic exposure to 

NRTIs coincides with the amount of mtDNA copies, we performed a quantitative PCR after 72h exposure of L4 

animals to 200μM NRTIs (Figure 3A). MtDNA copy number only decreased with FLT, whereas d4T, ddC and ddI 

showed elevated copy numbers. AZT showed no significant change. Interestingly, 100μM and 500μM paraquat 

also caused mtDNA copy numbers to increase (Figure 3A). These results suggest that ROS may have a role in 

NRTI induced longevity. For FLT, however, a decrease in mtDNA copy number suggests that polymerase-  

inhibition, mtDNA depletion, and consequent MRC dysfunction, trigger the observed changes in life-history 

traits. Interestingly, we also observed that worms exposed to FLT showed approximately thirty times more 

gonad protrusions during their lifespan than 0.067% DMSO controls (data not shown). In support of this 

observation and the idea that FLT prominently inhibits polymerase- , Bratic et al. demonstrated that polg-1 

knock-outs suffered from increased gonad protrusion 61. 

 
Figure 3. Chronic NRTI exposure induced changes in mtDNA copy number but not GST-4 expression. A: Compared to control nematodes, 

after 72h exposure, FLT is the only NRTI that reduced mtDNA copy number. d4T, ddC & ddI enhanced mtDNA copy numbers, whereas AZT 

showed no significant change. 100μM and 500μM paraquat also increased mtDNA copy number. Error bars show the 95% C.I. (df = 51). B: 

Relative gst-4 expression levels were higher for AZT and ddI after 24h exposure. Significance was determined using a two-tailed student’s t-

test assuming unequal variance. * = P-value <0.05, ** = P-value <0.01, compared to control animals. NRTI concentration = 200μM. 
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2.4 Mitohormetic effects of NRTIs 

Besides increased lifespan and a decrease in fitness and body length, most mit mutants show an increase in 

mitochondrial ROS levels 246. Increased mitochondrial ROS has been found to trigger adaptive responses; 

culminating in stress resistance and increased longevity in a process known as mitohormesis 247. We therefore 

investigated whether the NRTI induced alterations in life-traits were due to a mitohormetic like response by 

assessing the ability of NRTI exposed animals to survive paraquat survival assays (Figure 4A&B). We reasoned 

that if the lifespan extension observed with NRTIs is caused by an increase in ROS production and consecutive 

upregulation of protective mechanisms, pre-exposure to the NRTIs should cause increased resistance to 

paraquat stress.  

Exposure of NRTI pre-treated nematodes to 4mM paraquat for 24h resulted in increased stress resistance for 

FLT and ddI. AZT and d4T showed increased sensitivity, and ddC showed no change compared to control 

animals (Figure 4A). To explore if the resistance to paraquat stress could be increased by extending the pre-

exposure time, which in theory should result in greater mitochondrial dysfunction and ROS production, we 

continuously exposed L4 nematodes to NRTIs and let them produce progeny. We then continued to expose 

these progeny to NRTIs until they reached L4, whereafter we transferred them to paraquat stress plates. ddC, 

ddI and FLT showed increased survival compared to control animals, whereas AZT and d4T showed no change 

(Figure 4B). In summary, the ability of ddC, ddI, and in particular FLT to protect against paraquat stress suggests 

that they increase resistance to stress by inducing a mitohormetic response. 

 

Figure 4. 200μM NRTIs induced stress protective responses. A: 4mM paraquat (PQ) survival assay of L1 to L4 NRTI exposed animals. FLT 

clearly increased resistance and AZT decreased resistance to paraquat. B: An increase in NRTI exposure time (L1 to L4 NRTI exposed 

progeny from 24h NRTI exposed adult animals) increased resistance to paraquat for all NRTIs. Statistics in panel A were calculated using 

mean survival times with the Mantel-Cox test compared to control animals. Statistics in panel B were calculated by two sided student’s t-

test assuming unequal variance, compared to the control of that same time point (72h of PQ exposure). * = P<0.05, **= P<0.01, *** = 

P<0.001. 

2.5 Do NRTIs induce mitohormesis by increasing ROS levels? 

Mitohormetic responses are predominantly induced by an increase in ROS production 247 and NRTI toxicity has 

also been related to an excess production of ROS 87. We therefore set out to measure ROS production caused 

by NRTI exposure. The nematode specific glutathione S-transferase 4 (GST-4) has been shown to be directly 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  NRTIs induce a mitohormesis-like response 

59 
 

involved in resistance to oxidative stress 248, and gst-4 expression has been verified as a robust activity-reporter 

of the redox sensitive transcription factor SKN-1 which can regulate longevity 246. After 24h exposure to NRTIs, 

only AZT and ddI showed slight yet significant upregulation of gst-4 expression (Figure 3B). We therefore 

surmised that a possible mitohormetic response caused by exposure to NRTIs must take place earlier than 24h. 

In support of this notion, NRTIs have been shown to induce peak levels of mitochondrially derived ROS in 

human umbilical vein endothelial cells within 8h exposure, which returns to levels similar to the control at 24h 
249. 

2.6 Short term antiretroviral exposure leads to changes in mtDNA copy number 

To see if NRTIs affect mitochondrial function within a short time frame, mtDNA copy number was quantified 

after 1h exposure to NRTIs. As expected 61, we observed that during nematode development from the larval L4 

stage into young-adulthood, the mtDNA number increased sharply from approximately 200.000 copies to 

300.000 within 1h (Figure 5A). In comparison to their respective 1h DMSO control, AZT and d4T amplified this 

increase, whereas FLT decreased mtDNA copy numbers below even that of control animals at 0h. ddC and ddI 

showed no effect. Interestingly, paraquat showed a dose dependent decline in mtDNA copy number compared 

to control animals at 1h (Figure 5B). 

 

Figure 5. mtDNA copy number was altered upon exposure to NRTIs and paraquat. A: 200μM NRTIs and B: paraquat induced changes in 

mtDNA copy number compared to their respective controls after 1h exposure: 0.067% DMSO for AZT, d4T, ddI & FLT; 0.2% DMSO for ddC; 

and control for paraquat. mtDNA copy number increases during nematode development and therefore rose after 1h (control 0h vs control 

1h). FLT & paraquat inhibited normal mtDNA copy number increase. AZT & d4T enhanced mtDNA replication resulting in higher mtDNA 

copy numbers. 0.2% DMSO reduced mtDNA copy number. Error bars show the 95% C.I. (51df). Significance was determined using a two-

tailed student’s t-test assuming unequal variance. NRTIs and paraquat were compared to control animals at 1h. ** = P-value <0.01, *** = P-

value <0.001.  

Tracking these changes during 6h continuous exposure, mtDNA copy numbers appear to fluctuate, with a 

significant decrease for almost all NRTIs at 3h, and a rise, or even a small overshoot for some, at 5h and 6h 

(Table 5). Continued exposure to AZT, d4T, ddC, ddI, and paraquat, showed that over time mtDNA copy 

numbers gradually approach values comparable to the control. MtDNA copy numbers for FLT, however, 

remained suppressed. 
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Table 5. mtDNA copy numbers fluctuated and eventually became normalized during continued short-term exposure. Relative quantities 

(%) of mtDNA compared to control animals. Numbers between parentheses indicate 95% confidence intervals (51df). Significance was 

determined using a two-tailed student’s t-test assuming unequal variance compared to control animals. * = P-value <0.05, ** = P-value 

<0.01, *** = P-value <0.001. 

 

 2h (-/+) 3h (-/+) 4h (-/+) 5h (-/+) 6h (-/+) 
Control 100 (21/27) 100 (21/27) 100 (21/27) 100 (21/27) 100 (21/27) 
AZT 78 (17/21) 76 (16/21) 76 (16/21) * 106 (23/29) 97 (24/33) 
d4T 81 (17/22) 73 (16/20) * 75 (16/20) * 73 (18/25) 107 (22/27) 
ddC 79 (17/22) 68 (15/19) ** 74 (14/17) * 131 (28/36) 132 (33/44) 
ddI 76 (16/21) * 76 (16/21) * 82 (18/23) 83 (21/28) 111 (24/30) 
FLT 25 (16/20) * 55 (12/15) *** 70 (15/19) * 94 (20/26) 59 (13/16) *** 
100μM PQ 85 (18/23) 73 (16/20) * 94 (20/26) 134 (29/36) * 112 (28/38) 
500μM PQ 90 (19/24) 84 (18/23) 85 (18/23) 103 (22/28) 106 (19/24) 
1mM PQ 82 (18/22) 72 (15/20) * 98 (18/22) 129 (26/32) 100 (25/34) 

 
2.7 NRTIs cause rapid mtDNA replication stalling in HEK293T cells 

We previously proposed that a direct relationship between polymerase-  inhibition and mtDNA copy number is 

unlikely, and that compensatory mechanisms may operate during exposure to NRTIs in an attempt to keep 

mtDNA content at a sufficient level 52. In this way the severity of NRTI induced mtDNA replication stalling may 

be masked. To assess if mtDNA replication stalling is induced at 1, 6, and 48hrs we exposed Human Embryonic 

Kidney 293 (HEK293T) cells to NRTIs and performed two-dimensional neutral/neutral agarose gel-

electrophoresis (2DNAGE). HEK293T cells are frequently used as a reliable system to study mtDNA stalling, and 

ddC exposure to HEK293T cells was previously shown to cause significant mtDNA replication defects 250. 

 

Figure 6. 2DNAGE analysis of mtDNA replication stalling and consequential replication intermediates after 48h NRTI exposure. A: 

Control, B: 0.1% DMSO, C: 100μM AZT, D: 100μM d4T, E: 175μM ddC, F: 100μM ddI, G: 100μM FLT, H: Diagrammatic map of replication 

intermediates: 1. Termination intermediates (yellow arrows), 2. DNA:RNA “y” intermediates (black arrows), 3. DNA:RNA, & 4. “bubble” 

intermediates (green arrows), 5. dsDNA “y” intermediates (white arrows), 6. dsDNA “bubble arcs” (red arrows). 
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Stalled mtDNA replication was evident after 48h exposure to NRTIs (Figure 6). 100μM d4T, ddC and ddI caused 

considerable replication stalling, visible as an increase in DNA:RNA “y” intermediates (black arrows), 

termination intermediates (yellow arrows), and dsDNA “bubble arcs” (red arrows). Additionally, d4T, ddC, ddI, 

and FLT induced dsDNA replication intermediates (white arrows). FLT also caused an increase in dsRNA (red 

arrow), and along with d4T induced a rise in “bubble” intermediates (green arrows). 100μM AZT had little 

effect on mtDNA replication, causing only an increase in termination intermediates (yellow arrow). 175μM AZT 

had a weak stalling effect resulting in dsDNA “y” intermediates or “bubble” intermediates (data not shown). 

Substantial replication stalling by ddC was only evident after using 175μM. 100μM ddC caused a very mild 

stalling effect only culminating in increased DNA:RNA and dsDNA ”y” intermediates (data not shown). The 

control of 0.1% DMSO caused a slight decrease in DNA:RNA “y” intermediates (black arrow). 

Stalled mtDNA replication was also evident after short-term exposure (1h & 6h) of HEK293T cells to NRTIs 

(Figure 7&8). Compared to DMSO at 6h, AZT, d4T, ddC, ddI, and FLT caused an increase in dsDNA “bubble arcs” 

(red arrows). Additionally, AZT and d4T induced dsDNA “y” intermediates (white arrows), and ddC caused 

DNA:RNA “y” intermediates (black arrows). At 1h AZT, d4T, ddC, ddI, and FLT caused an increase in dsDNA 

“bubble arcs” (red arrows), AZT increased termination intermediates (yellow arrow), d4T and FLT caused a 

slight decrease in DNA:RNA “y” intermediates (black arrows), and ddC and FLT slightly increased dsDNA 

replication intermediates (white arrows). At 1h the extent of mtDNA replication stalling appeared slightly 

different than at 6h which may coincide with the gradual normalisation in mtDNA copy number (Table 5). 

Collectively, all tested NRTIs induced a mtDNA stalling phenotype which progressively became more severe; 

where all but AZT showed an accumulation of replication intermediates in the dsDNA “y” intermediates as well 

as the dsDNA “bubble arcs”. 

 

Figure 7. 2DNAGE analysis of mtDNA replication stalling and consequential replication intermediates after 6h NRTI exposure. A: 0.1% 

DMSO, B: 175μM AZT, C: 100μM d4T, D: 175μM ddC, E: 100μM ddI, F: 100μM FLT. DNA:RNA “y” intermediates (black arrows), dsDNA “y” 

intermediates (white arrows), and dsDNA “bubble arcs” (red arrows). 
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Figure 8. 2DNAGE analysis of mtDNA replication stalling and consequential replication intermediates after 1h NRTI exposure. A: 0.1% 

DMSO, B: 175μM AZT, C: 100μM d4T, D: 175μM ddC, E: 100μM ddI, F: 100μM FLT. DNA:RNA “y” intermediates (black arrows), dsDNA “y” 

intermediates (white arrows), and dsDNA “bubble arcs” (red arrows). 

2.8 MRC function is immediately perturbed upon exposure to NRTIs 

As it is unclear what the role of mtDNA number is in causing mitochondrial dysfunction, we measured the 

direct inhibition of MRC function by NRTIs. NRTIs, in particular AZT, have been suggested to directly inhibit the 

mitochondrial respiratory chain complex I, (NADH dehydrogenase), complex II (succinate dehydrogenase), and 

complex V (F1,F0-ATPase) 68–70. Additionally, MRC inhibition has been shown to be a cause of increased ROS 

production 163. To see if NRTIs inhibit MRC function we measured ATP levels and oxygen consumption rates 

(OCR). The turnover of ATP in healthy, active mitochondria is high, which make transient ATP levels a good 

marker for acute mitochondrial dysfunction 251. 

All NRTIs at 200μM caused a significant in vivo ATP depletion of approximately 20% (Figure 9A). In order to 

assess whether ROS has an immediate effect on ATP levels comparable to the drugs, we exposed worms to 

100μM and 500μM of paraquat and H2O2. Similar to antiretroviral drugs, paraquat and H2O2 decreased ATP 

levels, with paraquat having a more severe effect on ATP levels than H2O2 (Figure 9B). Interestingly, a NRTI 

concentration dependent decrease in ATP levels was evident for 100μM and 200μM, yet at 400μM a 

concentration dependent decline was absent. Compared to the control, 400μM AZT even increased ATP levels 

to 146% (Supporting Information, Figure 2). For OCR analysis we selected FLT as it showed the strongest 

decrease in fitness and ATP levels. 200μM FLT caused a significant decrease in OCR (Figure 9C). Taken together, 

these results suggest that exposure to 200μM NRTIs cause immediate MRC dysfunction. 
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Figure 9. MRC function was immediately perturbed upon exposure to NRTIs and pro-oxidants. A: Relative ATP levels (%) were rapidly 

lowered upon exposure to 200μM NRTIs and B: pro-oxidants paraquat (PQ) and hydrogen peroxide (H2O2). ATP levels declined significantly 

within 2.5 minutes of exposure in vivo. ATP statistics were calculated with a two-way ANOVA with replication, compared to the control. 

Oxygen consumption rate (OCR) was reduced within 5 minutes exposure to 200μM FLT (C). OCR statistics were calculated with a two sided 

student’s t-test assuming unequal variance, compared to the control. * = P<0.05, ** = P<0.01, *** = P<0.001. Error bars indicate standard 

error. 

2.9 NRTIs induce a ROS defence response 

ROS levels above and below a defined threshold can induce severe penalties such as altered energy production 

and ultimately diminished fitness 252. To further investigate if the short-term changes in MRC function are 

related to an elevated generation of ROS, we measured expression change of a gst-4 promoter driven GFP 

upon exposure of therapy naïve nematodes to NRTIs. During six hours of continuous exposure, NRTIs 

significantly increased gst-4 expression (Figure 10D-H). gst-4 expression was also rapidly induced upon 

exposure to hydrogen peroxide (H2O2) and the superoxide generating agent paraquat (PQ), in a dose 

dependent manner (Figure 10B&C). Nematodes exposed to FLT and d4T showed the greatest rise in gst-4 

expression. ddC and ddI also increased gst-4 expression significantly. AZT had the least effect on gst-4 

expression and even though a rise in gst-4 expression was evident during AZT treatment, when comparing AZT 

to the relevant DMSO concentration of 0.1% it was not significant (Figure 10A & Supporting Information, Table 

2). DMSO showed no significant change in gst-4 expression over time at relevant concentrations (Figure 10A). 

To quantify the production rate of ROS, therapy naïve worms were simultaneously exposed to NRTIs and the 

ROS indicator dye H2DCFDA. H2DCFDA is sensitive to a variety of ROS, in particular to hydrogen peroxide, yet is 

relatively insensitive to superoxide 253. Due to the relatively long half-life of H2O2 above other ROS 1, H2O2 is 

likely also more easily detected by H2DCFDA. Unexpectedly, the production rate of H2O2 during four hours of 

exposure to NRTIs decreased significantly (Figure 11A). Interestingly, the pro-oxidant paraquat induced similar 

effects (Figure 11B). A reduction of H2O2, measured by H2DCFDA, has been seen before in sod-2 and sod-3 

double mutants and is regarded as a reduction in total ROS flux, coinciding with a decreased metabolism and a 

lower hydrogen peroxide production rate 252. In light of this, the observed decrease in ROS production supports 

our observations that the MRC, which is the main site of endogenous ROS production, is repressed and hence a 

decrease of ROS is seen. The observation that paraquat can also decrease ROS flux indicates that increased ROS 

production at the site of the MRC likely inhibits MRC function 254. 
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Figure 10. Relative gst-4 expression during antiretroviral exposure. A: Relevant DMSO concentrations, 0.1% = AZT, d4T, ddI, and FLT; 0.2% 

= ddC; pro-oxidants in dH2O, B: paraquat and, C: H2O2; NRTIs in M9, D: AZT; E: d4T; F: ddC; G: ddI; and H: FLT. gst-4 promotor expression 

changed relative to control animals. Results depict continuous exposure of therapy naïve animals to 200μM NRTIs during 6 hours. With the 

exception of AZT, all results are statistically significant compared to their relevant DMSO concentration at 6h (Supporting Information, 

Table 2). 

 

Figure 11. Relative average ROS production rate over 4 hours in response to NRTIs and paraquat. A: NRTIs and B: paraquat. ROS levels 

were measured by quantifying the fluorescence reporter dye H2DCFDA in vivo during 4 hours exposure of naïve animals to 200μM NRTIs 

and paraquat. Statistics were calculated by two sided student’s t-test assuming unequal variance, compared to the control. * = P<0.05, ** = 

P<0.01, *** = P<0.001. Error bars indicate standard error. 

 

As proposed by Gruber et al. keeping ROS production, specifically super oxide radicals, within a fixed, tightly 

controlled margin is necessary to ensure proper MRC function 252. We therefore reasoned that exposure to 

NRTIs and paraquat may cause immediate fluctuations in ROS generation and in this way disturb MRC function, 
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causing the observed decreased in electron flux and lowered ATP production. In the first 15 minutes of 

exposure, AZT, ddC, FLT, and 100μM paraquat showed a trend towards a burst of ROS (Figure 12 A,C,E & F). 

After approximately 15 minutes, this initial over-production of ROS declined to levels similar to the controls. 

d4T and ddI surprisingly showed a trend towards a decrease in ROS production (Figure 12 B & D). Interestingly, 

500μM paraquat also showed a trend towards decreased ROS production (Supporting Information, Figure 3). 

The immediate decrease in ROS production observed for d4T, ddI and paraquat, normalised after 

approximately 40 minutes (Supporting Information, Figure 3).  

 

Figure 12. ROS production of therapy naïve animals during 15min drug exposure, relative to control. A: AZT, C: ddC, E: FLT, and F: 100μM 

paraquat (PQ), showed a trend towards an increase in ROS production. B: d4T, and D: ddI, showed a trend of decreased ROS production. 

ROS levels were measured by quantifying the fluorescence reporter dye H2DCFDA in vivo. Error bars indicate standard error. NRTI 

concentration = 200μM. 

2.10 Supplementation of antioxidants attenuates short-term FLT induced ATP and mtDNA 

decrease 

One protective strategy to limit mitochondrial oxidative damage and consequent cellular injury is the use of 

antioxidants (AOXs), preferably those that localize in the mitochondria 255,256. Indeed, this strategy has been 

tested both in vitro 141,257 and in vivo 257–259 for the attenuation of antiretroviral therapy induced oxidative stress 

(for an overview, see Supporting Information, Table 6). After a comprehensive literature search for AOXs used 

for the attenuation of ROS derived from either mitochondrial dysfunction or antiretroviral drug treatment, we 

selected ʟ-ascorbic acid (Vitamin C, LAA), N-acetylcysteine (NAC), Trolox (a water soluble analogue of -
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tocopherol: vitamin E), and acetyl-ʟ-carnitine (ALCAR) as the most frequently researched compounds for testing 

in C. elegans (Supporting Information, Table 6).  

To investigate the role of ROS in NRTI induced MRC dysfunction, we tested the ability of 100μM AOXs to 

attenuate the immediate decline of ATP levels caused by FLT. Of the NRTIs selected for this study, FLT has 

shown the most consistent induction of mitochondrial dysfunction. Additionally, we chose FLT for further study 

as very little is known about its capability to cause direct mitochondrial toxicity. NAC significantly rescued the 

ATP level decrease caused by FLT, and LAA and ALCAR showed a similar trend which was, however, not 

significant. Trolox showed no effect (Figure 13A). Increasing the concentration of AOX in a stepwise fashion did 

not clearly attenuate ATP levels further. Only NAC at all concentrations tested, 10mM LAA, and 500μM Trolox, 

were able to rescue FLT induced ATP depletion. Interestingly, increasing the concentration of AOX showed a 

trend towards declining rescue of ATP levels; 10mM ALCAR and 10mM Trolox even exacerbated the FLT 

induced decrease (Supporting Information, Table 3). LAA, ALCAR, and Trolox were also able to significantly 

attenuate the decline in ATP levels caused by 500μM paraquat. NAC showed a trend towards rescue of 

paraquat lowered ATP levels; however, the increase was not significant (Figure 13B). Taken together, these 

results suggest that the prompt decline in MRC function caused by FLT is instigated by ROS production. 

FLT caused a rapid decrease in mtDNA copy number which is likely partially caused by inhibition of polymerase-

 (Figure 5A&8F). To see if ROS also play a role in the alteration of mtDNA copy numbers, therapy naïve 

nematodes were simultaneously exposed to FLT and NAC. Supplementation of FLT with NAC significantly 

increased mtDNA copy number compared to FLT alone (Figure 14). Although the 2DNAGE results suggest that 

FLT decreases mtDNA copy number through inhibition of polymerase-  (Figure 8F), approximately one third of 

the mtDNA decrease caused by FLT was rescued upon supplementation with NAC. 500μM paraquat also caused 

a decline in mtDNA copy number, which was attenuated by NAC, ALCAR and LAA. 500μM paraquat 

supplemented with Trolox, however, showed no change (Figure 14). 100μM AOX alone caused a small yet 

significant decrease in mtDNA copy numbers after 1h exposure (Supporting Information, Figure 4). Taken 

together, these results suggest that the regulation of mtDNA replication can be significantly altered by 

mitochondrial redox state. 
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Figure 13. ATP level decrease by 200μM FLT (A) and 500μM paraquat (B) were attenuated upon exposure to 100μM anti-oxidants. ATP 

levels were measured at 2.5 minutes after exposure in vivo. Statistics were calculated with a two-way ANOVA with replication; FLT 

compared to control and FLT + anti-oxidant compared to FLT. * = P<0.05, ** = P<0.01, *** = P<0.001. 

 

Figure 14. mtDNA copy number decrease by FLT and paraquat was attenuated by anti-oxidants. 200μM FLT and 500μM paraquat 

decreased mtDNA copy number compared to control nematodes after 1h exposure (dark grey vs 1h control). Anti-oxidant supplementation 

attenuated this decline (light grey vs dark grey). Anti-oxidant concentration = 100μM. mtDNA copy number increased during nematode 

development and therefore rose (control 0h vs control 1h). Error bars show the 95% C.I. (51df). Significance was determined using a two-

tailed student’s t-test assuming unequal variance. ** = P-value <0.01, *** = P-value <0.001 compared to control animals at 1h for FLT and 

paraquat, and drugs + anti-oxidants compared to drugs only, and Control 1h vs Control 0h. 

 
2.11 Supplementation of antioxidants attenuates FLT induced decline in fitness and 

extended longevity 

Because mitochondrial dysfunction and ROS signalling can result in long term changes in mitochondrial 

function and life history traits 38,237, we next investigated if the changes in life-traits caused by FLT could also be 

normalised by supplementation of AOX. The significant decline in thrashing caused by FLT was attenuated at 

24, 48, & 72hrs by addition of ALCAR and Trolox. NAC showed rescue of the decrease in fitness after 48h and 

LAA only after 72h (Table 6). Interestingly, fitness appears to be dependent of redox state, as AOXs alone 

improved thrashing rates. LAA increased thrashing rates after 72h exposure. ALCAR increased thrashing rates at 

24h and 72h, and Trolox increased thrashing rates at 48h and 72h. NAC had no effect (Supporting Information, 

Table 4). Preliminary data suggests that the increase in average lifespan caused by FLT exposure from the larval 
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L4 stage was also mitigated upon co-administration of 100μM NAC (Table 7), indicating that FLT induced ROS 

production and mitochondrial toxicity is necessary for lifespan extension. 

Table 6. Anti-oxidants attenuated the decrease in fitness caused by FLT. Fitness was measured by the number of sigmoidal body bends 

per worm per minute. FLT concentration = 200μM. Anti-oxidant concentrations = 100μM. Statistics were calculated with a two sided 

student’s t-test assuming unequal variance. FLT compared to control of that same time point. FLT + anti-oxidant compared to FLT of that 

same time point. Control 48h vs Control 24h, Control 72h vs Control 48h. * = P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not significant. 

 

 Control FLT FLT + NAC FLT + LAA FLT + ALCAR FLT + Trolox 
24h 129.4 (±13.7) 119.5 (±13.9) *** 119.7 (±16.4) n.s. 122.3 (±10.6) n.s. 132.3 (±10.1) *** 130.1 (±9.3) *** 
48h 119.5 (±17) *** 103.7 (±15.5) *** 121 (±9.2) *** 107.7 (±21.6) n.s. 112.9 (±21.2) * 119.6 (±11.9) *** 
72h 107.7 (±16.3) *** 89.2 (±108.1) *** 108.2 (±17.3) *** 102.2 (±23.9) * 102.3 (±16.3) ** 107.1 (±20.1) *** 

 

Table 7. AOXs can mitigate the average lifespan increase caused by FLT. FLT concentration = 200μM, NAC concentration = 100μM. All 

animals are N2 exposed from L4 at 20oC. Statistics were conducted compared to the DMSO control. 

 

L4 N (total) Mean  
± SEM 

Maximum  
± SEM 

P-value 
(Mantel-
Cox test) 

P-value (Gehan-
Breslow-Wilcoxon 

test) 
0.067% DMSO 107 15.0 (±4.0) 24.3 (±3.3)   
FLT 175 19.0 (±2.5) 28.0 (±1.7) <0.0001 <0.0001 
FLT + NAC 143 14.0 (±0.3) 28.5 (±4.5) 0.9342 0.6005 

 

2.12 Supplementation of antioxidants can cause “anti-oxidative stress” and exacerbate FLT 

induced effects 

As short-term interference with MRC function and mtDNA copy number were attenuated by supplementation 

of AOX, we wondered whether mtDNA levels after chronic exposure could also be normalised. After 72hrs 

exposure to FLT, supplementation with NAC and ALCAR surprisingly exacerbated the decline in mtDNA levels. 

LAA and Trolox had no effect (Figure 15A). Antioxidants have been shown to cause “anti-oxidative stress” in a 

process where large amounts of AOX can act as pro-oxidants by increasing oxidative stress 260. In light of this 

we wondered if the exacerbated decrease in mtDNA levels after chronic exposure to FLT and co-incubation 

with AOX might be caused by this phenomenon. Upon chronic exposure of animals to AOX alone, LAA caused a 

significant increase and Trolox showed a trend towards higher mtDNA copy numbers, whereas NAC and ALCAR 

had no effect (Figure 15B). 

We further investigated the possibility that AOXs cause anti-oxidative stress by measuring gst-4 expression 

levels upon short-term exposure of therapy naïve animals to AOXs, and FLT supplemented with AOX. We found 

that AOXs alone caused significant upregulation of gst-4, with Trolox and ALCAR having the strongest effect 

(Figure 16A-D). Supplementation of AOX to FLT exposed nematodes did not attenuate FLT induced gst-4 

upregulation. On the contrary, all combinations, except that of FLT + ALCAR which showed no change, 

increased gst-4 levels above those of the AOX alone (Figure 16E-H). Augmentation of paraquat and H2O2 

induced gst-4 expression was also observed when supplementing with increasing concentrations of AOX. Only 

LAA was able to attenuate gst-4 expression upregulation by paraquat at 200μM & 500μM, and by H2O2 at 

100μM & 1mM (Supporting Information, Figure 5&6). 
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Previous research with LAA and NAC showed positive antioxidant effects using high concentrations of 5mM and 

10mM respectively 245,253,261. Increasing the concentration of AOX up to 1mM did not show a clear dose-

dependent response of gst-4 expression regulation. In the case of NAC, LAA, and ALCAR, however, 10mM 

strongly increased gst-4 upregulation (Supporting Information, Table 5), suggesting that the observed 

‘antioxidant’ effects when using high concentrations of AOX are also caused because of upregulation of stress 

responses and not per se through the direct quenching of ROS. Interestingly, a high concentration (10mM) of 

AOXs showed no effect on ATP levels (Supporting Information, Figure 7). It is, however, important to take into 

account that the timeframe of ATP level measurement was very short (2.5 minutes after exposure) whereas 

gst-4 expression was of a distinctly longer duration (6 hours). In summary, no generalized statements on AOX 

use can be made but data should be viewed in detail on a case by case basis. 

 

Figure 15. Anti-oxidants caused “anti-oxidant stress” that exacerbated FLT induced mtDNA copy number decline. A: 72h exposure of 

200μM FLT decreased mtDNA copy number compared to control nematodes. 100μM anti-oxidant supplementation of NAC and ALCAR 

exacerbated this decline. B: 100μM of antioxidants LAA and Trolox caused a rise in mtDNA copy number after 72h exposure. Error bars 

show the 95% C.I. (df = 51). Significance was determined using a two-tailed student’s t-test assuming unequal variance. * = P-value <0.05, 

** = P-value <0.01, *** = P-value <0.001 compared to control animals for FLT, and FLT + anti-oxidants compared to FLT only. 
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Figure 16. Anti-oxidants caused “anti-oxidant stress” that exacerbated FLT induced gst-4 expression increase. 100μM of AOX caused a 

rapid rise in gst-4 expression in therapy naïve animals, A: NAC; B: LAA; C: ALCAR; D: Trolox. Exposure of 200μM FLT in combination with 

100μM AOX exacerbated the rise in gst-4 expression caused by FLT alone, E: FLT+NAC; F: FLT+LAA; G: FLT+ALCAR; H: FLT+Trolox.  

 

SOD-3 is a manganese dependant mitochondrial-matrix specific enzyme that catalyses the dismutation of 

superoxide to oxygen and hydrogen peroxide 262. Although SOD-3 is not the major mitochondrial SOD-isoform 
263, it is strongly up-regulated in reaction to oxidative stress 264 and has been proposed to be closely associated 

with the MRC I:III:IV super-complexes; supporting their stability and detoxifying oxygen radicals produced at 

these sites 265. To attest the rapid influence of AOX upon mitochondrial redox state we measured sod-3 

expression after 4h and 6h exposure. After 4h exposure, NAC, LAA, and ALCAR caused sod-3 expression to 

significantly rise (Figure 17A). This increased expression returned to values comparable to the control at 6h 

exposure (Figure 17B). 

 

Figure 17. Anti-oxidants caused sod-3 expression to 

change. 100μM of AOX caused a rise in sod-3 

expression in therapy naïve animals, A: 4h exposure; 

B: 6h exposure. Significance was determined using a 

two-tailed student’s t-test assuming unequal 

variance. * = P-value <0.05, compared to control 

animals. 
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3. Discussion 

The cause for antiretroviral therapy related premature and accelerated ageing during treatment with NRTIs 

remain unclear 32,53,54. In this study we demonstrate that NRTIs can cause lifespan extension in C. elegans (Table 

2A-D). NRTIs also cause a decrease in fitness (Table 3) and in some cases a reduction in body length (Table 4). 

Additionally, exposure to NRTIs induces defensive mechanisms that protect from paraquat induced ROS stress 

(Figure 4). This, together with the observed changes in life traits, suggests that NRTIs instigate a mitohormetic 

like response. As a possible mode of action we observed that NRTIs rapidly diminish MRC function (Figure 

9A&C) and induce changes in ROS production (Figure 11A). 

We also show that NRTIs quickly induce mtDNA replication stalling (Figure 8), which reaffirms the theory that 

polymerase-  inhibition also underlies NRTI induced MRC dysfunction and consequential mitochondrial toxicity 
47. Additionally, mtDNA copy numbers fluctuate during exposure to NRTIs (Table 5) which points towards the 

rapid activation of a compensatory mechanism that regulates mtDNA replication, for example an increase in 

mtDNA replication machinery components. The ability of paraquat or H2O2 to induce similar effects in both 

MRC inhibition and mtDNA copy numbers, suggests that increased ROS production is leading in these changes. 

Confirming this, AOXs attenuated the short-term decrease in ATP levels (Figure 13A) and mtDNA copy number 

(Figure 14) caused by FLT. Additionally, the FLT induced changes in fitness and longevity, were attenuated by 

supplementation with AOXs (Table 6&7). These results suggest that oxidative stress is central to FLT induced 

MRC dysfunction and prolonged longevity. 

3.1 NRTI induced lifespan extension and changes in life history traits 

We observed significant lifespan extension for all selected NRTIs upon exposure from either L1 or L4 larval 

stages. Lifespan measurements from L4, however, need further validation as the variance between replicates is 

large (Table 2A&B). We also observed that NRTI exposure reduced thrashing rates and in some cases body size 

(Table 3&4). NRTIs also diminished MRC function (Figure 9) and induced changes in ROS production (Figure 10). 

These results suggest that such changes occur through a NRTI induced decrease in MRC function which may 

lead to mitohormetic signalling 266. This is in agreement with studies that have shown that RNAi knock-down of 

MRC components or ATP synthase results in lifespan extension and reduced behavioural rates 267. Additionally, 

RNAi induced reduction of MRC components has shown that the extent to which adaptive responses can 

increase lifespan and fitness is RNAi concentration dependent; a concentration above a certain threshold will 

result in reduced lifespan and fitness 268. In line with this, increasing the concentration of AZT above a threshold 

of approximately 200μM decreased the extent of lifespan extension (Figure 1). 

RNAi experiments at various life stages have furthermore demonstrated that MRC activity must be reduced 

during development to enable lifespan extension; RNAi treatment against MRC components in adults 

decreases ATP levels and behavioural rates, but does not extend lifespan 267. We, however, observed a 

significant lifespan extension when treating D1 adults to AZT, and found a trend towards lifespan extension for 

FLT (Mantel-Cox P-value for mean lifespan = 0.0684; Table 2C). Additionally, we observed an increase in 

lifespan for AZT, ddC, and ddI when treating D8 adults (Table 2D). 
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We previously discovered that only exposure of D1 adults to AZT or FLT caused a reduction in oxygen 

consumption rate 52. In this study we show that FLT is the only tested NRTI to inhibit mtDNA replication, at 

every time point tested (Table 5 & Figure 3) 52. Concerning AZT, Amatore et al. demonstrated that the azide 

group of AZT can rapidly induce both nitric oxide and superoxide anion production 162, and azide is known to 

strongly inhibit cytochrome c oxidase (complex IV) function 269. Taken together; the strong inhibition of 

mitochondrial function caused by AZT and FLT may lead to more pronounced mitochondrial dysfunction and 

stronger mitohormetic signalling. Possible reasons for ddC, and ddI induced lifespan extension when 

administered from D8 of adulthood, may lie in the ability of NRTIs to enhance the clonal expansion of pre-

existing mtDNA mutations that have been naturally acquired during ageing. In patients, only ddC and ddI of the 

NRTIs examined, have been significantly associated with an increased proportion of mutated mtDNA caused by 

clonal expansion of pre-existing mtDNA mutations 45. 

An explanation for the NRTI induced increase in lifespan of D1 and D8 adult nematodes may also lie in 

regulation of the insulin/IGF-1 pathway. RNAi against daf-2, which encodes a member of the insulin receptor 

family, in D6 adult nematodes has been shown to significantly increase lifespan and, interestingly, daf-2 RNAi 

treated animals were resistant to oxidative stress induced by paraquat 270. This correlates well with our findings 

that NRTI exposure increased paraquat stress resistance and that this contributes to longevity. In further 

support, mitochondrial dysfunction and specifically ROS production have been directly related to reduced 

insulin sensitivity in human and animal models 189,271, and AZT and ddI have been found to cause insulin 

resistance 32. Taken together; this pathway is an interesting candidate for further research into NRTI induced 

changes in life history traits (Figure 18). 

Supplementation of FLT with NAC attenuated the lifespan increase caused by FLT (Table 7). Schulz et al. 

previously demonstrated that exposure of N2 nematodes to 5mM NAC alone had no effect on lifespan 245. 

Caution in translation of our results, however, is necessary as there is a large variance between replicates. 

Nonetheless, these results suggest that ROS generation by FLT trigger mitohormetic signalling that leads to 

increased longevity in C. elegans. Decreasing or cancelling out of these signals is known to attenuate or annul 

the lifespan extension caused by ROS signalling 272. The transient increase in sod-3 expression upon exposure to 

AOX likely does not influence lifespan, as sod-3 overexpression in nematodes has, in most cases, been found to 

have no influence on lifespan 272. 

Caloric restriction is known to alter life history traits such as fitness and longevity 245. For example, the mit 

mutants nuo-1, atp-2, and eat mutants have been shown to have lower pharyngeal pumping rates 273 leading to 

a reduced caloric intake and an extended lifespan. The observed changes in life history traits upon exposure to 

NRTIs, however, are likely not caused by altered pharyngeal pumping rates as they did not change after 2h, 6h, 

and 24h exposure. We even observed increased pharyngeal pumping rates for all NRTIs after 48h exposure 

(Figure 2). Huang et al. demonstrated that a positive correlation exists between life span and fast pharyngeal 

pumping span - the period in which fast pharyngeal pumping (>149 ppm) is maintained (on average 8.1 days for 

N2 at 20oC) 274. This suggests that there may be a connection between increased pharyngeal pumping rates and 
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increased lifespan. Huang et al, however, also showed that body movement (thrashing) was also positively 

correlated to both fast pharyngeal pumping span and lifespan 274. The marked decrease in thrashing rates that 

we observed during exposure to NRTIs (Table 3), suggests that our observed lifespan extension is not related to 

an increase in pharyngeal pumping rate. Further research is still needed to elucidate the cause for the NRTI 

induced increase in pharyngeal pumping rate at 48h. 

3.2 Rapid NRTI induced inhibition of MRC function 

Disruption of almost any subunit of the MRC, regulators of its assembly, and its co-factors, can lead to lifespan 

extension. Low doses of mitochondrial toxins, such as rotenone for instance, are known to increase longevity 
246. Moreover, reducing the rate of respiration and ATP production during development is known to decrease 

body size and increase lifespan 240. We show that NRTIs cause a rapid decline in ATP levels (Figure 9A), 

indicating MRC dysfunction as a central mechanism behind NRTI induced longevity. The way each individual 

NRTI inhibits MRC function, however, remains to be fully elucidated.  

The decrease in ATP levels caused by FLT could be attenuated upon supplementation with AOX (Figure 13A). 

This, and our findings that paraquat can also decrease ATP levels, suggests that FLT induced MRC dysfunction is 

influenced by an increase in ROS production. Furthermore, 100μM paraquat showed similar ROS production 

profiles to FLT (Figure 12) and 500μM paraquat imitated the decrease in ROS production portrayed by d4T and 

ddI (Supporting Information, Figure 3). These observations point towards a role for ROS in the mechanism 

behind the reduced ATP levels caused by these NRTIs. Our focus on FLT demonstrated that AOX 

supplementation does not unequivocally rescue FLT induced reduction in ATP levels (Figure 13A), suggesting 

that part of FLT’s reduction in MRC function is perhaps also caused by direct MRC inhibition. This is supported 

by our observation that AOXs do readily rescue the decreased ATP levels caused by paraquat (Figure 13B), 

which is not known to directly inhibit MRC complex function at the concentrations used in this study 254,275. 

Taken together, our results suggest that for FLT, d4T, and ddI, increased ROS production may be a primary 

cause for MRC dysfunction, although direct inhibition of the MRC cannot be ruled out. 

Besides the ability of ROS to rapidly inhibit MRC complexes and decrease ATP levels 276,277, ROS can also be 

generated via MRC inhibition 91. One study demonstrated that AZT exposure in human umbilical vein 

endothelial cells induced an increase in mitochondrially derived ROS and a reduced ΔΨmt which were proposed 

to result from direct MRC inhibition 188. Confirming this, AZT is known to directly inhibit MRC complexes I, II and 

V 68–70. Inhibition of complex I by AZT has been proposed to result in an abundance of NADH derived electrons 

which are consequently diverted from the MRC to alternate electron acceptors such as oxygen, thus 

stimulating free radical generation 68,69. Interestingly, ddC has also been shown to directly inhibit complex I 

through phosphorylation of Complex I at Q-site subunits 69. Taken together; it is likely that AZT and ddC cause 

direct MRC dysfunction and consequently increase ROS production. Indeed, AZT and ddC caused a burst in ROS 

production that lasted approximately 15 minutes (Figure 12) which is reminiscent of the previously 

demonstrated increase in ROS production (measured with H2DCFDA) in the mit mutant clk-1 253. Coincidently, 
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clk-1 encodes an enzyme necessary for ubiquinone biosynthesis and we previously demonstrated that AZT and 

ddC caused quinone pools in C. elegans to become more oxidised than reduced 52. 

Of note, however, is that the results derived from use of H2DCFDA as a ROS sensitive dye, are only suggestive 

for H2O2 production. H2DCFDA is a non-fluorescent lipophilic ester that can easily surpass the plasma 

membrane into the cytosol, where it is rapidly converted to the non-fluorescent alcohol H2DCF by unspecific 

esterases. The oxidation of H2DCF results in the fluorescent product DCF, and many studies use the frequency 

of this reaction as an indication for the amount of ROS present 278. H2DCF, however, is also known to become 

oxidised by cytochrome c and hydroxyl radicals formed during Fenton-type reactions 278. Additionally, H2DCF is 

predominantly sensitive to H2O2 and not superoxide and does not accumulate in the mitochondrial matrix 253. 

In spite of this, and in support of our results, Yang & Hekimi revealed that in isp-1 and nuo-6 mit mutants there 

was no clear change in overall ROS when using H2DCFDA, but superoxide measurements with Mitosox showed 

significantly increased ROS levels. Moreover, as mentioned before, clk-1 mutants showed elevated ROS when 

using H2DCFDA but superoxide measurements showed no change compared to control animals 253. This 

indicates that even though FLT, d4T, and ddI do not show elevated ROS production when using H2DCFDA, they 

probably still inhibit MRC function. This is indeed more likely the case, as it is unclear how NRTIs can so quickly 

cause ROS production without first inhibiting the MRC. This presumption is further supported by our 

observations that ROS flux is diminished during 4h exposure to NRTIs (Figure 11), which coincides with a 

decreased metabolism and a lower hydrogen peroxide production rate 252.  

An explanation for the ability of AOXs to attenuate the FLT induced decline in ATP levels may lie in the 

observations that the adenine nucleotide translocase is the protein in mitochondrial membranes most sensitive 

to oxidative damage and consequent decline in activity 277. Here besides, superoxide has been found to rapidly 

decrease ATP levels by reducing mitochondrial membrane potential (ΔΨmt) through activation of uncoupling 

proteins. It has been suggested that in this way, increased superoxide production by the MRC activates a 

feedback-loop designed to mitigate ROS production 279. We therefore propose that NRTIs directly inhibit the 

MRC and cause an initial rise in ROS which rapidly inhibits MRC function further. This, together with the NRTI 

induced diminished electron transport through the MRC, results in the observed decline in ATP levels (Figure 

18). More research is, however, clearly necessary to unravel the sites where NRTIs might inhibit MRC 

complexes and induce augmented ROS production. Moreover, our observations that increased concentrations 

of NRTIs (400μM) do not affect ATP levels and that 400μM AZT even increases ATP levels compared to the 

control (Supporting Information, Figure 2), are puzzling and warrant further explanation. 

3.3 Short-term changes in mtDNA copy number 

The speed at which the MRC is inhibited strongly advocates that NRTIs cause MRC dysfunction by means 

independent of mtDNA replication defects and the consequential chronology of events as proposed in the 

polymerase-  theory 47. Nevertheless, we did observed rapid fluctuations in mtDNA copy number during NRTI 

exposure (Figure 5A &Table 5). After 1h, AZT and d4T caused mtDNA copy numbers to increase. The prompt 

rise in mtDNA copy number induced by AZT may be caused by complex I inhibition, as inhibition of complex I by 
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rotenone has been shown to significantly increase mtDNA levels 280. Why d4T caused mtDNA copy number to 

sharply rise, however, needs further investigation as Complex I, II and IV inhibition by d4T has only been 

observed after chronic exposure 68. ddC on the other hand, did not significantly alter mtDNA copy numbers 

which contradicts its ability to inhibit complex I. 2DNAGE analysis in HEK293T cells, however, showed that 1h 

exposure to ddC caused mtDNA replication stalling (Figure 8) which may have abrogated an initial rise in 

mtDNA copy number caused by complex I inhibition.  

2DNAGE analysis also showed that 1h exposure to FLT caused the most prominent stalling, which may clarify 

why FLT is the only NRTI to decrease mtDNA copy numbers within 1h, and why mtDNA copy numbers are 

diminished to levels lower than the control at 0h (Figure 5A). It is also possible, however, that this rapid mtDNA 

copy number decline is in part caused by the generation of ROS. The prompt decrease in mtDNA copy number 

on exposure to paraquat supports this (Figure 5B). Furthermore, we observed that AOX can attenuate paraquat 

and FLT induced mtDNA copy number decrease (Figure 14). Additional research, however, is necessary to fully 

unravel the precise causes for mtDNA copy number fluctuations after 1h NRTI exposure. For instance, the 

regulation of mtDNA copy number has also been shown to respond to intracellular ADP/ATP ratios and may 

also be influenced by the tightly controlled mtdNTP pools 281. One more point of consideration is that the 

observed fluctuations in mtDNA copy number during exposure to NRTIs may be a C. elegans specific 

phenomenon. The 2DNAGE results from HEK293T cells show that mtDNA replication is rapidly stalled, however, 

mammalian mtDNA replication mechanisms differ from that in C. elegans 282,283.  

2h exposure to NRTIs caused mtDNA copy numbers to decrease, which suggests that increased ROS production 

and/or polymerase-  inhibition may cause these effects. The ability of paraquat to mirror NRTI induced mtDNA 

copy number decrease (Table 5) suggests that the decline in mtDNA copy numbers is strongly influenced by 

oxidative stress. ROS induced mtDNA copy number decline coincides with a decrease in polymerase-  activity 

due to oxidative damage 93. During continued short-term exposure (≥3h), mtDNA copy numbers gradually 

return to levels comparable to those of control animals after approximately 5h (Table 5). The approximate 1h 

delayed recovery of NRTI decreased copy numbers compared to paraquat (Table 5), however, suggests that 

ROS are not the only cause for the rapid decrease of mtDNA copies upon exposure to NRTIs. 2DNAGE analysis 

showed that NRTIs caused rapid stalling of mtDNA replication, in some cases as early as 1h exposure (Figure 8). 

The inhibition of mtDNA replication for all the NRTIs tested became more pronounced after 6h exposure 

(Figure 7). Taken together, these results indicate that NRTIs do rapidly inhibit polymerase- , although the short-

term effects of this on mtDNA copy number do not appear to be prominent. These results also suggest that a 

compensatory mechanism becomes active after approximately 3h which drives mtDNA copy number back to 

normal levels. It has been shown that depletion of mtDNA below a certain threshold, or inhibition of MRC 

function, increases the steady state concentration of Ca2+. This has been proposed to activate Ca2+ dependent 

transcription factors which induce mitochondrial proliferation and increase mtDNA copy numbers 185. 

Interestingly, Ca2+ signalling may be an underlying mechanism behind increased longevity in mit mutants 284, 

and is therefore an interesting candidate in the further elucidation of increased longevity upon exposure to 

NRTIs (Figure 18). 
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3.4 NRTI induced MRC dysfunction and ROS signalling 

Short-term mitochondrial dysfunction and ROS signalling are known to prompt the cell into activating stress 

responses which result in long-term changes in mitochondrial function and life-history traits 38,237. Finkel et al. 

proposed that the intensity or duration of a fluctuation in ROS determines the biological outcome through 

redox-dependent signal transduction. For example, metabolic adaptations which take place during temporary 

hypoxia or with changes in glucose metabolism are likely triggered by low amounts of ROS. Moderate levels of 

ROS may trigger inflammatory mediators, and finally, high levels of ROS can induce autophagy or apoptosis 

pathways incurring cell death 271,285. It is therefore not surprising that there is a high occurrence of ROS related 

inflammation and metabolic syndromes amongst the HIV-1 infected being treated with NRTIs 39. 

We found that NRTIs swiftly induce upregulation of gst-4 (Figure 10). GST-4 has been shown to be directly 

involved in resistance to oxidative stress 248 and gst-4 up-regulation suggests that a defence response is 

induced by ROS upon exposure to NRTIs. Such adaptive responses are known to culminate in stress resistance 

and increased longevity in a process known as mitohormesis 247. In agreement, we show that exposure to NRTIs 

protects animals from paraquat stress and extends lifespan (Figure 4 & Table 2). Moreover, the observed 

decrease in ROS production rate measured by H2DCFDA (Figure 11) correlates well with the increased 

expression of gst-4. 

Producing GSTs, however, has been proposed to be energetically costly, and their up-regulation may increase 

the allocation of resources to oxidative stress responses at the expense of fitness 286. Additionally, gst-4 

overexpression has been found to enhance resistance to oxidative stress, but it does not extend lifespan 248. 

Nonetheless, we suggest that the increase in gst-4 expression is triggered by the increase in ROS derived from 

impaired electron flow through the MRC. In accordance, increased gst-4 expression has been found in mit 

mutants as part of the ROS induced ‘retrograde response’ 267.  

Impaired respiration in clk-1 and isp-1 mit mutants is known to trigger a transcriptional reaction known as the 

‘retrograde response’ which leads to metabolic remodelling, stress resistance (e.g. gst-4), and mitochondrial 

biogenesis. Specifically, a significant increase in glycolysis, oxidative phosphorylation, and stress response 

genes are observed 267. Interestingly, impaired respiration as seen in these mit mutants was associated with an 

increase in mtDNA copy numbers. In accordance with this, 72h exposure to NRTIs (with the exception of FLT) 

increased mtDNA copy numbers (Figure 3). Here besides, persistent mild oxidative stress, such as befalls ageing 

tissues 185, is also known to increase mtDNA copy numbers. Indeed, 72h exposure to paraquat increased 

mtDNA copy numbers (Figure 3). Of note here, is the observation that mtDNA replication stalling is evident 

after 48h exposure of HEK293T cells to NRTIs (Figure 6), indicating that the inhibition of polymerase-  function 

by NRTIs is likely counterbalanced by increased mtDNA replication. These results reinforce the idea that 

compensatory mechanisms operate during exposure to NRTIs in an attempt to keep mtDNA content at a 

sufficient level 52. Moreover, the inability of AOXs to completely rescue FLT reduced fitness (Table 6) and the 

stalling of mtDNA replication (Figure 14) shows that besides MRC dysfunction and ROS production, NRTI 

induced mtDNA replication stalling may also influence the NRTI induced changes in life history traits. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  NRTIs induce a mitohormesis-like response 

77 
 

Interestingly, AOXs alone were able to increase thrashing rates at some time points (Supporting Information, 

Table 4). It is likely that increased ROS scavenging by the AOX attenuates the amount of ROS damage 

accumulation and therefore increases the animal’s health span 234,235. 

3.5 Discerning between ROS and MRC dysfunction as modes of action behind NRTI altered 

life history traits 

ROS 272,287, and MRC dysfunction 267 are known to regulate cellular signalling and dictate biological outcomes. 

Therefore our results point towards two intimately related modes of action for NRTIs that influence life history 

traits: MRC dysfunction and an increased ROS production. Our results and those from the literature strongly 

suggest that MRC dysfunction precedes an increase in ROS production. In the following section we summarize 

possible regulatory mechanisms behind MRC inhibition and ROS production induced lifespan increase. 

Oxidative stress responses are frequently governed by the the redox sensitive transcription factor SKN-1. SKN-1 

is a ROS dependent master regulator of Phase II detoxification enzymes, such as GST-4, and also acts in multiple 

longevity pathways such as the mitochondrial unfolded protein response 288,289. To attest whether the NRTI 

induced changes in life traits are governed by ROS we suggest the use of a skn-1 knock out (zu67) 288 for further 

research. Additional pathways known to be responsible for lifespan extension upon over-production of ROS in 

the mitochondria include the intrinsic apoptosis pathway 290, and the NAD+/Sirtuin pathways which can hold 

sway over metabolism, health span, and lifespan 291,292. 

C. elegans long-lived mit mutants display a spectrum of phenotypes that are typically unified by reduced rates 

of development, ageing and behaviour 246. They predominantly differ in respiration rates, ATP levels, and body-

size 267. The extended lifespan of clk-1 and isp-1 mutants, and RNAi knock-down of many MRC components, 

depends on the hypoxia-inducible transcription factor HIF-1, which is activated by a mild increase in ROS 293. It 

has been proposed that HIF-1 links respiratory stress in the mitochondria to a nuclear transcriptional response 

that promotes longevity 272. Here besides, the C. elegans p53 homolog, CEP-1, is known to modulate longevity 

in mit mutants, in part via the upregulation of stress response genes such as GSTs 246. Mit mutants also have a 

distinctly altered metabolism which may influence longevity 243,294. Perhaps there is a link between this altered 

state of metabolism and the incidence of adverse events related to metabolism in patients taking NRTIs 19. 

Taken together, these observations suggest that NRTI induced MRC inhibition and increased ROS production 

lead to mitohormetic responses that cause lifespan extension similar to the modes of action shown to cause 

prolonged longevity in mit mutants (Figure 18). 
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Figure 18. Schematic representation of short-term NRTI induced 

longevity in C. elegans. NRTIs directly inhibit the mitochondrial 

respiratory chain (MRC) inducing an increase in reactive oxygen 

species (ROS). NRTIs also inhibit mtDNA replication which can, in 

time, disrupt MRC function through a depletion of mtDNA encoded 

transcripts and MRC complex components. Augmented ROS 

production likely induces mitohormetic signalling which involves 

factors involved in prolonged longevity signalling in mit mutants: 

SKN-1, HIF-1, CEP-1 and IGF/Insulin signalling (IIS), culminating in 

increased lifespan (red dashed arrow). NRTI induced ROS also 

prompt gst-4 and sod-3 expression. NRTI induced MRC inhibition and 

mtDNA replication inhibition may trigger Ca2+ release from the 

mitochondria and consequent mitohormetic signalling, which in turn 

may compensate NRTI induced mtDNA replication inhibition. Black 

solid arrows indicate results from this study. Grey dashed arrows 

indicate hypothetical pathways. Red dashed arrow indicates our 

proposition that NRTI increased ROS production induces 

mitohormetic signalling. 

 
3.6 Supplementation of AOX 

Supplementation of antioxidants in HIV-1 infected persons has frequently been suggested as a method to 

protect mitochondrial function, alleviate HAART or HIV-1 induced adverse events, and boost the patient’s 

immune system 259,295–299. NAC has even been supported in becoming a standard complementary treatment to 

antiretroviral therapy 300. NAC can directly scavenge ROS and increase the intracellular content of glutathione, 

both by reducing oxidized glutathione disulphide (GSSG) and by providing cysteine which is necessary for de 

novo glutathione synthesis 301,302. LAA, another frequently advocated supplement, directly scavenges 

intracellular radicals by forming relatively stable ascorbate free radicals and functions as part of the antioxidant 

response by regenerating α-tocopherol (vitamin E) and by aiding in the biosynthesis of ʟ-carnitine 303. The main 

function of carnitine is transporting long-chain free fatty acids into the mitochondria for β-oxidation and 

translocating acetyl-Co-A into the cytoplasm. Carnitine is known to increase mtDNA transcription, translation, 

and mitochondrial biogenesis 255. Carnitine has also been implicated in the defence against oxygen radicals and 

has been found to be an even more potent compound in preventing lipid peroxidation than α-tocopherol and 

LAA 304,305. Trolox, or 6-hydroxy-2, 5, 7, 8-tetramethylchromane-2-carboxylic acid, is a derivative of α-

tocopherol (vitamin E). α-tocopherol can directly scavenge ROS and reacts with lipid peroxyl radicals to form 

tocopheroxyl radicals that can subsequently be reduced by other water-soluble antioxidants, such as LAA and 

glutathione 303,306. 

AOX, in particular Trolox, have previously been reported to be effective against ROS because of their ability to 

upregulate stress resistance enzymes, or in the case of NAC replenish glutathione, and not because of their 

scavenging ability per se 307. This is reflected in the upregulation of gst-4 and transient upregulation of sod-3 

during exposure to NAC, LAA, ALCAR, and Trolox (Figure 16&17). In this study we show that the sum of AOX 

effects after short-term exposure can be beneficial as they attenuate the initial detrimental effects of NRTIs. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  NRTIs induce a mitohormesis-like response 

79 
 

This can be seen in the ability of AOX to attenuate NRTI induced MRC dysfunction and mtDNA level decline 

(Figure 13A&14). Yang and Hekimi also demonstrated that NAC can increase oxygen consumption, elevate ATP 

levels, and comparable to LAA, can reduce lifespan extension in mit mutants 253. We observed that there are 

distinct differences between the AOXs in their ability to rescue specific aspects of NRTI induced mitochondrial 

dysfunction, and it would be interesting to understand why one AOX performs better than another. Possible 

reasons may lie in the reduction potential of each AOX. LAA, for example, is renowned for its antioxidant 

properties as it can react with a wide range of ROS and its low reduction potential makes it an excellent one-

electron reductant 1.  

Chronic exposure to AOX, however, may cause an anti-oxidative stress response in nematodes exposed to 

NRTIs that of its self may be harmful. This can be seen in the NAC and ALCAR exacerbated decrease of FLT 

induced mtDNA copy number (Figure 15A). It has even been suggested that high concentrations of AOXs can 

cause a higher incidence of cancer and promote mortality 38. We observed, however, that exposure of C. 

elegans to low concentrations of AOX can attenuate NRTI induced fitness decrease and lifespan extension 

(Table 6&7). Clearly, more research is warranted before the use of AOX is widely implemented to negate NRTI 

induced toxicity. 

Supplementation of antioxidants may only be sensible in developing countries where HIV-1 infected patients 

frequently suffer from malnutrition, and consequently vitamin and essential-mineral deficiencies 308. 

Malnutrition is of significant consequence as deficiency of manganese may negatively affect Mn-dependant 

SOD activity, and deficiency of selenium may inhibit mitochondrial glutathione peroxidase function, thus 

weakening cellular oxidant defences. Moreover, mineral and vitamin deficiencies can accelerate mitochondrial 

decay and ageing 255. Supplementation of vitamins and essential nutrients on the other hand may even slow 

the progression of HIV-1 infection and alleviate HIV-1 induced symptoms like diarrhoea and wasting 295. The 

alleviation of such symptoms may even explain why HAART adherence among HIV-1 patients receiving 

antioxidant supplements is higher than patients not receiving supplements 309. 
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4. Materials and Methods 

4.1 Strains and culture conditions 

Nematodes were cultured on NGM plates and fed OP50 Escherichia coli lawn at 20oC unless mentioned 

otherwise. We chose to perform many of our experiments from the L4 larval stage as the L4 period is critical for 

lifespan determination in mit mutants 267. Nematode strains N2 Bristol (wild type), MJCU017, and CF1553 were 

provided by the Caenorhabditis Genetics Center (CGC) at the University of Minnesota. gst-4::gfp nematodes 

were a kind gift from Y. Budovskaya, and PE255 animals were a generous gift from C. Lagido. ROS 

measurements were performed using ‘WOPS3’ (gst-4: {unc-119(ed3) III, kIs17[gst-4::gfp, pDPMM#016B] X}; 

unc-119(ed3)(?);Is[unc-54pro::mCherry;unc119(+)]), which was generated using MJCU017 310.  

4.1 Antiretroviral drugs & antioxidants 

Antiretroviral drugs (Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO) (AZT, FLT, d4T & ddI = 

300mM; ddC = 100mM). Antioxidants (Sigma-Aldrich) ʟ-ascorbic acid, N-acetylcysteine & Acetyl-ʟ-carnitine 

hydrochloride were dissolved to a stock solution of 500mM in dH2O. Trolox, a water soluble -tocopherol 

analogue, was dissolved in dH2O containing 5% DMSO to stocks of 500mM. 

4.3 Lifespan assays 

Lifespan scoring was conducted at 20oC. ~100 synchronized nematodes were placed on NGM plates containing 

the compound(s) of interest and dead animals were scored approximately every other day. Worms that crawled 

off the plates, showed bagging or gonad protrusion were removed from the plates and scored separately. 

Animals were scored as dead when they no longer moved or showed pharyngeal pumping when they were 

successively gently prodded on the head and tail with a platinum wire. All experiments using L4 animals were 

done in the presence of 50μM fluorodeoxyuridine (FUdR) to inhibit progeny. A minimum of 2 biological 

replicates per condition was analysed. Prism 6 software was used for statistical analysis using the log-rank 

(Mantel-Cox and Gehan-Breslow-Wilcoxon) method 311. 

4.4 Thrashing assay 

A single worm was placed in a drop of M9 buffer on a clean glass slide and allowed to acclimatize for 30 

seconds. The frequency of sigmoidal body bends was counted during 30 seconds as described previously 312. 

Thrashes were averaged from 10 worms per treatment condition over three independent trials. 

4.5 Body length 

Animals were exposed to NRTIs from L1-L4 (48h) or from L4-D3 (96h), washed with M9, and imaged with a 

Canon Power Shot A640 camera attached to a Leica M80 stereo microscope. Measurements were performed 

with Image J freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/, 1997–2012). Measurements were performed upon at least 30 worms from three 

independent experiments. 
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4.6 Pharyngeal pumping rates  

L4 animals were exposed to NRTIs and pharyngeal pumping rates of 10 animals from each condition were 

manually counted under a Leica M80 stereo microscope for the duration of 30 seconds. To assess short-term 

and long-term effects, drug exposure times were 2, 6, 24, and 48h. Dead and non-pumping animals were not 

included. 1 pump was defined as 1 grinder movement. Pumping rates were measured at room temperature 

(approximately 22oC) on NGM agar with confluent lawns of OP50 bacteria. 

4.7 Paraquat stress assays 

Paraquat sensitivity was tested as described previously 313,314. In short, L4 larvae were exposed to NRTIs until 

their larvae had reached the L4 stage. These were then transferred to NGM plates containing 4mM paraquat 

and kept for 72hrs at 20oC, at which time the number of surviving worms was calculated. Paraquat sensitivity 

from L4 animals was tested by exposing synchronized animals to NRTIs from the L1 larval stage until L4. These 

were then transferred to NGM plates containing 4mM paraquat, kept at 20oC and the number of surviving 

worms was counted approximately every other day. Results were combined from at least two independent 

experiments. 

4.8 ROS measurements 

2’7’-Dichlorofluorescein oxidation 

The level of intracellular H2O2 was measured by using the fluorescent dye 2’7’-Dichlorofluorescein oxidation 

(H2DCFDA; Sigma-Aldrich) according to an adapted protocol of Strayer and coworkers 315. In short, ~200 

synchronized wild type, 2h post L4 stage, nematodes were transferred to 96 well plates containing NRTIs 

(200μM) or paraquat (100μM, 500μM, 1mM). 50μM DCF-DA in Citrate Phosphate Buffer (pH = 6.5) was added 

to the wells directly prior to measurement. Measurements were performed at 25°C and recorded by a 

FLUOstar OPTIMA plate reader (Biotek Synergy Mx; excitation 485nm and emission 520nm). For quantification 

of ROS production rate, samples were read every 10 minutes for 4 hours. For short-term fluorescence 

measurements, samples were read every 2 minutes. DCF fluorescence was normalized to the number of worms 

per well. Experiments were performed with a minimum of three biological replicates. 

ROS detoxification enzyme expression 

GFP expression, driven by the gst-4 promoter, was measured after 24h culture of L4 WOPS-3 animals in the 

presence of NRTIs. Short-term experiments (6h) were performed on therapy naïve animals. Synchronized 

worms were cultured at 25oC to L4, transferred to FUdR plates until day 1 of adulthood and washed from the 

plates with M9 buffer and filtered over a SEFAR NITEX® 31μM pore mesh (03-31/24) to remove debris and E. 

coli. ~800 animals were placed in each well of a flat clear-bottomed 96 well plate and exposed to 200μM of 

NRTIs in M9 buffer, in a total volume of 100μL. Measurements were performed at 25°C and recorded by a 

FLUOstar OPTIMA plate reader (Biotek Synergy Mx). GFP (470/520nm) expression was normalized to 

constitutively active RFP (577/620nm) expression. Statistical analysis compared to DMSO: AZT, FLT, d4T & ddI = 

0.067%; ddC = 0.2%. Experiments were performed with a minimum of three biological and five technical 

replicates. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

Chapter 3 

82 
 

GFP expression, driven by the sod-3 promoter, was measured in the CF1553 strain, using L4 animals exposed to 

compounds of interest at 20oC. After exposure animals were picked from the plates into a drop of 10mM NaN3 

(in M9) in a MatTek Glass bottomed petri-dishes: P35G-1.0- 14C. Images were acquired within 30min exposure 

to NaN3 using AxioVision 4.7.1 software captured on an Axiovert 40CFL microscope connected to an AxioCam 

digital camera (Carl Zeiss) using a 40x objective. Fluorescence intensity, for a minimum of 20 animals, was 

measured within a manually selected region of interest (head region anterior to the posterior bulb) using Image 

J freeware. 

4.9 mtDNA copy number quantitative real time PCR  

Quantitative real time PCR was performed as described by de Boer 52. In short, synchronized wild type (N2), 2h 

post L4 molt, young adult worms were transferred to OP50 seeded FUdR NGM plates containing NRTIs 

(200μM) or paraquat (100μM, 500μM, 1mM). Five adult worms were collected at predetermined time points 

during drug exposure and lysed in Lysis buffer (50mM KCl, 10mM Tris (ph 8.3), 2,5mM MgCl2, 0,45% NP-40 

(IGEPAL), 0,45% Tween-20, 0,01% Gelatin, 20mg/mL Proteinase K). Before detection in the PCR, the solution 

was diluted 40 times and 2μl was used as input in the PCR reaction. Primers specific for cytochrome c oxidase 

subunit I (COX1) were used for the determination of mtDNA copy number. PCRs were performed using the 

Taqman® universal cycling conditions with amplified products being detected using a Taqman® probe for 

CeCOX1. Fluorescent signal intensities were determined using the 7300 Real-Time PCR System (Applied 

Biosystems) with software SDS (version 1.9.1). To quantify the absolute quantity of mtDNA per worm, a 

standard curve was generated from a plasmid with a fragment of the cox1 gene. After PCR the total mtDNA 

copies per worm were calculated. mtDNA quantitative PCR was performed with at least three biological and 

two technical replicates. 

4.10 ATP measurements 

ATP luminescence measurements were adapted from Lagido et al. (2008). All measurements were performed 

in CPB (pH 6.5) with a final volume of 100μL. 10μL of a 10x concentrated drug solution was pipetted into white 

flat-bottomed 96-wells plates (Greiner). Each condition was measured in at least 3 biological replicates and at 

least 8 technical replicates. The antioxidants were dissolved in MiliQ, except for Trolox, which was dissolved in 

DMSO. Luminescence was measured in a Biotek Synergy MX plate reader in the visible spectral range (300-

600nm). Young adult worms grown at 25°C were washed off the FUdR plates with S-basal and collected in CPB. 

Luminescence buffer was prepared with 1mM D-Luciferin and 0,05% Triton-X, to improve cuticle permeability 

(all final concentrations, in CPB). Luminescence was measured continuously during 2 minutes. The average of 

green fluorescent protein (GFP) expression was measured continuously with a 485/520nm filter set for 1 

minute (12 times) right after the luminescence measurement for normalisation. The different biological 

replicates were analysed with a two-way ANOVA with replication with a significance value of p ≤ 0,05. The 

mean ± standard error is reported.  
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4.11 Oxygen consumption rate 

Oxygen consumption was measured using the Seahorse XFe96 (Seahorse Bioscience). 20 L4 animals were 

picked from NGM plates and transferred in 96-well Seahorse plates containing dH2O. 10x concentrated 

compounds were injected into the wells after 4 basal measurements, which were used for normalisation. 

Oxygen consumption was measured in at least 5 replicates. Data was analysed using Wave 2.2.0 (Seahorse 

Bioscience). 

4.12 2DNAGE 

Cell culture and NRTI treatment 

Human Embryonic Kidney 293 (HEK293T) cells were cultured in DMEM containing 4.5g/l glucose, 2mM L-

glutamine, 1mM sodium pyruvate, 50μg/ml uridine and 10% fetal bovine serum, at 37°C in a humidified 

atmosphere with 8.5% CO2. The medium was replaced every 48 hours and cells split so that ~80% confluency 

was maintained. To test whether the different compounds stall mtDNA replication, cells were treated for 1, 6 

or 48h with 175μM (AZT & ddC), 100μM (d4T, ddI, & FLT). All experiments were performed in at least two 

independent experiments. 

Mitochondrial DNA isolation, two-dimensional agarose gel electrophoresis (2D-AGE) and Southern blotting 

Mitochondrial DNA was isolated from mitochondria using Cytochalasin B (Sigma-Aldrich) treatment before cell 

breakage, followed by differential and sucrose gradient centrifugation steps as previously described 316. The 2D-

AGE analysis was performed with minor alterations as previously described 250,317. Briefly, 5μg of total 

mitochondrial nucleic acids were digested with HincII (Thermo Scientific) according to the manufacturer’s 

recommendation and separated over a 0.4%, then a 0.95% agarose gel in 1xTBE. Southern blotting was 

performed using standard procedures and blots probed against 13 638–1 009, using a random primed 32P-

probe spanning nts 35–611 (NCR) of the human mtDNA. The radioactive signal was quantified using phosphor 

storage imaging (GE healthcare, BAS-IP MS), screens and Molecular Imager FX (BioRad). 
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5. Supporting Information 

Table S1. Continued exposure of progeny from L4 exposed nematodes extended average lifespan. NRTI concentration = 200μM. All 

animals are N2 at 20oC. 

Exposure N (total) Mean  
± SEM 

Maximum  
± SEM 

P-value 
(Mantel-
Cox test) 

P-value (Gehan-
Breslow-Wilcoxon 

test) 
Control 150 17 (±1.0) 34.5 (±3.5)   
ddC 211 19 (±0.0) 39.0 (±1.0) < 0.0001 0,0062 
ddI 236 22 (±0.8) 39.0 (±1.0) < 0.0001 < 0.0001 
FLT 309 22 (±1.0) 47.5 (±2.5) < 0.0001 < 0.0001 

 

 

 

Figure S1. Lifespan analysis of continued expose of progeny from 

nematodes that were treated from L4. NRTI concentration = 200μM. All 

animals are N2 at 20oC. 

 

 

 

 

 

Figure S2. ATP levels did not follow a NRTI concentration dependent decline. In vivo ATP levels show a concentration dependent response 

for 100μM and 200μM. 400μM all NRTIs increased ATP levels above that of 200μM. ATP levels were measured within 2.5 minutes of 

exposure in vivo. Statistics were calculated with a two-way ANOVA with replication, compared to control. 
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Table S2. Relative gst-4 expression changed by exposure to DMSO, 200μM NRTIs, and pro-oxidants. Pro-oxidant and DMSO analyses 

were calculated using control dH2O and NRTI analyses were calculated using the relevant DMSO concentration as controls (AZT, d4T, ddI, 

FLT = 0.1% DMSO; ddC = 0.2% DMSO). % change is compared to relevant control. Significance was calculated using a multifactorial ANOVA 

without replication compared to relevant controls. * = P<0.05, ** = P<0.01, *** = P<0,001. 

Exposure 
Relative gst-4 expression change (%) 

1h 2h 3h 4h 5h 6h 
DMSO 0.1% 5.8 4.8 4.9 2.6 3.7 4.8 
DMSO 0.2% 0.0 -2.2 1.0 2.8 4.5 5.3 
AZT -4.0 -0.6 4.4 6.2 5.8 7.1 
FLT 3.2 * 10.7 * 19.5 * 22.6 * 27.6 ** 28.6 *** 
d4T 0.4 6.6 14.6 * 22.4 ** 23.8 * 30.0 * 
ddC 9.9 12.1 11.1 11.0 17.0 19.3 * 
ddI -1.6 7.6 * 12.8 15.9 * 19.7 * 22.0 ** 
100μM Paraquat 14.1 ** 18.9 ** 19.6 ** 16.3 * 19.4 * 22.3 ** 
500μM Paraquat 18.8 * 20.3 ** 26.0 *** 27.2 ** 27.4 ** 31.6 ** 
500μM H2O2 6.5 * 9.3 * 21.7 ** 25.5 ** 25.8 * 29.6 * 
1mM H2O2 13.4 19.5 31.1 34.2 * 34.6 * 39.6 * 

 

 

 

Figure S3. The decrease in general ROS production rate of therapy naïve animals during d4T and ddI exposure normalised after 40min. 

(A) d4T; (B) ddI; (C) 500. ROS levels were measured by quantifying the fluorescence reporter dye H2DCFDA in vivo during 40min. Error bars 

indicate standard error. 
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Table S3. Increasing concentrations of AOX did not attenuate further the ATP level decrease caused by FLT. Relative in vivo ATP levels (%) 

are rapidly (2.5 minutes) lowered upon exposure to 300μM PIs. Statistics were calculated using a two-way ANOVA with replication, 

compared to control. 

 

Exposure Relative ATP level P-value 

Control 100 (±1)  
200μM FLT 80 (±3) 0.0000003 
200μM FLT + 100μM NAC  107 (±12) 0.0077722 
200μM FLT + 200μM NAC  114 (±12) 0.0000172 
200μM FLT + 500μM NAC  103 (±12) 0.0258750 
200μM FLT + 1mM NAC  122 (±14) 0.0015186 
200μM FLT + 10mM NAC  94 (±6) 0.0505706 
200μM FLT + 100μM LAA 103 (±10) 0.0578551 
200μM FLT + 200μM LAA  90 (±6) 0.1449904 
200μM FLT + 500μM LAA  98 (±11) 0.1449712 
200μM FLT + 1mM LAA 88 (±8) 0.4565221 
200μM FLT + 10mM LAA 97 (±5) 0.0163055 
200μM FLT + 100μM ALCAR 85 (±4) 0.2405145 
200μM FLT + 200μM ALCAR 89 (±6) 0.0910349 
200μM FLT + 500μM ALCAR 86 (±7) 0.5807733 
200μM FLT + 1mM ALCAR 87 (±6) 0.2835958 
200μM FLT + 10mM ALCAR 73 (±6) 0.3246686 
200μM FLT + 100μM Trolox 88 (±9) 0.3669575 
200μM FLT + 200μM Trolox 91 (±6) 0.2284413 
200μM FLT + 500μM Trolox 101 (±10) 0.0401034 
200μM FLT + 1mM Trolox 81 (±5) 0.7800273 
200μM FLT + 10mM Trolox 63 (±7) 0.0517771 

 

 

Figure S4. AOX reduced the normal mtDNA copy number 

increase during 1h exposure. 100μM AOX decrease mtDNA 

copy number compared to control nematodes after 1h 

exposure (dark grey vs 1h control). mtDNA copy number 

increases during nematode development and therefore rises 

(control 0h vs control 1h). Error bars show the 95% C.I. (df = 

51). Significance was determined using a two-tailed student’s 

T-test assuming unequal variances. ** = P-value <0.01, *** = 

P-value <0.001 compared to control animals at 1h, and 

Control 1h vs Control 0h.  

 

Table S4. Anti-oxidants altered fitness. Fitness is measured by number of sigmoidal body bends per worm per minute. Anti-oxidant 

concentrations = 100μM. Statistics were calculated by two sided student’s t-test assuming unequal variance compared to control of that 

same time point. Control 48h vs Control 24h, Control 72h vs Control 48h. * = P<0.05, *** = P<0.001, n.s. = not significant. 

 Control NAC LAA ALCAR Trolox 
24h 129.4 (±13.7) 127.1 (±19.5) n.s. 127.9 (±9.74) n.s. 135 (±10.8) * 133.9 (±11.7) n.s. 
48h 119.5 (±17) *** 118.7 (±9.1) n.s. 112.7 (±17.8) n.s. 125.8 (±19.7) n.s. 132.4 (±12.5) *** 
72h 107.7 (±16.3) *** 101.3 (±20.8) n.s. 115.2 (±18) * 92.2 (±19.5) *** 100.7 (±15.9) * 
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Figure S5. Anti-oxidants caused “anti-oxidant stress” that can exacerbate 100μM paraquat induced gst-4 expression. (A) NAC, (B) LAA, 

(C) ALCAR, (D) Trolox. Only LAA clearly attenuates paraquat induced rise in gst-4 expression at 200μM & 500μM. 
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Figure S6. Anti-oxidants caused “anti-oxidant stress” that can exacerbate 500μM H2O2 induced gst-4 expression. (A) NAC, (B) LAA, (C) 

ALCAR, (D) Trolox. Only LAA clearly attenuates H2O2 induced rise in gst-4 expression at 100μM & 1mM. 

 

 

Figure S7. ATP levels did not change upon exposure to 1mM AOX. 

In vivo ATP levels measured after 2.5 minutes of exposure.  
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Table S5. Relative gst-4 expression changed by exposure to AOXs, 200μM FLT + AOX, and pro-oxidants + AOX. AOX and pro-oxidant + 

AOX analyses were calculated using control dH2O, and FLT + AOX analyses were calculated using the 0.1% DMSO as control. Significance 

was calculated using a multifactorial ANOVA without replication. % change is given at time point 6 hours compared to relevant control, or 

in the case of antioxidant supplementation compared to the compound of interest. * = P<0.05, ** = P<0.01. NS = not significant. 

Exposure 
Relative gst-4 expression 

% change Significance 
100μM NAC 38.3 ** (0.001) 
500μM NAC 43.8 ** (0.001) 
1mM NAC 65.6 * (0.011) 
100μM LAA 42.3 ** (0.003) 
500μM LAA 77.2 ** (0.001) 
1mM LAA 73.3 ** (0.007) 
100μM ALCAR 75.4 ** (0.004) 
500μM ALCAR 74.7 ** (0.002) 
1mM ALCAR 63.4 ** (0.005) 
100μM Trolox 78.0 ** (0.005) 
500μM Trolox 100.0 ** (0.003) 
1mM Trolox 51.3 ** (0.007) 
FLT + 100μM NAC 14.4 ** (0.008) 
FLT + 200μM NAC 41.4 ** (0.007) 
FLT + 500μM NAC 26.2 * (0.013) 
FLT + 1mM NAC 43.5 ** (0.002) 
FLT + 10mM NAC 182.9 * (0.017) 
FLT + 100μM LAA 14.6 ** (0.009) 
FLT + 200μM LAA 9.1 NS (0.423) 
FLT + 500μM LAA 19.9 ** (0.009) 
FLT + 1mM LAA -2.4 * (0.012) 
FLT + 10mM LAA 50.1 ** (0.004) 
FLT + 100μM ALCAR 16.5 ** (0.008) 
FLT + 200μM ALCAR 13.0 ** (0.002) 
FLT + 500μM ALCAR -3.1 ** (0.006) 
FLT + 1mM ALCAR 6.0 NS (0.108) 
FLT + 10mM ALCAR 119.0 ** (0.004) 
FLT + 100μM Trolox 40.3 ** (0.003) 
FLT + 200μM Trolox 56.5 ** (0.005) 
FLT + 500μM Trolox 49.1 * (0.011) 
FLT + 1mM Trolox 56.1 ** (0.008) 
FLT + 10mM Trolox 39.5 ** (0.003) 
100μM Paraquat + 100μM NAC 11.6 ** (0.003) 
100μM Paraquat + 200μM NAC 6.1 ** (0.005) 
100μM Paraquat + 500μM NAC 6.5 * (0.022) 
100μM Paraquat + 1mM NAC -2.9 NS (0.605) 
100μM Paraquat + 100μM LAA 2.8 NS (0.167) 
100μM Paraquat + 200μM LAA -5.2 ** (0.009) 
100μM Paraquat + 500μM LAA -14.7 ** (0.002) 
100μM Paraquat + 1mM LAA 5.0 NS (0.139) 
100μM Paraquat + 100μM ALCAR 10.2 ** (0.008) 
100μM Paraquat + 200μM ALCAR -0.1 NS (0.135) 
100μM Paraquat + 500μM ALCAR -0.1 NS (0.367) 
100μM Paraquat + 1mM ALCAR 3.8 NS (0.944) 
100μM Paraquat + 100μM Trolox 9.8 ** (0.004) 
100μM Paraquat + 200μM Trolox 19.5 ** (0.001) 
100μM Paraquat + 500μM Trolox -8.8 NS (0.421) 
100μM Paraquat + 1mM Trolox 2.5 NS (0.165) 
500μM H2O2 + 100μM NAC 10.7 * (0.013) 
500μM H2O2 + 200μM NAC 19.3 ** (0.003) 
500μM H2O2 + 500μM NAC 23.6 ** (0.002) 
500μM H2O2 + 1mM NAC 14.9 ** (0.007) 
500μM H2O2 + 100μM LAA -15.0 ** (0.008) 
500μM H2O2 + 200μM LAA -2.3 NS (0.314) 
500μM H2O2 + 500μM LAA 4.8 NS (0.187) 
500μM H2O2 + 1mM LAA -4.6 ** (0.007) 
500μM H2O2 + 100μM ALCAR 19.0 ** (0.003) 
500μM H2O2 + 200μM ALCAR 33.6 ** (0.009) 
500μM H2O2 + 500μM ALCAR 12.6 ** (0.009) 
500μM H2O2 + 1mM ALCAR 8.8 ** (0.003) 
500μM H2O2 + 100μM Trolox 25.9 ** (0.001) 
500μM H2O2 + 200μM Trolox 17.7 ** (0.002) 
500μM H2O2 + 500μM Trolox 19.0 ** (0.001) 
500μM H2O2 + 1mM Trolox 39.8 ** (0.003) 
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Netherlands 

Abstract 

Although there have been clear advances in understanding the cause for side effects of antiretroviral therapy, a 

true understanding is still lacking. The nucleoside reverse transcriptase inhibitors (NRTIs), in particular, have 

been extensively studied. The majority of research, however, revolves around the polymerase-  theory which 

has recently been shown to not encompass the complete story behind NRTI adverse events. In this study we 

use transcriptomics and hypothesis guided experiments in Caenorhabditis elegans to approach the causes for 

NRTI thymidine analogue toxicity. We show that zidovudine (AZT) had distinctly different directional regulation 

of differentially expressed genes (DEGs) compared to Stavudine (d4T) and Alovudine (FLT), which were 

strikingly similar. KEGG pathway analysis of DEGs showed that thymidine analogues predominantly induce 

changes in genetic information processing and metabolism. We propose that genetic information processing 

pathways, specifically mitosis, are enriched by thymidine analogue induced changes in nucleoside 

pharmacokinetics, in particular that of replicating tissues. The strong enrichment in metabolic pathways, in 

particular those involving fatty acids, supports the standing hypothesis that the mitochondria are especially 

susceptible to NRTI induced toxicity. The most significant finding of this study is the observation that mtDNA 

encoded transcript quantity remained unchanged in the face of thymidine analogue induced mtDNA copy 

number decline. It has become clear that compensatory mechanisms exist that can keep both mtDNA copy 

number and mtDNA related transcripts at sufficient levels under pressure of thymidine analogue exposure and 

polymerase-  inhibition, at least in C. elegans. Some of these results are in contradiction to the polymerase-  

theory and provide a solid foundation and incentive for further research into mechanisms of NRTI related 

toxicity. 
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1. Introduction 

1.1 The antiretroviral drug burden 

Since the discovery of HIV-1 as a cause for AIDS, many antiretroviral pharmaceuticals have been developed to 

target viral replication. The first to be developed and prescribed as singular therapy was zidovudine (AZT) in 

1987. Therapy with one drug however led to viral resistance and ineffective treatment. Nowadays cocktails of 

antiretrovirals has become standard therapy and has led to the near successful inhibition of viral replication, 

and as a consequence, to a momentous decrease in morbidity and mortality of HIV-1 patients 6. 

Overshadowing this celebrated success, however, is the problem that near complete inhibition of viral 

replication demands that patients continue daily therapy for the rest of their lives so as to prevent rapid viral 

rebound 29. Besides this pill burden, HIV-1 infected patients are afflicted with drug induced adverse events, 

some of which can be life threatening 30,31. Typical initial adverse events include hypersensitivity reactions such 

as rash and gastrointestinal toxicity, which mostly abate after time. Chronic drug exposure, however, can lead 

to more severe symptoms such as lipodystrophy, myopathy, neuropathy, hepatic steatosis, hepatitis, 

hyperlactatemia and lactic acidosis, insulin resistance, neutropenia, and an increased risk for myocardial 

infarction 19,32. Patients suffering from (severe) adverse events are required to alter their therapy regime, likely 

only to delay the reoccurrence of new or similar adverse events. To make matters worse, even with successful 

and tolerated regimes, HIV-1 patients receiving antiretrovirals can show signs of premature and accelerated 

ageing 2. 

1.2 Nucleoside Reverse Transcription Inhibitors  

A modern antiretroviral regime typically consists of three drugs from at least two classes, two nucleoside 

reverse transcription inhibitors (NRTIs) combined with a protease inhibitor (PI) or non- nucleoside reverse 

transcription inhibitor (NNRTI). Although other drug classes exist (see Introduction, 2.0), the above three are 

most commonly used 19. Due to the complexity and variety of possible drug combinations, such multi-drug 

regimens are preferably referred to as highly active antiretroviral therapy (HAART). 

The backbone of HAART is made up of NRTIs, which comprises AZT, making it the first and consequently most 

studied class of antiretroviral drugs (Table 1). NRTIs are analogues of endogenous 2’-deoxy-nucleosides, 

however, they miss the 3’-hydroxyl group on the ribose moiety which is necessary for chain elongation during 

reverse transcription. In this way they act as chain terminators, suppressing the viral reverse transcriptase and 

consequent viral RNA to viral DNA transcription 13. 
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Table 1. The nucleoside reverse transcription inhibitor (NRTI) class. The approval date indicates FDA approval date 6. ٭ FLT trials were 

stalled in phase II due to potential side effects relating to bone marrow toxicity. However, FLT has shown to be very effective in suppressing 

NRTI-resistant HIV-1 mutants and trials have been resumed 22. The NRTIs used in this study (zidovudine, stavudine & alovudine) are 

highlighted. 

Nucleoside analogue Drug name Other names/Abbreviations Approval date 

Purine 

Adenosine 
Tenofovir disoproxil fumarate TDF; 2-Cyclopentene-1-methanol, 4-(2-

amino-6-(cyclopropylamino)-9H-purin-9-yl)-, 
(1S-cis)- 

2001 

Guanosine 
Abacavir ABC; 2-Cyclopentene-1-methanol, 4-(2-

amino-6-(cyclopropylamino)-9H-purin-9-yl)-, 
(1S-cis)- 

1998 

Inosine Didanosine ddI; 2’,3’-dideoxyinosine  1991 

Pyrimidine 

Cytidine 
Emtricitabine FTC; 2'-deoxy-5-fluoro-3'-thiacytidine 2003 
Lamivudine 3TC; 2',3'-dideoxy-3'-thiacytidine 1995 
Zalcitabine ddC; 2’,3’-dideoxycytidine  1992 

Thymidine 
 

Alovudine FLT; 3’-deoxy-3’-fluorothymidine ٭ 
Stavudine d4T; 2’,3’-didehydro-2’,3’-deoxythymidine 1994 
Zidovudine AZT; 3’-azido-3’-deoxythymidine 1987 

 
1.3 Thymidine analogue induced adverse events 

Older NRTIs and in particular thymidine analogues are considered to induce more adverse events than newer 

drugs 32. For example, lipoatrophy, which is characterized by subcutaneous wasting of white fat in the face, 

extremities, gluteal region and abdomen, can affect up to approximately 80% of patients and is predominantly 

caused by AZT and d4T 31,114. Moreover, the majority of patients that are forced to switch antiretroviral 

regimen due to toxicity, received either AZT or d4T, and the occurrence of regimen switching due to toxicity is 

much higher for thymidine analogues than other NRTIs 209. 

As the first drug to be developed and one that is still prescribed, AZT was linked to adverse events as early as 

1990 340. Patients with long-term AZT use, frequently display toxicity in the form of hepatic steatosis, myopathy 

and lactic acidosis. d4T is a highly potent inhibitor of HIV-1 replication in vitro, yet despite its effectiveness, 

approximately 12% of patients receiving d4T suffer from debilitating peripheral neuropathy 19. d4T is also 

commonly associated with pancreatitis, lactic acidosis, hepatic steatosis, insulin resistance and diabetes 

mellitus 341,342. FLT is the only thymidine analogue that is not actively used in the clinic today and therefore little 

is known about its toxicity profile. This is because development was stalled in phase II trials due to potential 

severe side effects relating to bone marrow toxicity. However, FLT has been shown to be very effective in 

suppressing NRTI-resistant HIV-1 mutants and trials have been resumed 13,22. 

1.4 NRTI related mitochondrial toxicity 

Many adverse events related to NRTIs resemble hereditary mitochondrial disorders, which led to the idea that 

NRTIs are toxic to mitochondria 33,34. Indeed, upon further examination it became apparent that NRTIs directly 

inhibit the mitochondrial polymerase gamma ( ) in vitro, albeit with varying affinity 31,204. Polymerase-  is 

responsible for mitochondrial DNA (mtDNA) replication and repair, and inhibition results in reduced mtDNA 

integrity and copy number 47. As mtDNA encodes for essential components of the mitochondrial respiratory 

chain, depletion in mtDNA quality and quantity likely impedes mitochondrial oxidative phosphorylation and 
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consequently mitochondrial function. Lower ATP levels, diminished mitochondrial membrane potential and 

elevated reactive oxygen species (ROS) have frequently been shown to result from exposure to NRTIs in vitro 53. 

This mechanism behind NRTI induced mitochondrial toxicity is more commonly known as the polymerase-  

theory 30. 

1.5 Toxicity beyond the polymerase-  theory 

Although the polymerase-  theory clarified many of the adverse events witnessed in patients receiving NRTIs, a 

large body of evidence has accumulated over the years which suggests that there are modes to NRTI induced 

mitochondrial toxicity that lie beyond simple inhibition of polymerase- 32. Initial doubt was placed in the 

polymerase-  theory because affinity with, and concurrent inhibition of, polymerase-  by NRTIs does not 

linearly correlate with clinical manifestations of mitochondrial toxicity. AZT for example does not have the 

highest potential to inhibit polymerase- , yet it is considered as the NRTI that causes the most mitochondrial 

related adverse events. Moreover, newer NRTIs which have low affinity for polymerase-  can still cause mtDNA 

depletion and mitochondrial dysfunction 13. In light of this, NRTIs have been proposed to interfere with 

mitochondrial function through other mechanisms. For instance, NRTI phosphorylation and pharmacokinetics 

likely interfere with normal nucleoside homeostasis and function 343. Altered expression of mtRNA and 

mitochondrial proteins have been found in the absence of mtDNA depletion 57,58. NRTIs can also directly inhibit 

mitochondrial enzymes 72 and are known to enhance the generation of ROS 86,87 (for a comprehensive review 

see 32). 

1.6 Searching for the causes of NRTI toxicity 

Studying the causes for antiretroviral related adverse events were stimulated by the proposal of NRTI induced 

mitochondrial toxicity in 1995 30. Advances, however, have been slow and mostly revolve around the 

polymerase-  theory. Nonetheless, a large body of data has been produced linking specific drugs to clinical 

adverse events 19,31. The mechanisms behind drug toxicity remain difficult to interpret though, especially when 

only patient data is considered. Most patients receiving antiretroviral medication do so in regimen form 

(HAART), or/and have switched regimes before, which hinders relating clinical readouts to the effect of a single 

drug. Furthermore, many patients fortify their diet with vitamin and mineral supplements in an attempt to 

bolster health and postpone adverse events, which can complicate analysis further 296–298. 

In vivo approaches like mice or rat models have clarified many consequences of antiretroviral therapy, 

particularly those in support of the polymerase-  theory 186,203. These approaches, however, are often costly, 

time consuming and ethically questionable. To circumvent these problems, efforts have been made to study 

drug specific responses in vitro and diverse cell cultures have been used with varying success to clarify 

mechanisms behind NRTI related toxicity. Unfortunately though, it has become apparent that no clear link can 

be made between mitochondrial toxicity effects in vitro and symptoms from patients in the clinic. Tissue-

specific cell cultures also show no marked differences between specific NRTIs in their potential to inhibit 

mtDNA replication or cause mitochondrial dysfunction. Additionally, the immortality of some cell-lines places 
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doubt on the advantages of such in vitro approaches. This is especially the case for undifferentiated cell lines 

because their mitochondria strongly differ in metabolism from differentiated cells 204. 

1.7 Using Caenorhabditis elegans as a model system 

To simplify studies and facilitate more rapid advances in understanding NRTI induced mitochondrial toxicity we 

previously established C. elegans as a suitable model system to study antiretroviral adverse events. We were 

able to show that different NRTIs can be separated on their potential to induce mitochondrial toxicity. FLT, for 

instance, showed severe mtDNA depletion, altered mitochondrial morphology and diminished oxygen 

consumption levels 52. 

Over the years, C. elegans has proven itself one of the most versatile model organisms for the elucidation of 

molecular pathways implicated in many human diseases, including those of the mitochondria 210,211,344. 

Moreover, this short lived nematode has frequently been used to study mitochondria and drug specific effects 
37,213,216,345,346. 

1.8 Aim of this study 

In this study we implement C. elegans and full transcriptome analysis to shed light on all possible mechanisms 

behind mitochondrial toxicity of three major NRTIs, namely the thymidine analogues AZT, d4T and FLT. It is 

increasingly important to understand the mechanisms behind NRTI toxicity because there are limited prospects 

for alternative therapies to combat HIV/AIDS, the number of HIV-1 infected continues to grow, and 

importantly, due to the prolonged lifespan of HIV-1 patients receiving antiretrovirals, the incidence of 

antiretroviral related toxicities will continue to rise. Furthermore, the possible introduction of FLT into the 

physician’s arsenal to battle HIV-1 resistance, besides the continued prescription of AZT and d4T, demands that 

mechanisms of toxicity for these compounds are addressed 13,205. Through a better understanding of the 

cellular response to antiretroviral drugs, a search for means to diminish drug toxicity and support physicians 

and patients alike can be expedited. 

With the approach used in this study we attempt to verify current theories of NRTI related toxicity and observe 

gene expression changes both related and unrelated to mitochondrial dysfunction or the polymerase-  theory. 

Moreover, we address two theories which have arisen in previous chapters in this thesis, the first being; the up-

regulation of compensatory mtDNA replication mechanisms that keep mtDNA levels at quantities compatible 

with life during NRTI inhibition of polymerase-  (Chapter 2 & 3), and second; the induction of mitohormetic and 

longevity pathways in response to NRTI induced inhibition of the mitochondrial respiratory chain (MRC) and 

increased production of ROS, in C. elegans (Chapter 3). 

2. Results & Discussion 

Thymidine analogues are the NRTIs most toxic to mitochondria and specific side effects have been allocated to 

them as a group and individually 32. In vitro enzyme-activity assays of AZT, d4T and FLT show that they differ in 

their potential to inhibit polymerase- 31,204, and in nematodes they each show distinct toxicity profiles (Chapter 

1) 52. To gain a better understanding of thymidine analogue adverse effects and, in particular, discover and 
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verify mechanisms underlying their toxicity, full transcriptome analysis of single drug exposures at two time 

points was assessed using the validated model system C. elegans. 

2.1 Thymidine analogues alter gene expression in C. elegans 

The Principal Component Analyses (Figure 1) showed that global gene expression changed in response to 

specific drug exposures and drug exposure time. Using the first and second principal components, which 

contain 31.5% and 14.7% of sample variance respectively, three clusters can be distinguished for the 24h 

exposure samples (squares); 1: Unexposed and AZT; 2: 0.033% DMSO; and 3: d4T and FLT. For the 72h 

exposure samples (circles) two clusters can be distinguished, 1: AZT, and 2: Unexposed, 0.033% DMSO, d4T, 

and FLT. Using the third principal component which contains 7.1% of the sample variance, FLT and 0.033% 

DMSO after 72h exposure could be separated from the Unexposed and d4T samples (data not shown). 

 

Figure 1. Principal component analysis of drug exposures and drug 

exposure times. Unexposed = black, 0.033% DMSO = blue, AZT = red, 

d4T = green, FLT = yellow. Squares indicate 24h exposure and circles 

indicate 72h. All biological triplicates are shown with the exception of 

d4T (24h) which had two biological replicates. 

 

 

 

 

To construct data sets of genes specifically influenced by treatments, differential gene expression of 

Unexposed samples was compared to antiretroviral treatments and DMSO prior to analysis. As all antiretroviral 

drugs are dissolved in DMSO, a representative concentration of 0.033% was used as a control. Drug treatment 

and DMSO genes found to be differentially expressed after comparison to the Unexposed samples were then 

compared. After filtering out gene expression change as a result of DMSO exposure in the antiretroviral 

samples, and then selecting genes with an adjusted P-value of <0.01, filtered data sets were obtained and used 

for the drug specific gene expression change analysis (Table 2). 

Table 2. Number of drug specific differentially expressed genes (adjusted P-value <0.01) compared to DMSO at time points 24h & 72h. 

Arrows indicate either the up (↑) or down (↓) regulation of genes. 

AZT d4T FLT 
Total ↑ ↓ Total ↑ ↓ Total ↑ ↓ 

24h 1201 777 424 5593 3170 2423 1940 746 1194 
72h 6459 3434 3025 774 434 340 1060 584 476 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

   RNAseq analysis of NRTI thymidine analogue effects 
 

99 
 

After 24h of antiretroviral exposure, AZT showed the least amount of differentially expressed genes (DEGs), yet 

after 72h exposure showed the most DEGs (Table 2). Of all the thymidine analogues, AZT-triphosphate (TP) is 

least likely to be incorporated into mtDNA by polymerase- yet once incorporated is ineffectively removed by 

the polymerase-  exonuclease 50. In accordance with the pol-  theory, our results indicate that the initial 

response to AZT exposure is small, and perhaps explains its preference above d4T in regimens for treatment-

naïve HIV-patients 19,347. In line with the inefficiency of AZT removal during mtDNA replication, we observed 

that the number of DEGs increased approximately 5-fold over 48h. Additionally, polymerase-  exonuclease 

function is known to be effectively inhibited by AZT-monophosphate (MP), which likely results in lower fidelity 

of polymerase-  and an increase in mtDNA mutations over time 47. 

In the case of d4T and FLT the number of DEGs after 24h exposure was larger than that after 72h. This was 

particularly the case for d4T which showed an approximate seven-fold reduction in the number of DEGs (Table 

1). d4T and FLT have been shown to be more potent inhibitors of polymerase-  compared to AZT, which may 

explain the large amount of genes differentially expressed by d4T or FLT compared to AZT after 24h exposure 
25,40. Compared to AZT in the clinic, however, d4T has been shown to be well tolerated over the short term 348. 

In vitro studies and animal studies focusing on bone-marrow toxicity have also shown that d4T is the least toxic 

of the thymidine analogues during short-term exposure 205. FLT remained the most toxic of the thymidine 

analogues 145. Our results that showed an approximate 7-fold decrease of DEGs for d4T over 48h is also notable 

considering that d4T is renowned for its long-term toxicity in patients, and is therefore infrequently used 19. An 

explanation for this discrepancy may be that d4T has been shown to be more effective than AZT in decreasing 

mtRNA synthesis during 7 days exposure in cell lines 63.  

2.2 Mitochondrial toxicity & dysfunction 

The primary cause for thymidine analogue induced adverse events is mitochondrial toxicity 47. As a starting 

point in this investigation we evaluated the extent of thymidine analogue induced mitochondrial dysfunction 

by comparing DEGs with a previously published C. elegans mitochondrial proteome data set 37. Using a shotgun 

proteomics approach with purified mitochondria from young adult nematodes raised in liquid media, Li et al. 

identified 1117 proteins that were localised in the mitochondria. Although a linear correlation between mRNA 

quantity and protein abundance cannot be made easily, the comparison of DEGs with the mitochondrial 

proteome database may give some insight into the way and extent to which thymidine analogues affect 

mitochondrial function. Only 24h exposure to AZT showed significant overlap with the mitochondrial proteome 

data set. Specifically, metabolic processes were affected (Table 3), indicating an adaptation in energy 

metabolism. AZT has been proposed to directly inhibit the mitochondrial respiratory chain complex I, (NADH 

dehydrogenase), complex II (succinate dehydrogenase), and complex V (F1,F0-ATPase) 68–70, which may drive 

these changes in gene expression. Overall, NRTI thymidine analogues appear to have little impact on 

mitochondrial function which challenges the polymerase-  theory. 
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Table 3. Overlap between AZT DEGs at 24h and a C. elegans mitochondrial proteome data set. Our data was considered enriched with an 

unadjusted P-value of <0.05. Mitochondrial proteome data set and annotation of functional description (category) were taken from Li et al. 
37. 

Thymidine 
analogue 

Exposure 
time Category P - value Number 

of hits 
Number in 
category 

AZT 24h 

Dicarboxylic acid metabolic process 0.012094818 3 4 
Glycolysis 0.021007466 4 8 
Glucose catabolic process 0.048493954 4 10 
Hexose catabolic process 0.048493954 4 10 
Monosaccharide catabolic process 0.048493954 4 10 

 

2.3 Thymidine analogue class effects on gene expression 

To gain a more detailed and unbiased insight into effects of thymidine analogues as a class, differential gene 

expression change was compared between each thymidine analogue (Figure 2 & Table 4). Thymidine analogues 

as a class at 24h had 323 genes, and at 72h 113 genes which were commonly expressed (Figure 2).  

 

Figure 2. Venn diagrams showing the number of genes differentially expressed by each thymidine analogue. A: 24h, and B: 72h. 

Differentially expressed genes with an adjusted P-value of <0.01 in comparison with the DMSO control. 

The direction of gene expression change in the overlap group for all drugs at 24h was identical for d4T and FLT, 

with approximately three quarters of these genes having higher fold changes from exposure to FLT (Table 4). 

AZT showed almost complete opposite gene direction changes compared to d4T and FLT, with only 43 genes (9 

UP and 34 DOWN) having similar directional change. Conversely, in the overlapping group for all drugs at 72h, 

AZT and d4T had identical changes in gene expression direction, with approximately 97% of genes showing 

higher fold changes from exposure to AZT. Additionally, in the 72h overlap group, only three genes were 

directionally differentially regulated by FLT exposure compared to AZT and d4T (with approximately 87% of the 

genes which had similar directional change showing higher fold changes from exposure to AZT compared to 

FLT), namely tufm-2, hoe-1 (E04A4.4) and K04F1.9. tufm-2 and hoe-1 were up-regulated by FLT and down-
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regulated by AZT and d4T. tufm-2 encodes the C. elegans ortholog of the mitochondrial TU elongation factor 

(EF-Tu) and loss of TUFM-2 activity activates the mitochondrial unfolded protein response 349,350. hoe-1 encodes 

a putative metal-dependent hydrolase orthologous to human ELAC2 which is involved in germ line proliferation 
351. K04F1.9 was up-regulated by AZT and d4T and down-regulated by FLT, and is involved in immune responses 

that contribute to longevity 351,352. Taken together, these results indicate that d4T and FLT induce very similar 

gene expression profiles, which after 24h exposure are distinctly different to AZT. Additionally, thymidine 

analogues as a class cause similar changes in gene expression after 72h exposure, with AZT causing the largest 

fold changes. 

Table 4. Change in gene expression direction of common elements uniquely shared between exposure conditions of differentially 

expressed genes (adjusted P-value <0.01). The number of genes shared by each thymidine analogue is given. Arrows indicate either up (↑) 

or down (↓) regulation of genes. 

 

 AZT d4T FLT  
 ↑ ↓ ↑ ↓ ↑ ↓ Grand total 

24h 

AZT & d4T 91 165 134 122 - - 256 
AZT & FLT 87 0 - - 87 0 87 
d4T & FLT - - 663 718 663 718 1381 
AZT & d4T & FLT 280 43 18 305 18 305 323 

72h 

AZT & d4T 272 229 262 239 - - 501 
AZT & FLT 179 191 - - 202 168 370 
d4T & FLT - - 15 11 4 22 26 
AZT & d4T & FLT 96 17 96 17 97 16 113 

 

Of the DEGs in overlapping groups between two analogues at 24h, approximately two thirds of those in the AZT 

and d4T group showed opposite directional regulation. Of those which had similar expression direction, no 

distinctly stronger regulation by one analogue or the other could be found. In the AZT and FLT overlap group, 

however, almost all the genes showed complete opposite directional regulation, with but one unannotated 

gene, namely C56E6.9, which was similarly down-regulated. In the d4T and FLT overlap group, which had the 

largest shared group of DEGs (1704), all the genes showed identical directional changes, with approximately 

60% of the genes being more strongly regulated by d4T (Figure 2 & Table 4). 

In the overlapping groups between two analogues at 72 hours, the AZT and d4T overlap group showed almost 

identical changes in gene expression direction, with only 12 genes being directionally differentially regulated. 

Of the genes which had similar directional changes, approximately 98% of them had larger fold changes for 

AZT. The AZT and FLT overlap group also showed similar directional gene regulation, with 39 genes being 

directionally differentially regulated. Of those genes that had similar directional changes, no distinctly stronger 

regulation by one analogue or the other could be found. In the d4T and FLT overlap group, approximately 42% 

of the genes showed differential regulation in direction. Of the genes that shared directional change, no 

distinctly stronger regulation by one analogue or the other was found. 

Collectively, these results show that thymidine analogues, as a distinct NRTI group, induce expression of a large 

amount of similar genes, albeit the analogues differ in the directions they change expression. At 24h the 

directional change in gene expression response for AZT was considerably different to d4T and FLT, which 
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showed very similar responses to each other. The marked overlap between d4T and FLT at 24h may indicate 

that these analogues also share similar causes for toxicity and that initial adverse events in patients may be 

comparable (see Chapter 1). At 72h the directional change in overlapping gene expression induced by 

thymidine analogues was similar, and AZT shared more overlap with d4T and FLT than d4T did with FLT 

(approximately 96%, 89%, and 41%, respectively). 

2.4 Functional analysis of thymidine analogue induced gene expression change 

To better get to grips with the functional changes related to gene expression, the Gene Ontology (GO) analysis 

is often used. GO analysis, however, has one major limitation, namely that GO terms do not correspond directly 

to known pathways 353. We therefore decided to proceed with functional analysis of the thymidine analogue 

induced changes in gene expression by using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway 

analysis. 

2.4.1 KEGG pathway analysis 

Making use of DAVID Bioinformatics Resources 354,355, overlapping DEGs shared between all three analogues at 

24h were categorized using KEGG analysis. Because the number of genes that were collectively either up or 

down-regulated by all the analogues was so small, no KEGG pathway was found to be overly represented. 

When KEGG pathway mapping was done without discretion to directional regulation, 4 pathways were found 

to be enriched, namely ‘DNA replication’, ‘alanine, aspartate and glutamate metabolism’, ‘amino sugar and 

nucleotide metabolism’, and ‘arginine and proline metabolism’ (Table 5). 

Table 5: KEGG pathway analysis of overlapping differentially expressed genes for all thymidine analogues at 24h, independent of 

directional regulation. Pathways were considered relevant if they showed an unadjusted P-value of <0.1. 

 

Term P Value Number 
of genes % Benjamini 

DNA replication 0.0039 6 1.86 0.17113 
Alanine, aspartate and glutamate metabolism 0.0094 5 1.55 0.20347 
Amino sugar and nucleotide sugar metabolism 0.0577 4 1.24 0.61399 
Arginine and proline metabolism 0.0748 4 1.24 0.60668 

 

Because the directional regulation of genes in the overlapping set for all analogues at 24h was distinctly 

different for AZT versus d4T and FLT, KEGG pathway mapping was done separately for these two categories. 

280 genes were up-regulated by AZT at 24h, and they mapped to ‘DNA replication’, ‘alanine, aspartate and 

glutamate metabolism’, ‘amino sugar and nucleotide sugar metabolism’, and ‘progesterone-mediated oocyte 

maturation’ pathways. 43 genes were down-regulated by AZT at 24h and when mapped showed enrichment in 

the ‘glycine, serine and threonine metabolism’ pathway (Table 6). 
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Table 6: KEGG pathway analysis of overlapping differentially expressed genes for AZT, and d4T & FLT at 24h. Pathways were considered 

relevant if they showed an unadjusted P-value of <0.1. 

 

Direction change 
KEGG pathway P Value Number 

of genes % Benjamini 
AZT d4T & FLT 
UP DOWN DNA replication 0.0020 6 2.22 0.06987 
UP DOWN Alanine, aspartate and glutamate metabolism 0.0361 4 1.48 0.48441 
UP DOWN Amino sugar and nucleotide sugar metabolism 0.0399 4 1.48 0.38615 
UP DOWN Progesterone-mediated oocyte maturation 0.0925 4 1.48 0.58269 

DOWN UP Glycine, serine and threonine metabolism 0.0233 2 22.22 0.22876 
 

 d4T and FLT had identical directional regulation of gene expression at 24h. 18 genes were up-regulated by d4T 

and FLT, and 305 genes were down-regulated by d4T and FLT. Due to the almost complete opposite directional 

regulation of d4T and FLT compared to AZT at 24h, the d4T and FLT regulated genes mapped to the same 

pathways as AZT (Table 6). Because the overlap in genes that are either up or down-regulated between all 

thymidine analogues at 72h was small, no KEGG pathway was found to be overly represented.  

2.5 Singular thymidine analogue pathway enrichment analysis 

To analyse the effects of each thymidine analogue individually, DEGs from singular analogues were mapped 

using KEGG pathway analysis (Table 7). KEGG pathways showed a strong enrichment for d4T and FLT at 24h 

compared to AZT 72h. d4T regulated the most pathways of all the thymidine analogues at 24h, and AZT the 

most at 72h. Predictably, d4T and FLT at 24h showed prominent overlap in the pathways. AZT on the other 

hand, showed almost complete opposite directional regulation (Table 7). This suggests that at 24h AZT has 

opposite effects to d4T and FLT, and may indicate why short-term adverse events in patients taking either AZT 

or d4T are distinctly different 348. Moreover, from these results we can predict that FLT induced short-term 

adverse events are likely similar to those induced by d4T. 

2.6 Examination of KEGG pathway mapped genes 

The KEGG pathways reflected the almost complete opposite expression of genes regulated by AZT compared to 

d4T and FLT. At 24h, the d4T and FLT regulated genes map to the most pathways, which is not surprising 

considering the large amount of DEGs at this time point. At 72h, AZT had by far the most enriched pathways 

which, interestingly, showed identical directional change compared to d4T and FLT regulated pathways at 24h. 

Moreover, d4T and FLT showed very few enriched pathways at 72h. This difference is remarkable and may 

reflect the differences in thymidine analogue structure and pharmacokinetics, such as phosphorylation 

dynamics (see Chapter 1, 2.1). AZT has a prominent azide group on its ribose moiety which has been proposed 

to strongly influence its potential for toxicity, in particular the generation of ROS 162.  

Compared to d4T, AZT is known to be phosphorylated into its mono-phosphate and di-phosphate forms more 

rapidly than into its tri-phosphate forms, reflecting an enzymatic bottleneck that occurs with AZT 25. This 

delayed phosphorylation into the biochemically most active form of AZT, suggests that AZT’s toxicity profile 

may be delayed compared to d4T and FLT. Indeed, this was reflected in the KEGG pathway enrichment analysis. 
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Table 7. KEGG pathway analysis of singular thymidine analogue effects at 24h and 72h. Arrows indicate up (↑) or down (↓) regulation of 

pathways regulated by each individual analogue. ↕ indicates pathway enrichment independent of DEG directional regulation. Pathways 

were considered relevant if the unadjusted P-value <0.1. 

 

Pathway Group KEGG Term 
24h 72h 

AZT d4T FLT AZT d4T FLT 
Genetic 
Information 
Processing 
 

Replication and 
repair 

DNA replication ↑ ↓ ↓ ↓   
Mismatch repair  ↓ ↓ ↓   
Nucleotide excision repair   ↓ ↓   
Base excision repair   ↓ ↓   
Homologous recombination  ↓ ↓ ↓   
Non-homologous end-joining    ↓   

Transcription Basal transcription factors  ↓  ↓   
Spliceosome  ↓  ↓   

Translation Aminoacyl-tRNA biosynthesis  ↓ ↓ ↓   
Folding, sorting 
and 
degradation 

RNA degradation ↑  ↓    
Proteasome ↑ ↓ ↓ ↓   
Ubiquitin mediated proteolysis  ↓ ↓ ↓  ↓ 

Metabolism Nucleotide 
metabolism 

Pyrimidine metabolism    ↓   

Amino acid 
Metabolism 

Selenoamino acid metabolism   ↑ ↑   
Arginine and proline metabolism ↓ ↑  ↑   
Glycine, serine and threonine metabolism ↓ ↑ ↑ ↑   
Alanine, aspartate and glutamate metabolism ↓ ↑ ↕  ↓  
Cysteine and methionine metabolism  ↑ ↑ ↑  ↑ 
Tryptophan metabolism ↓      
Phenylalanine metabolism  ↑  ↑   
Tyrosine metabolism ↓ ↑ ↑ ↑ ↓  
Glutathione metabolism   ↑ ↑   
Phenylalanine, tyrosine and tryptophan 
biosynthesis    ↑   

Carbohydrate 
Metabolism 

Pyruvate metabolism ↑      
Pentose and glucuronate interconversions  ↑     
Glycolysis / Gluconeogenesis ↑      

 Amino sugar and nucleotide sugar metabolism       
Lipid 
Metabolism 

Biosynthesis of unsaturated fatty acids ↓      
Fatty acid metabolism  ↑     
Glycerophospholipid metabolism  ↑    ↑ 

Metabolism of 
terpenoids and 
polyketides 

Limonene and pinene degradation 
     ↑ 

Glycan 
biosynthesis 
and 
metabolism 

Glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis    ↓   

N-Glycan biosynthesis    ↓   
Glycosaminoglycan biosynthesis - HS/Hep    ↓   

Metabolism of 
cofactors and 
vitamins 

Retinol metabolism  ↑  ↕   
Ubiquinone and other terpenoid-quinone 
biosynthesis    ↑   

Energy 
metabolism 

Nitrogen metabolism  ↑ ↑ ↑   

Xenobiotic 
metabolism 

Drug metabolism - other enzymes  ↑  ↑   
Drug metabolism - cytochrome P450  ↑ ↑ ↑   
Metabolism of xenobiotics by cytochrome P450  ↑ ↑    

Environmental 
Information 
Processing 

Signal 
transduction 

Calcium signalling pathway  ↑  ↑   
Wnt signalling pathway  ↑    ↓ 
TGF-beta signalling pathway  +    ↓ 
Notch signalling pathway    ↓   
mTOR signalling pathway   ↓    
MAPK signalling pathway  ↑  ↑   

Signalling 
molecules and 
interaction 

ECM-receptor interaction    ↑   
Neuroactive ligand-receptor interaction    ↑   

Cellular 
processes 

Transport and 
catabolism 

Lysosome    ↑  ↓ 

Organismal 
systems 

Endocrine 
system 

Progesterone-mediated oocyte maturation  ↓ ↓ ↓   
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Because there are too many pathways to discuss in detail, pathways that were enriched in the overlapping 

group of DEGs for all thymidine analogues at 24h are focused upon (Table 6 & 7). These include the ‘DNA 

replication’ pathway, the ‘progesterone-mediated oocyte maturation’, the ‘amino sugar and nucleotide sugar 

metabolism’ pathway, and the amino acid metabolism pathways; ‘arginine and proline metabolism’, ‘glycine, 

serine and threonine metabolism’ and ‘alanine, aspartate and glutamate metabolism’. Additionally, the 

pathways that were commonly represented upon exposure to singular thymidine analogues at 24h will also be 

discussed (Table 7). These include the ‘tyrosine metabolism’ pathway, and the ‘proteasome’ pathway. 

2.6.1 DNA replication 

The ‘DNA replication’ pathway was found to be enriched in the thymidine analogue overlapping DEG group and 

is up-regulated by AZT and down-regulated by d4T and FLT at 24h (Table 6). The genes mapped to DNA 

replication specifically encode for DNA-2: the C. elegans ortholog of the yeast and vertebrate Dna2 replication 

helicase, which is involved in DNA replication and (double-strand break) repair; CRN-1: the Cell-death-Related-

Nuclease-1 which is a 5’-3’ exonuclease and endonuclease and is involved in Okazaki fragment maturation; 

PCN-1: the Proliferating Cell Nuclear Antigen (PCNA) homolog which is essential for DNA replication and repair; 

and MCM-2, 3 and 7 which are MCN helicase complex proteins and are necessary for proper regulation and 

replication licensing during accurate DNA replication 356. DNA-2 and CRN-1 have been directly implicated in 

mechanisms of (double strand break) DNA repair and cell cycle checkpoint progression, specifically in 

embryonic viability control and morphogenesis of late-stage embryos 357,358. Thymidine analogues are known to 

affect dNTP pools and imbalanced dNTP pools can lead to genomic instability through defective replication and 

double stand breaks. Mitochondrial function plays an important role in the balance of dNTP pools, and 

thymidine analogues therefore likely influence DNA replication and repair pathways by unbalancing dNTP pools 
79. In addition, although affinity of polymerase-  is highest for NRTIs, polymerase-  which is involved in DNA 

replication and repair, can also be inhibited by thymidine analogues in vitro, albeit with much higher 

concentrations than needed to inhibit polymerase-  40. PCN-1 is an essential component in early embryogenesis 

and germ-line development and MCM-2-7 are also required for early embryonic development in C. elegans 359. 

At 24h, progeny development in C. elegans is fully engaged, which may have enhanced the likeliness that these 

genes were affected. Taken together, the regulation of DNA replication genes suggests that thymidine 

analogues strongly affect cell division. The role of DNA replication genes in C. elegans’ embryonic development 

and viability suggests that disturbance of cell division by thymidine analogues in C. elegans may be 

phenotypically conveyed by altered fecundity. 

2.6.2 Progesterone-mediated oocyte maturation 

The ‘progesterone-mediated oocyte maturation’ pathway is enriched in the overlapping group of DEGs at 24h, 

and is up-regulated during AZT exposure and down-regulated during d4T and FLT exposure. Genes specifically 

differentially regulated in this pathway include: lin-45, which is an ortholog of the vertebrate RAF protein and is 

required for larval viability, fertility and the induction of vulvar cell fates; cyb-3 which encodes for one of the 

four C. elegans cyclin B family members and is essential for embryonic viability; plk-2 which is one of the three 

C. elegans polo-like kinases and is required for early embryo chromosome dynamics, and mpk-1; which is a 
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mitogen activated protein (MAP) kinase and is involved in a myriad of developmental processes and acts 

downstream of lin-45 raf kinase in the let-60 Ras signalling pathway 356. Each of these genes encodes proteins 

that collectively regulate meiotic maturation in oocytes, which supports the hypothesis that disruption of cell 

division processes by thymidine analogues alters fecundity in C. elegans. 

2.6.3 Arginine and proline metabolism, and glycine, serine and threonine metabolism 

The ‘arginine and proline metabolism’ pathway was only found to be enriched in the overlapping set of DEGs 

independent of directional regulation, at 24h (Table 6). Three of the genes that encode for proteins involved in 

this pathway also function in the ‘alanine, aspartate and glutamate metabolism’ and the ‘glycine, serine and 

threonine metabolism’ pathways which were found to be enriched in the both the overlapping set of DEGs at 

24h (Table 6) and in the DEG sets from each thymidine analogue: up-regulated for AZT and down-regulated for 

d4T, and down-regulated for AZT and up-regulated for d4T and FLT, respectively (Table 6 & 7). From the 

overlapping set of DEGs, the two genes that mapped to the ‘glycine, serine and threonine metabolism’ 

pathway, T09B4.8 and K01C8.1, are both uncharacterized protein coding genes 356. The fourth gene 

represented in the ‘arginine and proline metabolism’ pathway, namely C10C5.4, was down-regulated by all 

thymidine analogues. C10C5.4 encodes an aminoacylase with similarity to vertebrate aminoacylase-1, and by 

homology is predicted to hydrolyse N-acetyl amino acids into the free amino acid and carboxylate 356. 

Interestingly, aminoacylase-1 has been found to be up-regulated during adipogenic differentiation of 3T3-L1 

cells and its down-regulation has been related to metabolic disorders and obesity 360. Thymidine analogues are 

known to suppress autophagy and adipogenesis which are likely causes for peripheral fat loss 361. It is therefore 

feasible that aminoacylase-1 plays an important role in NRTI related metabolic disorders such as lipodystrophy. 

Upon analysis of the extent to which C10C5.4 is down-regulated, we found that d4T induces the strongest fold-

change, followed by FLT and lastly AZT (data not shown). Interestingly, patients taking d4T have a higher 

incidence of lipodystrophy than patients taking AZT 44. 

2.6.4 Alanine, aspartate and glutamate metabolism, and amino sugar and nucleotide sugar metabolism  

The genes mapped to the ‘alanine, aspartate and glutamate metabolism’ pathway were found to be enriched in 

the thymidine analogue overlapping DEG group and were up-regulated during AZT exposure and down-

regulated during d4T and FLT exposure (Table 6). However, when mapping the DEGs regulated by each 

analogue separately, FLT only showed enrichment of this pathway when the direction of gene regulation was 

undefined (Table 7). Nonetheless, the ‘alanine, aspartate and glutamate metabolism’ pathway included the 

following genes which encode for the proteins: Glutamine-Fructose 6- phosphate Amino Transferase 1 and 2 

(GFAT-1, -2) which are predicted to catalyse the first, rate-limiting, step of the hexosamine pathway 362; and 

Glutamine synthetase (glutamate-ammonia ligase) 5 and 6 (GLN-5, -6), which are involved in the conversion of 

L-Glutamate into L-Glutamine 356. The importance of the hexosamine pathway is underscored by the 

representation of gfat-1 and gfat-2 in the ‘amino sugar and nucleotide sugar metabolism’ pathway, which was 

down-regulated by AZT and up-regulated by d4T and FLT. Moreover, a putative UDP-N-acetylglucosamine 

pyrophosphorylase (C36A4.4) and the ortholog of UTP-glucose-1-phosphate uridylyltransferase (K08E3.5) also 

map to the ‘amino sugar and nucleotide sugar metabolism’ pathway.  
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gfat-1 gain-of-function mutations have been found to result in resistance to endoplasmic reticulum stress and 

increased longevity as a result of increased activity of protein quality control mechanisms, such as proteasomal 

activity and autophagy. Moreover, increased synthesis of N-glycan precursors can alleviate pathologies of 

neurotoxic diseases 362. Hypothetically, the gfat-1 and gln-5 & -6 down-regulation by d4T may indicate why 

peripheral neuropathy is common in patients receiving this thymidine analogue 19, and may in part explain why 

AZT treated nematodes show increased longevity (Chapter 3). 

2.6.5 Proteasome 

Proteasome component encoding genes were up-regulated by AZT and down-regulated by d4T and FLT at 24h. 

AZT regulated 10 genes, d4T regulated 20 genes, and FLT changed the expression of 13 genes. Only three of 

these genes were altered by all three analogues, namely rpt-2, rpn-1, and rpn-2. rpt-2 is an ortholog of human 

PSMC1 (proteasome 26S subunit, ATPase 1) and has ubiquitin protein ligase binding activity. rpn-1 and rpn-2 

encode non-ATPase subunits of the 26S proteasome's 19S regulatory particle base sub-complex, and their 

activity is essential for embryonic, larval, and germline development. By homology, RPN-1 and RPN-2 are 

predicted to function in unfolding and recognition of protein substrates and/or recycling of ubiquitin moieties 

during protein degradation 356. Unsurprisingly, d4T and FLT shared an additional 10 genes (data not shown) 

which, interestingly, almost all encode subunits of the 19S regulatory complex and affect fertility and 

embryonic viability in C. elegans 356. AZT and d4T shared 3 genes, and 4 genes were specifically regulated by 

either AZT or d4T. Of these 11 genes, 6 encode proteins with are known to affect fertility and embryonic 

viability in C. elegans.  

Upon comparison of the DEGs at 24h and 72h with known genes in C. elegans that encode for proteins involved 

in proteostasis and protein quality control 349,363,364, we found significant enrichment (Table 8), specifically in 

the ubiquitin proteasome system (UPS) and the mitochondrial unfolded protein response (UPRmt). The UPS is 

the principal mechanism for the degradation of unwanted and damaged or incorrectly folded proteins, and 

regulates important cellular processes such as cell cycle regulation and apoptosis 364. The UPRmt is an important 

mitochondrial surveillance mechanism that assists in mitochondrial protein folding and MRC complex assembly 
365. A failure to produce sufficient mitochondrially encoded subunits due to a depletion of mtDNA by thymidine 

analogues for instance, can lead to aberrant assembly of MRC complexes and activation of the UPRmt. 

Interestingly, there is considerable cross-talk between pathways that control the UPR and mitochondrial 

biogenesis 349, which may link embryogenesis and larval development in C. elegans to the UPRmt. A likely reason 

for the altered regulation of both UPS and UPRmt upon exposure to thymidine analogues is an increase in 

oxidative stress (Chapter 3). Oxidative stress is known to affect the levels of mature functional proteins in the 

mitochondria, thus prompting activation of the UPRmt 366, and oxidized proteins are degraded by the UPS 367. 
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Table 8. Thymidine analogue induced enrichment of genes that encode proteins involved in proteostasis and protein quality control. 

DEGs from both single thymidine analogue exposures and overlapping groups (i.e. d4T & FLT) were analysed. Gene data sets were taken 

from 349,363,364, and compared to DEGs regulated by thymidine exposure. Categories were considered relevant if they had an unadjusted P-

value <0.05. 

 Analogues Category P-value Number of hits Number in category 

24h d4T & FLT Ubiquitin Proteasome System 0.024217 17 104 
FLT Ubiquitin Proteasome System 0.000283 6 104 

72h AZT Ubiquitin Proteasome System 0.044671 49 104 
d4T Mitochondrial Unfolded Protein Response 0.013070 3 57 

 

Taken together, the large proportion of proteasome component encoding genes that are known to affect 

fertility and embryonic viability supports the hypothesis that replicative tissues are strongly affected by 

thymidine analogues and, furthermore, that fecundity and brood size are likely altered in C. elegans upon 

exposure to thymidine analogues. Further research is needed to unravel the ways in which thymidine 

analogues induce the UPS and UPR. These cellular surveillance and quality control mechanisms have been 

implicated in many human diseases such as ageing and neurodegenerative disorders, and may point towards 

specific mechanisms behind thymidine analogue induced adverse events. 

2.6.6 Tyrosine metabolism 

In total, 11 genes encoding tyrosine pathway constituents were collectively down-regulated by AZT and up-

regulated by d4T and FLT at 24h. Specifically, AZT regulated 3 genes, d4T regulated 9 genes, and FLT changed 

the expression of 3 genes. 1 gene showed altered expression by all three analogues, namely T09B4.8 which is 

an ortholog of human mitochondrial AGXT2 (alanine-and glyoxylate aminotransferase 2). Based on protein 

domain information, T09B4.8 is predicted to have transaminase activity and pyridoxal phosphate binding 

activity 356. Multiple substrates and products of AGXT2 have been implicated in the pathogenesis of 

cardiovascular, renal, haematological and neurological diseases 368. Interestingly, patients receiving thymidine 

analogues are known to suffer from these diseases 19,32, suggesting that altered expression of AGXT2 may be a 

major culprit. Additionally, RNAi knock-down of T09B4.8 is known to reduce fat content in C. elegans 369, 

possibly linking thymidine induced altered expression of T09B4.8 to lipodystrophy. 

T09B4.8 was also represented in the ‘phenylalanine metabolism pathway’ and the ‘alanine, aspartate and 

glutamate metabolism pathway’ gene sets (data not shown). The ‘phenylalanine metabolism pathway’ also 

shared the ‘tyrosine metabolism’ pathway genes got-2.2, and alh-5. As tyrosine is produced in cells by 

hydroxylation of the essential amino acid phenylalanine, this is no surprise. got-2.2 is an ortholog of the human 

mitochondrial GOT2 (glutamic-oxaloacetic transaminase 2), and alh-5 is an ortholog of the human aldehyde 

dehydrogenase 3 and is predicted to have aldehyde dehydrogenase [NAD(P)+] activity. The other thymidine 

analogue regulated genes that encode components of the tyrosine pathway are all predicted to have 

oxidoreductase activity or in some cases specifically dehydrogenase activity 356. 

Taken together, the enrichment of metabolic pathways strongly suggests that thymidine analogues alter 

metabolism in C. elegans. Mitochondria are known to stand central in cellular energy metabolism and mediate 
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many common metabolic disorders such as ageing, diabetes, and cardiovascular disease 179. Thymidine 

analogue induced mitochondrial dysfunction has frequently been associated with these metabolic disorders 
19,32, and further analysis based on our results may help identify underlying metabolic changes. 

2.7 Verification of KEGG annotations with gene ontology term analysis  

Although KEGG pathway annotation can be very informative, KEGG analysis does not give detailed information 

on the possible localisation of the affected biological process or the specific reaction that the gene products 

regulate. To gain more understanding of the biochemistry underlying thymidine analogue toxicity we analysed 

the overlapping group of DEGs from each analogue using gene ontology (GO)-term analysis. 

2.7.1 Shared thymidine analogue effects independent of directional regulation 

DAVID Bioinformatics Resource 354,355 assisted functional annotation clustering, using the DAVID trimmed ‘FAT’ 

GO-term database, of overlapping genes whose expression was significantly altered by all analogues at 24h, 

showed enrichment in 7 clusters (Table 9). By their ontology alone, three of these clusters, namely ‘germline 

cell cycle switching, mitotic to meiotic cell cycle’, ‘morphogenesis of an epithelium’, and ‘mitosis’, indicate that 

the biological process of cell division are likely affected. Additionally, genes encoding for cellular components in 

the cluster ‘nuclear pores’ and genes which were annotated in the biological process of ‘protein import into the 

nucleus’ are known to be involved in mitosis 356.  

Specifically, xpo-2 encodes IMB-5, an importin-beta-like protein orthologous to mammalian cellular apoptosis 

susceptibility (CAS) proteins, and is predicted to function in nuclear transport of proteins required for mitotic 

progression or apoptosis. In C. elegans IMB-5 is essential for embryogenesis and is required for normal 

pronuclear envelope dynamics 356. IMA-2 is also essential for normal germline embryonic mitosis, specifically 

for proper chromosome segregation and nuclear assembly 370. npp-10 is orthologous to the human gene 

NUCLEOPORIN, 98-KD (NUP98) which plays a crucial role in the mitotic entry checkpoint 371. imb-1 and imb-2 

encode an ortholog of human karyopherin (importin) beta 1 and transportin 2, respectively, and are involved in 

embryo and larval development, and reproduction. Additionally, imb-1 is involved in mitotic spindle 

organization 356. Collectively, we can infer that the introduction of thymidine analogues disturbs cell division 

and that this in theory would disrupt embryogenesis and oocyte development in C. elegans. Although this is 

likely a C. elegans specific response, the disturbance of cell division by thymidine analogues is very relevant for 

humans, as we maintain continuous cellular replication in many tissues. 

Noteworthy is the finding that the five genes clustered in ‘magnesium chelatase activity’ all play roles in these 

processes. cdc-48.1 & cdc-48.2 encode AAA ATPases that act in conjunction to regulate ER-associated protein 

degradation and are essential during embryonic development 356. mcm-2 encodes an ortholog of human 

minichromosome maintenance component 2 and is involved in embryo and larval development, reproduction 

and determination of adult lifespan 356. mcm-3 encodes a protein with similarity to the human DNA replication 

licencing factor and affects embryonic viability, and finally, mcm-7 encodes an ortholog of the MCM7 member 

of the MCM complex which is involved in the initiation and regulation of DNA replication 356. 
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Table 9. GO term clustering, by biological process (BP), cellular component (CC) and molecular function (MF), of overlapping DEGs from all 

analogues, independent of directional regulation, at 24h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the 

highest stringency and an enrichment threshold for unadjusted P-values of 0.05, is presented. 

 

GO Term (BP, CC or MF) Number 
of genes % P Value Benjamini 

Germline cell cycle switching, mitotic to meiotic cell cycle (BP) 7 2.17 4.93E-05 0.00122 
Nuclear pore (CC) 5 1.55 4.88E-05 0.00185 
Magnesium chelatase activity (MF) 5 1.55 4.93E-05 0.01123 
Adenyl nucleotide binding (MF) 43 13.39 8.87E-04 0.03982 
Protein import into nucleus (BP) 4 1.24 0.001394 0.01797 
Mitosis (BP) 7 2.17 0.006929 0.06787 
Morphogenesis of an epithelium (BP) 18 5.57 0.007111 0.06839 

 

Also represented in the overlap group of the thymidine analogues was a large amount of genes annotated by 

the ‘adenyl nucleotide binding’ GO term. Using KEGG pathway analysis, these genes could be mapped to the 

‘DNA replication’ pathway, the ‘progesterone-mediated oocyte maturation’, and the ‘MAPK signalling’ 

pathways. Interestingly, when analysing these selected genes using the DAVID INTERPRO protein domain 

annotation tool, 4 were found to have integral membrane type 1 ABC transporter domains, of which 2 

specifically multi drug resistance-associated protein domains. This correlates with observations by Weiss et al. 

who demonstrated that second generation NRTIs can inhibit ABC transporter function 65, and Papp et al. who 

found that AZT and d4T increased transcription of the multidrug resistant gene MDR-1 60. Upon comparison of 

the overlapping genes from all thymidine analogues with all known genes that encode for ABC transporters and 

cytochrome P450 proteins in C. elegans 372–374, we found that there was a considerable enrichment (unadjusted 

P-value = 0.038230; data not shown), of mrp-4, mrp-7, haf-9, and pmp-5. More research is needed to 

understand the effects of thymidine analogue induced expression changes of drug transport systems. The 

expression of active drug transport systems, which in turn can adjust drug absorption, elimination, and tissue 

distribution, may significantly alter thymidine analogue induced adverse events. Moreover, drug transport 

systems are attractive drug targets and may aid in boosting NRTI efficacy or in diminishing adverse events. 

2.7.2 Shared thymidine analogue effects dependent on directional regulation 

The 9 up-regulated genes shared by all analogues at 24h gave no overly represented FAT GO-terms. Using the 

highest stringency and a lower enrichment threshold of 1.0, the 34 down-regulated genes shared by all 

analogues at 24h could be clustered by their molecular function into two categories; ‘adenyl nucleotide 

binding’ and ‘ATP binding’ (data not shown). The ‘adenyl nucleotide binding’ category includes the genes: 

Peroxisomal Membrane Protein (pmp)-5 which encodes an ortholog of human ATP-binding cassette D-4 and 

based on its protein domain function is predicted to be involved in ATP coupled transmembrane movement of 

substances; the uncharacterized protein coding genes F54D5.12 and F32D8.12; and mtk-1 which encodes a 

mitogen-activated (MAP)-kinase pathway factor known to be involved in embryo development and RNA-

interference 356,375. The ‘ATP binding’ category shares overlap with genes from the nucleoside & nucleotide 

binding category, with the exception a gene encoding an uncharacterized helicase (C28H8.3). 

Due to the small amount (9) of specifically down-regulated genes for AZT and up-regulated genes for d4T and 

FLT in the overlapping group of DEGs at 24h, no functional annotation clusters were found. The 271 genes that 
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were specifically up-regulated by AZT and down-regulated by d4T and FLT at 24h could be clustered into 5 

categories (Table 10). ‘Porphyrin biosynthetic processes’ was the only cluster which was not previously found 

to be enriched in the DEG analysis independent of directional regulation (Table 9). ‘Porphyrin biosynthetic 

processes’ included the previously described genes mcm-2, mcm-3, mcm-7, cdc-48.1, and cdc-48.2, which are 

all involved in embryonic viability and larval development. The exact function of porphyrins in C. elegans and 

their roles during exposure to thymidine analogues is unclear. On the basis of their function in oxidative 

metabolism as the prosthetic group of cytochrome c oxidase (MRC complex IV), it is possible that heme 

biosynthesis is adversely affected by thymidine induced mitochondrial dysfunction 376. We can, however, 

predict that fecundity in C. elegans is likely reduced by d4T and FLT, and enhanced by AZT. 

Table 10. GO term clustering, by molecular function (MF), of up-regulated genes from AZT and down-regulated genes from d4T and FLT at 

24h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the highest stringency and an enrichment threshold for 

unadjusted P-values of 0.05, is presented. 

 

GO Term (BP) Number 
of genes % P Value Benjamini 

Germline cell cycle switching, mitotic to meiotic cell cycle 7 2.59 2.88E-05 6.31E-04 
Porphyrin biosynthetic process 5 1.85 1.42E-04 0.00224 
Morphogenesis of an epithelium 18 6.67 0.002721 0.02709 
Protein import into nucleus 4 1.48 0.001057 0.01262 
Mitosis 7 2.59 0.004377 0.03871 

 

GO-term analysis of all overlapping genes whose expression was significantly altered by all analogues at 72h, 

showed enrichment in 2 clusters (Table 11). GO-term analysis for the 95 up-regulated genes in the 72h overlap 

between all analogues showed enrichment in the same 2 categories; ‘moulting cycle, protein-based cuticle’ and 

‘nematode larval development’ (data not shown). For the 15 down-regulated genes in the 72h overlap 

between all analogues, no GO-terms were found to be overly represented. Similar to gene expression changes 

at 24h (Table 10), thymidine analogue exposure during 72h shows enrichment in GO term categories related to 

larval development. This enrichment strengthens the likelihood that disruption of mitosis precedes a disruption 

of embryogenesis and larval development. 

Table 11. GO term clustering, by biological process (BP), cellular component (CC) and molecular function (MF), of overlapping DEGs from all 

analogues, independent of directional regulation, at 72h. The hierarchically most defined ‘child-term’, as ordained by DAVID, using the 

highest stringency and an enrichment threshold for uncorrected P-values for unadjusted P-values of 0.05, is presented. 

 

GO Term (BP or MF) Number 
of genes % P Value Benjamini 

Moulting cycle, protein-based cuticle (BP) 8 7.34 0.001998 0.27678 
Nematode larval development (BP) 21 19.27 0.019922 0.47898 

 

2.8 Hypothesis-driven experiments into the mechanisms behind thymidine analogue 

toxicity 

The data interpretation by means of KEGG and GO term analysis showed that many processes were distinctly 

and frequently represented upon exposure to thymidine analogues. These include mitosis, embryogenesis and 
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oocyte maturation, amino acid metabolism and fatty acid metabolism. We therefore used these results to 

perform hypothesis-driven experiments into the mechanisms induced by thymidine analogue treatment. 

Furthermore, in the following section we question the polymerase-  theory and address the hypotheses that a 

compensatory mtDNA replication mechanism becomes up-regulated upon NRTI inhibition of polymerase-  

(Chapter 2 & 3), and we assess if NRTI inhibition of the MRC and increased production of ROS regulates 

mitohormetic and longevity pathways in in C. elegans (Chapter 3). 

2.8.1 Mitosis and germ line proliferation, embryogenesis, and oocyte maturation 

Mitosis pathways were found to be enriched upon exposure to thymidine analogues (Table 9 & 10). Because 

the germline is the only proliferating tissue in an adult C. elegans, we surmised that the changes in mitosis 

would affect fecundity in C. elegans. In line with this, genes involved in germ line proliferation, embryogenesis, 

and oocyte maturation were also frequently found to be differentially expressed upon exposure to thymidine 

analogues. Specifically at 24h, the directional regulation of these genes differed per analogue; AZT exposure 

resulted in up-regulation and d4T and FLT exposure resulted in down-regulation (Table 10). We therefore 

surmised that the number of viable progeny from C. elegans treated with AZT would be larger than d4T or FLT. 

Indeed, nematodes grown in the presence of AZT showed significantly higher progeny numbers, and 

nematodes grown in the presence of d4T and FLT showed lower numbers of progeny, significantly so for d4T 

(Figure 3).  

 

Figure 3. Total number of progeny during NRTI thymidine 

analogue exposure. NRTI concentration = 100μM. Statistics were 

calculated using a two sided student’s t-test assuming unequal 

variance, compared to control. ** = P<0.01, *** = P<0.001. 

 

From our observations we propose that thymidine analogues cause an imbalance in nucleoside and nucleotide 

pools and induce S-phase arrest, leading to decreased mitosis. Nucleoside and nucleotide pool imbalance has 

been proposed as a major cause for NRTI induced toxicity 77,78,343, and toxicity of thymidine analogues has 

frequently been shown to be most evident in tissues with high turnover such as epithelium and bone marrow 
205.  

Remarkably, cells exposed to a high concentration of thymidine undergo S-phase arrest, a phenomenon known 

as the “thymidine block”. Thymidine is a strong allosteric inhibitor of ribonucleotide reductase which converts a 

fraction of the cellular pool of ribonucleotides into deoxyribonucleotides. In this way thymidine reduces the 

affinity of ribonucleotide reductase for its pyrimidine ribonucleotide substrates; uridine diphosphate and 

cytidine diphosphate. Inhibition of cytidine diphosphate conversion to deoxycytidine diphosphate depletes 

deoxycytidine triphosphate pools, thus causing S-phase arrest. Moreover, activation to the triphosphate form 
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of AZT, d4T and FLT by thymidine kinase 1 (CeTK1) preferably occurs in mitotically active cells as TK1 is 

expressed only during S phase 75,76. Haematopoiesis in bone marrow and thymus is especially sensitive to 

thymidine block at physiological concentrations of thymidine, causing replication stress in proliferating T-cells, 

B-cells and erythroid precursors 85. It is not surprising then that bone marrow toxicity and neutropenia are 

common adverse events in patients receiving thymidine analogues 19,32.  

Interestingly, since mitochondrial deoxyribonucleotide triphosphate pools linearly correlate with cytoplasmic 

pools in cycling cells 77, imbalances in cytosolic deoxyribonucleotide triphosphate pools cause mitochondrial 

replication stress which manifests as embryonic lethality and growth retardation 85. Mitochondrial dysfunction 

has been shown to lead to a decrease in deoxynucleoside pools which causes a delay of replication fork 

progression and double strand breaks causing genomic instability, such as chromosomal translocations and 

rearrangements 79. Additionally, the size of nucleoside pools has been proposed to be rate limiting for mtDNA 

replication 281. Collectively, these observations suggest that imbalances in nucleoside and nucleotide pools may 

chronologically precede the observed changes in gene expression clusters related to mitosis and altered 

embryogenesis. Importantly, these results show that nucleoside and nucleotide pool imbalance is a principal 

mode of action behind thymidine analogue induced adverse events beyond the polymerase-  theory. 

2.8.2 Nucleoside pharmacokinetics  

Nucleoside and nucleotide transporters in the mitochondrial and plasma membrane differ in their affinities for 

specific analogues, therefore affecting cellular compartmentalization of these drugs 50. Additionally, although 

there are discrepancies between the ability of these compounds to inhibit polymerase- , the ability of 

nucleoside analogues to inhibit mtDNA synthesis and be transported depends on their efficiency to be (tri-

)phosphorylated either in the cytoplasm or the mitochondria 76,80. We therefore screened a selection of genes 

known or predicted to encode proteins that function in nucleoside phosphorylation or transport (Table 12; 

Chapter 1, 2.1 25,67,75,377–379). 

At 24h, d4T and FLT showed the most DEGs known or predicted to encode proteins that function in nucleoside 

phosphorylation or transport. At 72h, AZT showed by far the most DEGs, which coincides with the large amount 

of AZT regulated DEGs (Table 2) and the down-regulation of the ‘pyrimidine metabolism’ pathway by AZT at 

this time point (Table 7). The widespread regulation of genes related to nucleoside phosphorylation or 

transport by AZT at 72h may be induced by nucleotide pool imbalance caused by the strong accumulation of 

AZT-MP compared to AZT-TP, which has been suggested to underlie AZT cytotoxicity 380. The complete lack of 

d4T at 72h to induce gene expression changes may result from d4T’s efficient conversion to its phosphorylated 

forms compared to AZT 381. 
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Table 12. Analysis of genes known or predicted to encode proteins that function in nucleoside phosphorylation or transport. DEGs with 

an adjusted P-value of <0.01 at 24h and 72h were screened for directional regulation of selected genes. Arrows indicate up (↑) or down 

(↓) regulation of genes regulated by each individual analogue. Genes were taken from 25,67,75,377–379. 

 

C. elegans gene Functional description 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
ent-1 Nucleoside transporter   ↓  ↓   
ent-2 Nucleoside transporter     ↑  ↑ 
ent-3 Nucleoside transporter  ↑   ↑   
ent-4 Nucleoside transporter     ↑  ↑ 
ent-5 Nucleoside transporter  ↓ ↓  ↓   
ent-6 Nucleoside transporter     ↓   
ent-7 Nucleoside transporter  ↓ ↓     
slc-28.1 Sodium dependent nucleoside transporter     ↑   
rnr-1 Ribonucleotide Reductase ↑ ↓ ↓  ↓  ↓ 
rnr-2 Ribonucleotide Reductase     ↓   
hpo-12 Mitochondrial deoxynucleotide carrier     ↓   
upp-1 Uridine (& thymidine) phosphorylase     ↓   
thk-1 Thymidine Kinase     ↓   
ndk-1 Nucleoside diphosphate kinase   ↑      

 

Interestingly, RNAi knockdown of the equilibrative nucleoside transporter genes, ent-1 and ent-2 in C. elegans, 

resulted in drastically reduced brood sizes and vulva protrusion phenotypes 377. We have previously observed 

vulva protrusion phenotypes upon prolonged exposure of C. elegans to FLT (Chapter 3). The observations here 

that ent-2 is up-regulated after 72h exposure to FLT may indicate that ent-2 is expressed as a mechanism to 

equilibrate the FLT induced imbalance of nucleoside pools.  

Taken together, the considerable amount of nucleoside phosphorylation or transport related genes regulated 

by the thymidine analogues supports the hypothesis that nucleoside and nucleotide pool imbalance play an 

important underlying role in NRTI toxicity. Further research is needed, however, to fully understand the 

consequences of thymidine analogue induced nucleoside and nucleotide pool imbalance, and elucidate this 

insufficiently investigated research area of NRTI toxicity 24. 

2.8.3 Alterations in amino acid metabolism 

Metabolism pathways were particularly well represented by the thymidine analogue DEGs, particularly those 

related to amino acid metabolism (Table 7). Both essential and non-essential amino acid metabolism pathways 

were enriched and the ‘nitrogen metabolism’ pathway was also found to be represented, reinforcing the 

observation that altered amino acid metabolism is likely a major consequence of thymidine analogue exposure. 

In light of this we quantified amino acid profiles from nematodes exposed to thymidine analogues for 24h, 48h, 

and 72h (Figure 4).  

Although the results need further verification, thymidine analogue exposure induced small yet noticeable 

changes in amino acid concentrations at 24h, 48h, and 72h. At 24h, AZT appeared to slightly increase the 

concentration of phenylalanine, tyrosine, and leucine, and decrease glycine concentrations. d4T also decreased 

glycine, as well as valine concentrations. Additionally, d4T increased glutamic acid concentrations. FLT showed 

a decrease in valine, glycine, and lysine concentrations (Figure 4A, Table 13). At 48h the changes for FLT were 

more pronounced. FLT increased alanine concentrations and slightly decreased concentrations of glycine, 
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valine, leucine, isoleucine, and glutamic acid. At 48h AZT caused phenylalanine alanine, and glutamine 

concentrations to slightly increase. d4T appeared to decrease glycine, valine, leucine, glutamine, and 

asparagine concentrations whilst increasing aspartic acid concentrations (Figure 4B). At 72h, the thymidine 

analogue induced changes in amino acid concentrations became much more wide spread. AZT appeared to 

decrease alanine, glycine, valine, leucine, isoleucine, and glutamic acid concentrations. d4T increased 

phenylalanine, tyrosine, glutamine, asparagine, lysine, and serine concentrations, and valine concentrations. 

FLT at 72h decreased phenylalanine, alanine, methionine, glycine, valine, leucine, isoleucine, lysine, arginine, 

proline, and glutamic acid concentrations, and increased glutamine concentrations (Figure 4C, Table 13). 

Long-lived mitochondrial respiratory chain mutants, also known as mit mutants, have deficiencies in oxidative 

phosphorylation and share similar phenotypes as those presented by nematodes exposed to thymidine 

analogues (Chapter 3). Interestingly, complex I mit mutants have upregulated KEGG pathways in ‘tyrosine 

metabolism’, ‘glycine, serine and threonine metabolism’, ‘tryptophan metabolism’, ‘phenylalanine 

metabolism’, ‘alanine and aspartate metabolism’, ‘arginine and proline metabolism’, ‘selenoamino acid 

metabolism’, and glutathione metabolism’ 382, which is strikingly similar to KEGG amino acid metabolism 

pathways that were found to be enriched by d4T and FLT at 24h, and AZT at 72h (Table 7). Additionally, the 

long-lived complex I mit mutant gas-1 and complex III mutant isp-1, and the short-lived complex II mutant mev-

1, have altered concentrations of amino acids compared to controls. Remarkably, these mit mutants showed 

almost completely opposite amino acid profiles compared to thymidine analogues (Table 13) 382. Only 

glutamine and glutamic acid concentration changes appear to be similar in the complex I mit mutant gas-1 and 

thymidine analogues. Theoretically, the almost completely opposite amino acid profiles may be caused by the 

difference between a knock-out of a MRC complex constituent compared to the likely (partial) inhibition of 

MRC complex function by thymidine analogues (Chapter 3). For example, RNAi knock-down of MRC complex 

components that are identical to mit mutant deficiencies, have been shown to have distinctly different 

metabolic profiles than mit mutants, as RNAi knock-down is never complete 294,313. Nonetheless, these results 

warrant further investigation into the changes in metabolism induced by thymidine analogues and may help 

shed light on many adverse events related to thymidine analogue exposure.  

Table 13. Comparison of free amino acids profiles in mit mutants and after thymidine analogue exposure. Mit mutant profiles adapted 

from 382. Thymidine analogue profiles are inferred from Figure 4. 

 

Amino acid 
Complex mutant  24h  72h 

I (gas-1) II (mev-1) III (isp-1)  AZT d4T FLT  AZT d4T FLT 
Phenylalanine ↓ ↑   ↑     ↑ ↓ 
Tyrosine ↓    ↑     ↑  
Alanine ↑  ↑      ↓  ↓ 
Glycine ↑ ↑ ↑  ↓ ↓ ↓  ↓  ↓ 
Valine ↑ ↑ ↑   ↓ ↓  ↓  ↓ 
Leucine ↑ ↑ ↑  ↑    ↓  ↓ 
Isoleucine ↑ ↑ ↑      ↓  ↓ 
Glutamine ↑ ↓ ↓       ↑ ↑ 
Lysine ↓  ↓    ↓   ↑ ↓ 
Arginine ↓          ↓ 
Glutamic acid ↓ ↓ ↓      ↓  ↓ 
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Figure 4. Quantification of measureable amino acids during thymidine analogue exposure. A: 24h, B: 48h, & C: 72h exposure. Thymidine 

analogue concentration = 100μM. Amino acids with undetectable values were excluded from graphical presentation. 

 

2.8.4 Thymidine analogue effects on genes encoding tricarboxylic acid cycle enzymes 
AZT and d4T at 24h show enrichment in the glycolysis and pyruvate metabolism pathways (Table 7). Together 

with the changes in amino acid profiles (Figure 4), these results suggest that, much like mit mutants 382, 

thymidine analogues induce changes in the expression of genes encoding tricarboxylic acid cycle enzymes. This 

notion is supported further by the thymidine analogue induced changes in pathways that provide substrates to 

the tricarboxylic acid cycle, such as the ‘fatty acid metabolism’ pathway. We therefore screened the DEGs from 

thymidine analogues with C. elegans genes that encode for enzymes that regulate tricarboxylic acid pathway 

metabolism (Table 14). 
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Table 14. Directional regulation of genes by thymidine analogues that encode regulators of the tricarboxylic acid cycle. Thymidine 

analogue induced DEGs with an adjusted P-value of <0.01 at 24h and 72h are shown. Arrows indicate UP (↑) or DOWN (↓) regulation. 

Genes that encode enzymes that regulate the tricarboxylic acid cycle were taken from 382. 

 

Gene 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
acly-2 ↑ ↓ ↓  ↓ ↓  
sdha-2  ↓ ↓  ↓   
C01G10.7  ↓   ↓   
aco-1     ↑   
idh-2  ↑      
idha-1 ↑       
idhg-1  ↓      
suca-1  ↑      
sucl-1  ↑      
sucl-2  ↓      
dld-1 ↑       
mdh-2 ↑       

 

Two genes were found to be differentially expressed upon exposure to all the thymidine analogues, namely 

acly-2 and sdha-2. acly-2 is an ortholog of human ACLY (ATP citrate lyase), and was up-regulated by AZT and 

down-regulated by d4T and FLT at 24h, and down-regulated by AZT and d4T at 72h. ACLY catalyses the 

synthesis of acetyl-CoA and plays an important role in linking energy metabolism from carbohydrates to fatty 

acid production 383, indicating that fatty acid metabolism in C. elegans is also likely affected by thymidine 

analogue exposure. sdha-2, was down-regulated by all the thymidine analogues, albeit not uniformly at one 

time point. sdha-2 encodes one of two C. elegans flavoprotein subunits of the mitochondrial succinate 

dehydrogenase complex (Complex II). One way to maintain redox balance and generate ATP in the absence of 

respiration is fermentation, for instance via malate dismutation. In long-lived mit mutants knock down of 

fumarate reductase, which acts in the malate dismutation pathway to catalyse the NADH/FADH2 dependent 

reduction of fumarate to succinate, caused further lifespan extension, indicating that metabolic rerouting has 

major impact on longevity 294. For thymidine analogue exposure, down-regulation of sdha-2 may have similar 

effects. Coincidently, AZT at 72h also showed down-regulation of a fumarate reductase (F48E8.3). 

Overall, it is hard to draw any conclusions from how the tricarboxylic pathway enzyme encoding genes are 

regulated upon thymidine analogue exposure. Down-regulation of tricarboxylic acid genes, however, is known 

to block mitotic entry in the C. elegans early embryo 384. In particular, d4T and FLT showed decreased 

expression of tricarboxylic acid genes which supports the knowledge that replicating tissues and tissues of high 

energy demand are particularly sensitive to the thymidine analogues 19,32.  

2.8.5 Thymidine analogue induced lipodystrophy and alterations in fatty acid metabolism 

Prolonged exposure to thymidine analogues has been found to cause lipoatrophy, lipohypertrophy, and 

dyslipidemia in approximately 50% of HIV-1 patients 19,32,361. The suppression of autophagy and adipogenesis by 

AZT and d4T is a likely cause for lipoatrophy, which regularly manifests as peripheral fat loss in HIV-1 patients 
361. Autophagy can be modulated by inhibition of the nutrient sensing pathway TOR (target of rapamycin), and 

we found that FLT down-regulated the mTOR signalling pathway at 24h. Additionally, we found altered 
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regulation of lipid metabolism pathways for all the thymidine analogues (Table 7). Because of these 

observations we hypothesised that fatty acid profiles may be affected upon exposure to thymidine analogues 

and we therefore quantified fatty acids in nematodes treated with AZT, d4T and FLT after 24h, 48h, and 72h 

exposure (Figure 5). 

Although these results require additional experimental verification, thymidine analogues induced changes in 

fatty acid profiles at 24h, 48h, and 72h. There were noticeable decreases in C17:1 and C19:1 fatty acid 

concentrations for all the thymidine analogues at 24h. C18:1 fatty acid concentrations were higher than 

controls for d4T and FLT, and the concentration of C18:2 was also higher for d4T. Additionally, AZT and FLT 

appeared to cause a small decrease in C15:0 concentrations (Figure 5A). At 48h, C15:0 concentrations 

normalised for d4T and increased for FLT. FLT at 48h also caused an increase in C17:0 and a decrease in C18:0 

fatty acid concentrations. C18:1 fatty acid concentration was increased for all the thymidine analogues and 

C18:2 concentrations were also higher for d4T and FLT at 48h, which was accompanied by a small decrease in 

C20:3 and C20:4 fatty acid concentrations (Figure 5B). 72h exposure to thymidine analogues showed the most 

changes in fatty acid concentrations, with FLT having the overall strongest effect. FLT increased the 

concentrations of C14:0, C15:0, C16:0, C16:1, C17:0, C17:1, C18:0, C19:0, and C19:1. d4T showed an increase in 

C18:1 and C18:2 concentrations, and together with AZT showed a slight decrease in C16:0 concentrations 

(Figure 5C). 
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Figure 5. Quantification of measureable fatty acids during thymidine analogue exposure. A: 24h, B: 48h, & C: 72h exposure. Thymidine 

analogue concentration = 100μM. Fatty acids with undetectable values were excluded from graphical presentation. 

 

These changes in fatty acid profiles suggest that thymidine analogue exposure disrupts fatty acid metabolism. 

Fatty acids are one of the major sources to maintain metabolic homeostasis, particularly for the generation of 

energy via β-oxidation in the mitochondria 385. NRTI induced mitochondrial dysfunction, particularly in the liver, 

has been proposed to reduce β-oxidation and thus increase fatty acid concentrations 386. Conversely, one study 

in mice showed that AZT and d4T increase fatty acid oxidation 387. Our observations that fatty acid 

concentrations generally increase at 48h and 72h as a result of d4T and FLT suggest that β-oxidation becomes 

decreased upon prolonged exposure to these thymidine analogues. The generally lower concentrations of fatty 

acids for AZT, d4T and FLT at 24h may indicate that β-oxidation is temporarily increased in an attempt to 

maintain metabolic homeostasis during the thymidine analogue induced pressure upon mitochondrial function. 
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To investigate the extent to which thymidine analogues alter the expression of genes involved in fatty acid 

metabolism, we screened fatty acid CoA synthase encoding genes for their altered expression. At 24h, d4T 

significantly changed the expression of a large number of fatty acid CoA synthase encoding genes, of which 

most are up-regulated. At 72h, AZT regulated the most CoA synthase encoding genes (Table 15). acs-4 is the 

only gene that is differentially expressed by all analogues at 24h. acs-4 is an ortholog of the human ACSL3 (acyl-

CoA synthetase long-chain family member 3) and ACSL4 (acyl-CoA synthetase long-chain family member 4). The 

upregulation of acs-4 may explain why the long-chain fatty acids C17:1 and C19:1 are lower for all the 

thymidine analogues at 24h (Figure 5). 

Table 15. Directional regulation of fatty acid CoA synthase encoding genes by thymidine analogues. Thymidine analogue induced DEGs 

with an adjusted P-value of <0.01 at 24h and 72h are shown. Arrows indicate UP (↑) or DOWN (↓) regulation. Fatty acid CoA synthase 

encoding genes were taken from WormBase 356. 

 

Gene 
24h  72h 

AZT d4T FLT  AZT d4T FLT 
acs-1     ↑   
acs-2  ↓ ↓     
acs-3 ↓    ↑   
acs-4 ↑ ↓ ↓  ↓   
acs-5     ↑   
acs-7  ↑   ↑   
acs-10  ↑      
acs-11  ↑   ↓   
acs-12  ↑      
acs-13     ↓   
acs-15  ↑      
acs-18  ↑ ↑  ↑   
acs-19 ↑ ↑   ↓ ↓  
acs-20  ↑   ↑   
acs-22 ↓ ↑      

 

Besides genes that encode for proteins that regulate fatty acid metabolism, there are a large number of genes 

known to encode for proteins that control fat storage and mobilisation in C. elegans 369. We compared our 

DEGs at 24h and 72h versus a comprehensive list of C. elegans fat regulatory genes (Table 16) 369. The 

overlapping group of DEGs from all thymidine analogues showed enrichment of 3 genes at 24h for fat increase, 

and 6 genes at 24h for fat decrease (Table 16). At 72h the overlapping group showed enrichment of 2 genes for 

fat increase and 1 gene for fat decrease (Table 16). Interestingly at 24h, d4T showed by far the most 

enrichment in both fat increasing and fat decreasing genes. In support of these observations, patients taking 

d4T are known to have a higher incidence of lipodystrophy than patients taking AZT 44. At 72h, however, AZT 

showed by far the most enrichment in fat increasing and fat decreasing genes. This is likely caused by the 

considerably large number of DEGs that are regulated by AZT compared to d4T and FLT at 72h. 
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Table 16. Analysis of C. elegans fat regulatory genes. Overlap indicates genes that are differentially expressed by all thymidine analogues 

with an adjusted P-value <0.01. Fat regulatory genes taken from 369. 

 

 24h  72h 
Fat genes AZT d4T FLT Overlap  AZT d4T FLT Overlap 
Increase 10 37 17 3  42 8 6 2 
Decrease 14 95 36 6  110 15 12 1 

 

Taken together, thymidine analogues showed changes in gene expression for lipid metabolism and fatty acid 

CoA synthase encoding genes. We propose that the disruption in fatty acid metabolism is secondary to the 

thymidine analogue induced mitochondrial dysfunction, specifically inhibition of the MRC (Chapter 2 & 3) 385. 

Further research is needed, however, to further elucidate the exact mode of action by which thymidine 

analogues induce changes in mitochondrial energy metabolism and fatty acid profiles. The relationship 

between mitochondrial metabolism and fat storage and mobilisation is an important field of investigation, as 

the incidence of lipoatrophy, lipohypertrophy, and dyslipidemia in HIV-1 patients treated with thymidine 

analogues is very high 19,32,361. As a starting point we propose the use of the lipid droplet dye Nile Red (5H-

benzo[ ]phenoxazine-5-one, 9-diethylamino) to visualize fat storage droplets in living worms 369. 

2.8.6 Polymerase-  inhibition, mtDNA copy number and mtDNA encoded transcripts 

mtDNA copy number has been shown to change upon exposure to thymidine analogues in vitro and in patients 

using antiretrovirals 19,53. As a marker for NRTI related mitochondrial toxicity, patients can be monitored for 

altered mtDNA copy number in the clinic 146. There is, however, accumulating evidence that mtDNA copy 

number cannot accurately predict NRTI toxicity (Chapter 3) 32,52. For example, altered mitochondrial gene 

transcription and impaired respiratory chain activity have been observed in the absence of mtDNA depletion 

during NRTI exposure 57,58. 

We have previously demonstrated that mtDNA copy number in nematodes exposed to NRTIs rapidly changes 

and continues to fluctuate over time (Chapter 3) 52. To analyse the extent of mtDNA replication inhibition at the 

same time points (24h and 72h) and using the identical drug concentration (100μM) as the RNAseq analysis, we 

quantified mtDNA copy number using a quantitative PCR. To better interpret the changes in mtDNA copy 

number at 24h and 72h we also quantified mtDNA copy number at 48h and 96h. As we have observed before, 

mtDNA copy number varies depending on the analogue administered. AZT showed no significant change at all 

time points. d4T showed no change at 24h but significantly lowered mtDNA copy number at 48h, followed by 

less drastic but significantly lower levels at 72h, and no change at 96h. FLT showed a significant reduction in 

mtDNA copy numbers at all the time points (Figure 6). 
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Figure 6. Mitochondrial DNA copy number per worm during thymidine analogue exposure. Nematodes were exposed to 100μM NRTIs 

from L4. Error bars show the 95% C.I. (df = 51). Significance was determined using a two-tailed student’s t-test assuming unequal variance. 

** = P-value < 0.01, *** = P-value <0.001. Thymidine analogues were compared to control animals of that same time point. 

The observed variation in mtDNA copy number between analogues gave us a unique opportunity to assess if 

NRTIs induce events as proposed by the polymerase-  theory. Namely, that NRTIs inhibit polymerase-  perturb 

mtDNA replication and repair, which results in a decrease of mtDNA copy number and thus a decline in mtDNA 

encoded transcripts 30. According to the polymerase-  theory and our mtDNA copy number data, the quantity 

of mtDNA encoded transcripts should be comparable to the control for AZT at both 24h and 72h, comparable 

to the control for d4T at 24h, and different compared to the control for d4T at 72h, and FLT at 24h and 72h. To 

attest whether the proposed polymerase-  inhibition by thymidine analogues results in any expression changes 

of mitochondrial encoded genes, mtDNA transcripts were analysed (Table 17).  

Table 17. Thymidine analogues did not cause a widespread change in mtDNA gene expression. mtDNA encoded gene expression log fold-

change upon exposure to thymidine analogues in comparison to the DMSO control. * = FDR is significant with an adjusted P-value <0.01. 

Human 
homolog C. elegans ID Complex 24h  72h 

AZT d4T FLT AZT d4T FLT 
ND1 nduo-1 (MTCE.11) I -0.42573 -1.05511 -0.66934  -0.25361 0.35934 -0.34958 
ND2 nduo-2 (MTCE.16) I -1.25422 * -1.37317 * -0.80080  -1.86339 * -0.47305 -1.20325 
ND3 nduo-3 (MTCE.34) I -1.19201 -0.65056 -0.40210  -1.23112 -0.20839 -1.76806 
ND4 nduo-4 (MTCE.25) I -1.16082 -1.63184 -0.84974  -0.57371 -0.25438 -0.00287 
ND4L ndfl-4 (MTCE.4) I 0.03412 0.55962 0.95190 *  0.36284 1.24670 -0.45206 
ND5 nduo-5 (MTCE.35) I -0.70114 -1.28552 -0.35662  -0.08929 0.31196 0.59446 * 
ND6 nduo-6 (MTCE.3) I 0.00838 -0.31033 0.38270  0.56053 1.63872 0.56924 
Cyt b ctb-1 (MTCE.21) III -0.88291 -1.46072 -0.91151  -0.49122 * -0.09158 -0.42350 
COI ctc-1 (MTCE.26) IV -0.88480 -1.13439 -0.46156  -1.03782 -0.45925 -0.65667 
COII ctc-2 (MTCE.31) IV -0.99487 -1.03472 -0.96629  -0.57633 * 0.01629 -0.96274 * 
COIII ctc-3 (MTCE.23) IV -1.13078 -1.09029 -0.70935  -1.49938 -0.30849 -1.12089 
ATPase6 atp-6 (MTCE.12) V-F0 -0.98015 -1.19536 -0.77510  -0.49239 * 0.08167 -0.63568 * 
23s rRNA MTCE.33  -1.10129 * 0.64710 * 0.21408  -0.43277 -0.48702 -1.61504 * 
18s rRNA MTCE.7  -0.74677 * 1.05668 * 0.82044  -0.54627 -0.47150 -1.17621 * 
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Thymidine analogues did not cause a widespread expression change in mtDNA encoded transcript quantity 

compared to the DMSO control (Table 17). Even d4T at 72h and FLT at both 24h and 72h showed no 

widespread change. Additionally, our results show that fold-changes are generally not large, and of the genes 

that show considerable expression change, no logical order can be found between the initiation of sequence 

transcription and the distance from the mtDNA displacement loop; the genes that show expression changes are 

randomly scattered over the mitochondrial genome. Moreover, not one MRC complex appears to be 

specifically affected. These results are in line with observations in adipocytes exposed to d4T and AZT, where 

lowered mtDNA copy number did not result in a decrease of mtRNA quantity 32, and they directly oppose the 

polymerase-  theory. 

2.8.7 Compensatory mtDNA replication mechanism expression upon thymidine analogue 

exposure 

Due to the lack of widespread changes in mtDNA transcript expression (Table 17) we surmised that the mtDNA 

maintenance and transcription machinery may be differentially regulated upon exposure to thymidine 

analogues and thus keep mtDNA transcript expression stable. We have previously proposed that compensatory 

mechanisms may operate during exposure to NRTIs in an attempt to keep mtDNA, mtRNA, or mitochondrially 

encoded protein content at a sufficient level (Chapter 3) 52. Additionally, mitochondria are known to adapt 

transcription to keep the MRC functioning optimally, independent of changes in mtDNA level 57. 

d4T and FLT exposure after 72h showed no changes in mtDNA maintenance and transcription gene expression. 

24h exposure, however, showed that for d4T approximately half of the genes are differentially expressed. 

Although the mtDNA level decrease for FLT is more pronounced than d4T, FLT showed fewer genes to be 

differentially expressed at 24h. Exposure to AZT showed a few changes in mtDNA maintenance and 

transcription gene expression at 72h and one differentially expressed gene at 24h, notably polymerase-  (polg-

1; Table 18). Of all the mtDNA maintenance and transcription genes showing considerable differences in 

expression for all the thymidine analogues, the majority (~66%) were down-regulated. These results suggest 

that mtDNA maintenance and replication genes are not widely or strongly regulated in response to thymidine 

analogue exposure. 

To verify our RNAseq results we quantified polg-1 mRNA quantity after 24h exposure to 200μM FLT using a 

mRNA qPCR. Additionally, we used RNAi to knock-down polg-1 and then quantified mtDNA copy number at 24h 

and 72h, to investigate the relationship between depleted polg-1 transcripts and mtDNA copy number. mRNA 

quantity after 24h exposure to FLT showed a reduction of approximately 50% (Figure 7A) which is stronger than 

a 20% reduction seen in the RNAseq results. The concentration of FLT, however, in the mRNA qPCR is twice 

that of the RNAseq, which may explain this difference. RNAi treatment of nematodes showed that polg-1 

knock-down after 24h resulted in increased mtDNA copy numbers, and after 72h showed decreased copy 

numbers (Figure 7B). The short-term (24h) decrease in polg-1 transcripts appeared to stimulate mtDNA copy 

number replication. This is supported by the reduction of polg-1 transcripts (Table 18) and the trend towards 
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increased mtDNA copy number (Figure 6) upon 72h exposure to AZT. Continued polg-1 mRNA depletion, 

however, appeared to inhibit mtDNA replication causing a decline in mtDNA copy number (Figure 7B). 

Table 18. Thymidine analogues did not cause a widespread change in mtDNA maintenance and transcription machinery expression. 

Gene expression log fold-change upon exposure to thymidine analogues in comparison to the DMSO control. * = FDR is significant with an 

adjusted P-value <0.01. Genes were selected from 213. 

 

Human 
homolog C. elegans ID 24h  72h 

AZT d4T FLT AZT d4T FLT 
Pol-  polg-1 (Y57A10A.15) 0.20992 0.16837 -0.20869  -0.67693 * -0.29952 -0.08945 
TFAM hmg-5 (F45E4.9) -0.35646 -1.95818 -0.67627  -0.67287 0.18099 0.02996 
SSBP1 mtss-1 (PAR2.1) -0.02228 -1.53465 -0.29221  -0.44195 0.34366 0.32440 
ANT2/3 ant-1.2 (W02D3.6) 0.88185 1.54644 1.44524  0.58489 0.02899 0.92783 
ANT2/3 ant-1.4 (T01B11.4) 0.14353 3.90307 * 2.90088 *  2.85950 0.52987 0.26333 
ANT2/3 C47E12.2 -0.07525 -1.70805 -0.35429  -1.08926 -0.05785 0.98483 
SHMT2 mel-32 (C05D11.11) 0.01493 -0.68565 * -0.78941 *  0.00931 -0.00071 -0.04085 
HSPA1 hsp-6 (C37H5.8) 0.51805 -0.30243 -0.00600  -0.35167 -0.26127 1.38071 
PEO1 F46G11.1  0.52077 2.36117 * 1.16219  1.96964 * 0.87159 0.84292 
CLPX D2030.2  -0.30185 -0.84538 * -0.60818  -1.17438 -0.56447 -0.18134 
POLRMT rpom-1 (Y105E8A.23) -0.18082 -0.47176 * -0.66748  -0.80577 * -0.34321 0.22787 
DNAJA3 dnj-10 (F22B7.5)  0.01246 -0.84108 * -0.30994  -0.49467 -0.09233 0.30701 
CPS1 pyr-1 (D2085.1)  0.27947 -0.68106 * -0.80454 *  -0.58494 -0.01460 -0.55464 
ATADA3 atad-3 (F54B3.3)  -0.06622 -1.18146 -0.50337  -0.06882 -0.07548 0.40358 
IMMT immt-1 (T14G11.3)  0.29926 0.52186 0.08952  0.06888 0.01336 -0.56251 
IMMT immt-2 (W06H3.1)  0.17929 -0.58167* -0.85511*  -0.68996* -0.25036 -0.02147 
MTHFD2 dao-3 (K07E3.3)  0.24785 1.70825 1.58707  0.43065 -0.23445 -0.24942 
ACAT1 kat-1 (T02G5.8)  0.23034 0.12624 -0.19151  0.55074 -0.00931 -0.10741 
ATP5A1 phi-37 (H28O16.1)  0.57673* 0.39035* -0.22051  -0.20375 -0.23580 -0.01642 

 

 

Figure 7. Verification of RNAseq results. A: Relative fold change of polg-1 mRNA quantity compared to control after 24h FLT exposure. 

Error bars indicate standard error. B: mtDNA copy number after RNAi knock-down of polg-1 at 24h and 72h post-treatment, compared to 

the RNAi control vector H115. Error bars show the 95% C.I. (df = 51). Significance was determined using a two-tailed student’s t-test 

assuming unequal variance. ** = P-value < 0.01, *** = P-value <0.001. 

One possible reason for the observed lack of extensive expression changes in mtDNA transcripts or mtDNA 

maintenance and replication genes is the existence of heteroplasmy, which also exists in C. elegans 345. 

Although mtDNA copy number (Figure 6) and likely also mtDNA quality declines during thymidine analogue 

exposure 45, the amount of intact mtDNA copies may be sufficient to produce adequate amounts of transcripts. 
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Another explanation could be that mitochondrial morphology adapts upon exposure to thymidine analogues 

and in this way compensates for the decline in mtDNA copy number by distributing mtDNA transcripts between 

organelles. Mitochondrial fusion has been shown to be required for mtDNA stability 226, and we previously 

demonstrated that mitochondrial morphology becomes more tubulated upon exposure to FLT and d4T, and 

more fragmented by AZT after 72h exposure in C. elegans 52. Using the DEGs from this study we observed an 

enrichment (unadjusted P-value = 0.013215) in mitochondrial morphology genes upon 24h exposure to d4T 

and FLT (data not shown) 180,388. Finally, it is also possible that the cell compensates for the decrease in mtDNA 

with increased stability of mitochondrial mRNA or by storing mRNA in so-called P-bodies, from which they can 

re-enter translation 389.  

Taken together; mitochondrial mtDNA copy number does not adequately reflect mitochondrial toxicity, and the 

polymerase-  theory does not entirely explain the mode of action behind NRTI induced mitochondrial toxicity. 

Altered expression of genes known to encode proteins involved in mtDNA replication and maintenance is likely 

not a compensatory mechanism used by C. elegans in an attempt to keep mtDNA levels at sufficient levels 

during thymidine analogue exposure. More research is needed to elucidate the mechanisms behind mtDNA 

copy number regulation and NRTI related mitochondrial toxicity. 

2.8.8 Expression of signalling pathways that regulate ageing upon exposure to thymidine 

analogues 

Although antiretroviral medication has enabled HIV-1 infected patients to live without the onset of AIDS, 

patients receiving antiretrovirals are estimated to live 10-30 years less than the uninfected 126. HIV-1 patients 

show signs of premature and accelerated ageing that may be caused by adverse effects of antiretroviral drugs, 

specifically those that affect the mitochondria 2. Nematodes exposed to thymidine analogues, however, 

showed mitochondrial dysfunction that coincided with mitohormetic like phenomena such as lifespan 

extension (Chapter 3). In chapter 3 we suggested that NRTI induced MRC inhibition and increased ROS 

production lead to mitohormetic responses that cause lifespan extension similar to the modes of action shown 

to cause prolonged longevity in mit mutants. To attest this hypothesis we mapped our thymidine analogue 

DEGs to pathways which have been proposed to be responsible for the lifespan extension seen in mit mutants. 

Additionally, we analysed pathways involved in mitohormetic ROS signalling. 

2.8.8.1 Lifespan extension in mit mutants 

C. elegans long-lived mit mutants display a spectrum of phenotypes that are typically unified by reduced rates 

of development, ageing and behaviour 246. The extended lifespan of clk-1 and isp-1 mutants has been proposed 

to depend on the hypoxia-inducible transcription factor HIF-1, which is activated by a mild increase in ROS 293. 

In this way, HIF-1 links respiratory stress in the mitochondria to a nuclear transcriptional response that 

promotes longevity 272. Besides HIF-1, the C. elegans p53 homolog, CEP-1, is also known to modulate longevity 

in mit mutants 246. Moreover, Yee et al. demonstrated that the intrinsic apoptosis pathway response to MRC 

inhibition in mit mutants is responsible for the increased longevity of these animals 290. 
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HIF-1 has been found to regulate 63 genes during hypoxia 390, and CEP-1 has been found to regulate 3404 

genes (1374 up-regulated, 2030 down-regulated) in isp-1 and mev-1 mutants 391. A comparison of HIF-1 

regulated genes with DEGs from thymidine analogues showed very little overlap (Table 19), indicating that 

thymidine analogues do not induce a HIF-1 mediated longevity response. The overlap between CEP-1 regulated 

DEGs and thymidine analogue regulated DEGs, dependent on expression direction changes, showed that only 

AZT appeared to have a considerable proportion (~16.5%) of genes that overlapped. This considerable overlap 

may suggest that CEP-1 longevity signals initiate the life span extension seen in nematodes exposed to AZT 

(Chapter 3). Apoptotic initiators, such as loss of mitochondrial membrane potential and increased 

mitochondrial ROS production, have been observed in human umbilical vein endothelial cells upon exposure to 

AZT without the occurrence of apoptotic events 188. FLT, on the other hand, has been found to induce apoptosis 

in a human lymphoblastoid cell line 143. Our observations of the extent to which FLT exposure induced changes 

in CEP-1 mediated genes do not suggest that apoptosis in C. elegans is initiated, although further experiments 

are needed to verify this. 

Table 19. Overlap of thymidine analogue induced DEGs with genes known to be regulated by HIF-1, CEP-1 and SKN-1. The expression 

direction (Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 24h and 72h, are compared to respectively Up or 

Down regulated genes from the different conditions taken from 390–393. The numbers of genes that overlap per condition (see Table 2) at 

each time point are given with their representative percentage of thymidine analogue regulated genes between brackets. 

 

Condition 
Expression 
direction 

24h  72h 
AZT d4T FLT  AZT d4T FLT 

HIF-1  3 (0.2%) 23 (0.4%) 9 (0.5)  17 (0.3%) 6 (0.8%) 7 (0.7%) 
CEP-1 Down 69 (16.3%) 59 (2.4%) 26 (2.2%)  50 (1.7%) 25 (7.4%) 20 (4.2%) 

Up 130 (16.7%) 112 (3.5%) 28 (3.6%)  116 (3.4%) 10 (2.3%) 16 (2.7%) 
SKN-1 (ALL) Down 2 (0.5%) 9 (0.4%) 4 (0.3%)  11 (0.4%) 3 (0.9%) 5 (0.4%) 

Up 5 (0.6%) 71 (2.2%) 31 (4.2%)  86 (2.5%) 8 (1.8%) 7 (1.2%) 
SKN-1 (ROS)  6 (0.5%) 15 (0.3%) 12 (0.1%)  17 (0.3%) 2 (0.3%) 2 (0.2%) 

 

2.8.8.2 Oxidative stress induced mitohormetic signalling 

Oxidative stress responses are frequently governed by the redox sensitive transcription factor SKN-1. SKN-1 

also acts in multiple longevity pathways 246,288,289. Under normal conditions SKN-1 has been found to regulate 

386 genes (323 up-regulated, 63 down-regulated) 393. Many transcripts have been found to alter upon oxidative 

stress, of which 45 have been found to be significantly regulated by SKN-1 392. Thymidine analogue DEGs show 

very little overlap between all SKN-1 regulated genes, albeit specifically regulated by ROS or not (Table 19). This 

strongly suggests that the thymidine analogue induced lifespan extension in nematodes is not dependent on 

SKN-1 regulated longevity signals. 

It has been suggested that mit mutants acquire their longevity via an increased production of ROS, as a 

substantial amount of genes are similarly regulated in both mit mutants and nematodes exposed to a low dose 

of paraquat 290. To attest the similarity of gene expression between the mit mutants isp-1 and nuo-6, paraquat 

exposure, and thymidine analogues, we quantified the overlap in gene expression changes. On average, 

independent of their directional regulation at 24h, approximately 10% of the thymidine analogue induced DEGs 

are similar to the DEGs found in isp-1 and nuo-6 mit mutants (Table 20). At 72h, this percentage drops for AZT 
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and d4T. FLT, however, shows an increased percentage of overlapping DEGs (on average, approximately 21%). 

Although rigorous statistical testing is needed to verify these results, this may indicate that thymidine 

analogues, in particular FLT, cause similar effects as mit mutants.  

Paraquat is known to increase longevity through an increased production of ROS which leads to mitohormetic 

responses 290. When comparing thymidine analogue induced DEGs to DEGs regulated by 100μM paraquat, AZT 

at 24h showed considerable overlap. In particular the upregulated genes from AZT at 24h showed a 56% 

overlap, which strongly suggests that AZT induced a ROS dependent mitohormetic response (Table 20). At least 

for AZT, this observation verifies our results from chapter 3 where we showed that MRC inhibition and an 

increase in ROS production may result in a mitohormetic longevity response. This longevity signal may be 

mediated by the CEP-1 pathway 290. Moreover, we also observed that mitochondrial morphology changes 

induced by AZT were highly similar to those induced by paraquat 52, which supports these results. 

Table 20. Overlap of thymidine analogue induced DEGs with mit mutants and paraquat (PQ) regulated DEGs. The expression direction 

(Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 24h and 72h, are compared to respectively Up or Down 

regulated genes from the different conditions taken from 290. The numbers of genes that overlap per condition (see Table 2) at each time 

point are given with their representative percentage of thymidine analogue regulated genes between brackets. PQ = paraquat. 

 

Condition 
Expression 
direction 

24h  72h 
AZT d4T FLT  AZT d4T FLT 

isp-1 Down 40 (9.4%) 119 (4.9%) 63 (8.4%)  96 (3.1%) 14 (4.1%) 21 (4.4%) 
Up 99 (12.7%) 222 (7.0%) 49 (6.6%)  231 (6.7%) 18 (4.1%) 107 (18.3%) 

nuo-6 Down 44 (10.4%) 221 (9.1%) 119 (10.0%)  216 (7.1%) 17 (5.0%) 28 (5.9%) 
Up 121 (15.6%) 324 (10.2%) 55 (7.4%)  314 (9.1%) 21 (4.8%) 141 (24.1%) 

100μM PQ Down 88 (20.7%) 76 (3.1%) 20 (1.7%)  40 (1.3%) 18 (5.3%) 26 (5.5%) 
Up 435 (56.0%) 168 (5.3%) 22 (2.9%)  171 (5.0%) 39 (9.0%) 53 (9.1%) 

 

2.8.8.3 The mitochondrial retrograde response 

Mitochondrial dysfunction has been found to induce a ‘retrograde’ response, which can be defined as a 

communication between mitochondria and nucleus, and can influence many cellular activities, including 

lifespan 394. The retrograde response has been particularly well studied in yeast, however, in C. elegans a 

similar mitochondria to nucleus communication has been reported, specifically upon impaired mitochondrial 

respiration as observed in the mit mutant clk-1 267. Mitochondrial retrograde signalling in yeast is known to 

function through Ca2+ dynamics and is linked to TOR signalling, which together generally culminate in a 

reorganisation of metabolic and stress related pathways. Importantly, the mitochondrial retrograde response is 

distinctly different to mitochondria initiated apoptosis signalling 394. The mitochondrial retrograde response 

may be a mechanism by which thymidine analogues induce changes in the cell, as we found changes in lipid 

and amino acid metabolism (Figure 4 & 5), and in particular for d4T; upregulation of the Ca2+ signalling 

pathway. We previously suggested that Ca2+ signalling may be a way by which the cell alters the expression of 

nuclear encoded MRC genes and regulates increased mitochondrial biogenesis upon thymidine analogue 

induced mtDNA replication stalling and depletion (Chapter 3) 185. Perhaps for d4T, which showed the largest 

fluctuations in mtDNA copy number (Figure 6), the mitochondrial retrograde response is a mechanism by which 

d4T induces longevity signals. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

Chapter 4   

128 
 

It is altogether likely that, although the nature of the response to thymidine analogue exposure is similar in 

terms of lifespan extension, the specific genes that are affected and the extent to which they are up-regulated 

or down-regulated varies between them. It is also probable that varied activation of many different pathways 

culminates in the same outcome 267. We therefore assessed the overlap between thymidine analogue DEGs 

with a comprehensive dataset of genes known to be involved in ageing 395. Only AZT at 24h had a significant 

overlap of 48 out of 724 genes (unadjusted P-value = 0.019328; data not shown). 

2.8.9 Points to consider 

C. elegans is a powerful model system. However, it is possible that in some cases our results reflect a C. elegans 

specific response to thymidine analogue exposure. This is likely particularly the case where stress and longevity 

are concerned 396,397. Nonetheless, C. elegans is an ideal first proxy for studies in other model systems that 

more closely resemble human responses. It is also important to note that specific cell-types have been shown 

to be more susceptible to NRTIs and consequent toxicity than others 89,398,399. In this study the transcriptome of 

entire synchronised worm cultures was used (see Materials and Methods), meaning that tissue and cell specific 

responses cannot be discerned.  

Besides cell specific responses, NRTIs are known to induce drug concentration dependent effects (Chapter 3) 
400. In previous experiments (Chapter 2 & 3) we have used 200μM of NRTIs, instead of the 100μM used in this 

study, to ensure we induced robust responses. We specifically chose 100μM for this transcriptome analysis as 

we did not want to induce major stress response pathways that may convolute the finer essential reactions to 

exposure of thymidine analogues. Moreover, pharmacokinetic responses to NRTIs are known to be dependent 

on dose 65,400. For instance, the phosphorylation of thymidine analogues determines their 

compartmentalisation and efficacy in inhibiting polymerase-  23.  

3. Conclusion 

In C. elegans, 24h and 72h exposure to thymidine analogues induced considerable changes in gene expression. 

The overlapping DEGs from each analogue at 24h showed that AZT had distinctly different directional 

regulation than d4T and FLT, which were strikingly similar. After 72h, AZT DEGs were similar to d4T and FLT at 

24h. Mitochondria are considered to be the main site of thymidine analogue induced toxicity. However, the 

differential expression of genes encoding for mitochondrially localized proteins upon exposure to thymidine 

analogues was not considerably high. Only AZT at 24h showed significant overlap, specifically, metabolic 

processes were affected. 

KEGG pathway analysis of overlapping genes from each analogue showed that as a class, thymidine analogues 

induce changes in mitosis and metabolism. Individually, thymidine analogues showed the most prominent 

changes in genetic information processing, metabolism, and signalling pathways. We propose that genetic 

information processing and mitosis pathways are enriched by thymidine analogue induced changes in 

nucleoside pharmacokinetics, in particular that of replicating tissues. Changes in thymidine content upon 

exposure to NRTI thymidine analogues may lead to stalling of mitosis, which in C. elegans is epitomised as 
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altered fecundity and brood size. Nucleoside pharmacokinetics is a relatively unexplored research area and falls 

outside the scope of the polymerase-  theory. 

The strong enrichment in metabolism pathways, in particular those involving amino acids and fatty acids, 

supports the standing hypothesis that the mitochondria are especially susceptible to NRTI induced toxicity. 

Moreover, the amino acid and fatty acid profiles of thymidine analogue treated C. elegans verify the 

observations in gene expression changes. A large proportion of patients receiving thymidine analogues are 

known to suffer from metabolic disorders, and further research into these afflictions - with the aid of C. elegans 

- may help elucidate the exact causes for these severe adverse events. 

The consequences of enrichment of signalling pathways, however, remain unclear. It is likely that these are 

triggered as a secondary effect of exposure to thymidine analogues. Additional exploration into these signalling 

pathways may help explain the mechanisms behind some adverse events. In this study we have briefly 

addressed the phenomenon of premature and accelerated ageing, and propose that AZT causes lifespan 

extension in C. elegans through ROS induced mitohormetic signalling. AZT showed strikingly similar changes in 

gene expression to those induced by low doses of paraquat and long-lived mit mutants. 

The most significant finding of this study is the observation that mtDNA encoded transcript quantity remained 

unchanged in the face of thymidine analogue induced mtDNA copy number decline. Moreover, the expression 

of genes encoding vital mtDNA transcription or maintenance machinery was also not altered. It has become 

clear that compensatory mechanisms exist that can keep both mtDNA copy number and mtDNA related 

transcripts at sufficient levels under pressure of thymidine analogue exposure and polymerase-  inhibition, at 

least in C. elegans. These results are in contradiction to the polymerase-  theory and provide a solid foundation 

and incentive for further research into mechanisms of NRTI related toxicity beyond the polymerase-  theory. 
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4. Materials & Methods 

4.1 Nematode culture and drug exposure 

Gravid wild type (N2) nematodes were treated with alkaline hypochlorite to extract eggs, where after the eggs 

were placed in M9 buffer overnight to hatch and facilitate a more synchronous culture. L1 larvae were then 

placed on NGM plates with an OP50 bacterial lawn until L4, and transferred to plates containing the drug of 

interest for 24 or 72 hours. Bacteria and eggs were removed from the culture using a 1μm pore mesh before 

immediately freezing the samples at -80oC until RNA extraction. 72 hour cultures were moved to fresh plates 

every day after meshing. 

4.2 Thymidine analogues 

2ʹ,3ʹ-Didehydro-3ʹ-deoxythymidine (D1413 Sigma-Aldrich), 3ʹ-Azido-3ʹ-deoxythymidine (A2169, Sigma-Aldrich) 

and 3’-deoxy-3’-Fluorothymidine (361275, Sigma-Aldrich) were dissolved in Dimethylsulfoxide (D4540 Sigma-

Aldrich) to stocks of 300mM. A final concentration of 100μM was added to the NGM media before pouring. 

Besides unexposed nematodes, a representative DMSO concentration (0,033%) was used as a control. 

4.3 RNA extraction, library construction and sequencing 

RNA was extracted from worm pellets using the Direct-zol RNA MiniPrep kit (Zymo Research, R2052) as 

described by the manufacturer. RNA integrity and quality were analyzed using the Agilent 2100 Bioanalyser 

(G2938A) before Illumina Sequencing (BaseClear B.V., Leiden, The Netherlands). Sequencing was carried out 

using the Illumina TruSeq library preparation kit, sequencing with 20 million reads per sample. 

4.4 Data processing and statistics 

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to check the quality of the raw 

reads. No samples were omitted from statistical analysis because of bad quality. The sequence reads were 

trimmed using Trimmomatic v0.32 401. The trimmed reads were aligned against the C. elegans genome 

(Ensembl, WBcel235.75) using TopHat (v2.0.8) 402/Bowtie (v2.1.0) 403. HTseq 404 was used to quantify gene 

expression. Statistical analysis was performed in R/Bioconductor, and the DESeq package 405 was applied for 

differential gene expression analysis. Overrepresentation of GO terms in sets of differentially expressed genes 

were tested using the DAVID website 354, and the goseq package in R 406, taking into account the impact of 

possible biases. 

KEGG pathway analysis was performed using a cut-off (EASE) of 0.1, and GO Term analysis was performed using 

a cut-off (EASE) of 0.05 and using the Highest Classification Stringency, unless otherwise mentioned. Venn 

diagrams were created using Venny; An interactive tool for comparing lists with Venn's diagrams. Oliveros, J.C. 

(2007-2015). http://bioinfogp.cnb.csic.es/tools/venny/index.html. Protein domain analysis was performed with 

the InterPro database using a cut-off (EASE) of 0.1. 
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4.5 Quantitative real time PCR 

mtDNA copy number 

Quantitative real time PCR was performed as described by de Boer 52. In short, synchronized wild type (N2), 2h 

post L4 molt, young adult worms were transferred to OP50 seeded FUdR NGM plates containing PIs (300μM). 

Five adult worms were collected at predetermined time points during drug exposure and lysed in Lysis buffer 

(50mM KCl, 10mM Tris (ph 8.3), 2,5mM MgCl2, 0,45% NP-40 (IGEPAL), 0,45% Tween-20, 0,01% Gelatin, 

20mg/mL Proteinase K). Before detection in the PCR, the solution was diluted 40 times and 2 μl was used as 

input in the PCR reaction. Primers specific for cytochrome c oxidase subunit I (COX1) were used for the 

determination of mtDNA copy number. PCRs were performed using the Taqman® universal cycling conditions 

with amplified products being detected using a Taqman® probe for CeCOX1. Fluorescent signal intensities were 

determined using the 7300 Real-Time PCR System (Applied Biosystems) with software SDS (version 1.9.1). To 

quantify the absolute quantity of mtDNA per worm, a standard curve was generated from a plasmid with a 

fragment of the cox1 gene. After PCR the total mtDNA copies per worm were calculated. mtDNA quantitative 

PCR was performed with at least three biological and two technical replicates. 

mRNA copy number 

Worms were synchronized and hatched overnight in M9 on a shaker at 20°C and grown on NGM plates seeded 

with E. coli OP50 at 20°C. After reaching the L4 stage, they were transferred to NGM plates containing FUdR 

and the compounds assessed. At time points 2, 6 and 24 hours after exposure, worms were washed from the 

plates with M9 buffer, filtered over a SEFAR NITEX® 31μM pore mesh (03-31/24) to remove debris and E. coli, 

pelleted, and immediately stored at -80°C. RNA was extracted with the Direct-zol™ RNA MiniPrep kit from 

Zymo Research, using TRIzol, according to the manufacturer’s instructions. RNA concentration was determined 

using Nanodrop® and quality and purity were assessed with RNA ScreenTape®. Primers were designed using the 

Applied Biosystems Primer Express™ V2.0 software and, where possible, designed to be intron spanning 

(Chapter 6). All primers were checked for specificity by the NCBI Primer Blast website and verified using PCR. 

qRT-PCR analysis was adapted from Lezzerini & Budovskaya (2014) 407 using the Power SYBR Green™ RNA-to-Ct 

1-Step Kit (Applied Biosystems, Foster City, CA, USA, Part #4389986). mRNA copy numbers were calculated 

with a standard curve using Vector pD4H1 using mCherry-forward AGGGTTTTAAGTGGGAACGC and mCherry-

reverse GCATAA CAGGTCCATCCGAG primers. Biological duplicates and technical duplicates of each condition 

were measured. 

4.6 Progeny assay 

Synchronized L4 staged wildtype (N2) hermaphrodite nematodes (N≥2) were picked to Escherichia coli OP50 

pre-seeded NGM plates with 100μM of NRTI or without drug exposure (control). Progeny (eggs and L1 larvae) 

were counted every 24hrs for 4 days. Adult animals were transferred to fresh plates every 24hrs to avoid 

crowding and to facilitate progeny counting. Brood size was determined at 20oC for at least three biological 

replicates. 
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4.7 Amino acid and fatty acid quantification 

Synchronized L4 nematodes were placed on live E. coli seeded NGM agar plates containing 100μM of each 

thymidine analogue. Nematodes were washed daily with M9 buffer using a 1μm pore mesh to rid cultures of 

eggs and larvae and after 24h, 48h, and 72h exposure, were washed three times and collected in M9 buffer, 

and immediately stored at -80oC until analysis. A minimum of two samples per condition from individual 

experiments was analysed. First pellets were lyophilised and the dry worm pellet was re-suspended in ice-cold 

0.9% NaCl solution and homogenized using a TissueLyser II (Qiagen; 2x2.5 min, 30 times/sec). Then the 

homogenate was sonicated twice (energy level: 40 joule; output: 8 watts) and the protein concentration was 

quantified using a BCA assay. 

Fatty acids were extracted from worm protein lysates similar to the procedure described previously 408. In 

short, fatty acids from up to 150μg of worm lysate were hydrolysed at 90°C for 2h in acetonitrile (ACN) / 37% 

hydrochloric acid (HCl) (4:1, v/v), in the presence of deuterium-labelled internal standards (d5-C18:0, d4-C24:0, 

and d4-C26:0). Following hydrolysis, fatty acids were extracted using hexane and the upper layer was 

transferred to a fatty acid-free glass tube and evaporated at 30°C under a stream of nitrogen. Fatty acid 

residues were then dissolved in 150μL chloroform-methanol-water (50:45:5, v/v/v) solution containing 

0.0025% aqueous ammonia solution. Fatty acids were then measured using ESI-MS as described 408. 

To extract the amino acids, up to 50μg of worm protein was used for deproteinization with 80% ACN, while 

20μL internal standard mixture was added as well (containing d4-alanine, d3-glutamate, d3-leucine, d5-

phenylalanine, d8-valine, d3-methionine, d4-tyrosine, d5-tryptophan, d3-serine, d7-proline, d7-arginine, d5-

glutamine, d4-lysine, 13C-citrulline, d6-ornithine, 13C6-isoleucine, and d5-aspartate). Samples were then 

centrifuged for 10min at 16,200 g at 4°C, and the supernatant was evaporated under a stream of nitrogen at 

40°C. After evaporation, 220μl of 0.01% heptafluorobutyric acid (v/v in MQ water) was added to dissolve the 

residue, and used for HPLC-MS/MS analysis as described 409–411. 
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Abstract 

The introduction of HIV-1 protease inhibitors (PI) was considered a major advance in anti-retroviral therapy as 

their implementation has considerably lowered the mortality rate of HIV-1 patients and strengthened modern 

therapy regimens. PIs, however, are known to cause severe adverse side effects which are proposed to 

originate from mitochondrial toxicity. To date, the precise cause and chronology of PI induced adverse events, 

and the role of mitochondria in this process remains unknown. In this study we combine Caenorhabditis 

elegans as an established model system with molecular-biological and functional assays, to further elucidate PI 

induced toxicity. We conclude that PIs cause rapid mitochondrial respiratory chain dysfunction which is 

reversible upon supplementation with antioxidants, pointing towards ROS as the active agents in this process. 

Chronic exposure to PIs causes changes in mitochondrial network morphology, fitness, and fecundity. Taken 

together, these results support an important role for mitochondria in PI induced adverse events. 

1. Introduction 

1.1 HIV-1 protease inhibitors 

HIV-1 Protease inhibitors (PIs) are a frequently prescribed drug class in antiretroviral therapy and are routinely 

administered together with the Nucleoside Reverse Transcription Inhibitor (NRTI) class in Highly Active Anti-

Retroviral Therapy (HAART). PIs competitively bind the viral aspartyl-protease active site with high affinity and 

therefore inhibit cleavage of viral polypeptides and subsequent maturation of HIV-1. In this way PIs hinder viral 

replication and consequent infection of other cells 16. Because of their clinical potency, PIs led to increased viral 

suppression and a significantly lower mortality rate of HIV-1 patients. Their introduction was therefore 

considered a major advance in anti-retroviral therapy 6. It quickly became apparent, however, that PIs could 

cause (severe) adverse side effects. 
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1.2 PIs induced adverse events and mitochondrial toxicity 

In general, PIs have been linked to various side-effects ranging from mild – such as gastrointestinal irritations, 

headache and fatigue – to severe, such as cardiovascular complications and metabolic abnormalities including 

hyperlipidemia, lipodystrophy, and insulin resistance. The more severe symptoms are usually observed after 

chronic PI based therapy 26,27,94. PI adverse events, much like adverse events from NRTIs, are similar to those 

observed in patients suffering from mitochondrial diseases, implying that PIs induce mitochondrial dysfunction 
33. In support of this, recent studies have demonstrated that PIs affect mitochondrial membrane potential 

(ΔΨm), mitochondrial morphology and expression levels of mitochondrial DNA (mtDNA) encoded 

mitochondrial respiratory chain (MRC) subunits, 95–97,106. PIs have also been shown to induce elevated 

mitochondrial reactive oxygen species (ROS) production 87, possibly via depolarization of mitochondrial 

membrane potential 102 or by decreasing Cu/ZnSOD gene expression 99. The precise cause for PI induced 

mitochondrial toxicity, however, is - to date - unclear. 

1.3 ROS as a central theory in PI induced mitochondrial toxicity 

A principal theme within PI-induced mitochondrial dysfunction is the elevation of ROS production 32. Several 

human and animal studies have clearly established a link between PI exposure and increased ROS production in 

different cell- and tissue types (reviewed in Reyskens & Essop, 2014) 99. For example, the widely used PI and 

antiretroviral ‘booster’ ritonavir has been shown to cause increased oxidative stress in arterial endothelium, 

and through this mechanism is expected to stimulate cardiovascular disease 101. Although most studies suggest 

a mitochondrial origin for PI induced ROS production, others have indicated the presence of extra-

mitochondrial ROS and hypothesize that cytosolic ROS is the initial trigger that leads to mitochondrial 

malfunction 99. For instance, ritonavir treated porcine carotid arteries showed elevated levels of ROS likely 

through increased NAD(P)H oxidase activity which was followed by an elevation in superoxide production 101. 

The exact role of oxidative stress and the chronology of events that lead to mitochondrial dysfunction, 

however, are still unknown. 

1.4 Aim of this study 

In comparison to NRTIs, little research has been done to categorize and elucidate PI induced toxicity. In this 

study, we focus on the ability of PIs to induce elevated ROS production as a major mechanism underlying their 

toxicity. We use Caenorhabditis elegans together with verified molecular-biological techniques to specifically 

study the mechanisms and timing of PI induced mitochondrial toxicity. C. elegans has several advantages over 

other model systems as it is highly malleable and has frequently been used for the elucidation of molecular 

pathways implicated in many human diseases, including those of the mitochondria 210,211. Not only is C. elegans 

a very practical system, this nematode has also been used before to study antiretroviral drug-specific impact on 

mitochondria 52,216. 
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2. Results 

To investigate the mechanisms behind PI induced toxicity, we selectively chose first-generation PIs – namely 

saquinavir (SQV), ritonavir (RTV), indinavir (IDV) and nelfinavir (NFV) – (Table 1) as these drugs have been 

studied most, have been shown to regularly cause adverse events, and are still prescribed in the clinic today 27. 

Table 1. First generation PIs used in this study. The approval date indicates FDA approval date 6.  

 

Antiretroviral drug class Drug name Other names/Abbreviations Approval date 

Protease Inhibitor (PI) 

Indinavir IDV 1996 
Nelfinavir NFV 1997 
Ritonavir  RTV 1996 
Saquinavir SQV 1995 

  

2.1 Selected PIs do not affect E. coli growth at relevant concentrations 

We cultured C. elegans on lawns of the frequently used nematode food source Escherichia coli OP50 which 

were seeded on nematode-growth-media agar plates containing the PIs of interest. A search of the literature 

revealed that the bactericidal or bacteriostatic properties of HIV-1 PIs on E. coli have not been tested. We 

therefore set out to test if PIs inhibit growth of E. coli OP50 and the commonly used Gram-positive bacterium 

Bacillus subtilis 168. No growth perturbations were found on E. coli OP50 or B. subtilis 168 at relevant PI 

concentrations (≥300μM) (data not shown). 

2.2 ROS detoxification enzyme expression is altered upon exposure to PIs 

PI induced ROS production has been suggested to be caused by a rapid decrease in expression of enzymes that 

regulate redox homeostasis 99. We therefore measured gst-4 and sod-3 expression during short-term PI 

exposure. Glutathione S-transferases (GSTs) are involved in detoxification of superoxide radicals, endogenous 

toxic metabolites and exogenous toxic chemicals 412. GST-4 is nematode specific and has been shown to be 

directly involved in resistance to oxidative stress 248. During six hours of continuous exposure to IDV and NFV, 

gst-4 expression in C. elegans showed a trend towards an initial decline followed by an increase, and RTV and 

SQV showed a trend towards decreased gst-4 expression (Figure 1A). The decreased expression of gst-4 

worsens for RTV and SQV during the first 3h exposure, gradually returning to levels comparable to the control 

after 6h. The acute decrease in gst-4 expression induced by IDV and NFV rapidly normalized within 2h and 

continued to rise above that of the control during the 6h exposure (Figure 1A). PIs were dissolved in dimethyl 

sulfoxide (DMSO). 3% DMSO showed a small yet significant change in gst-4 expression at 5h (Figure 1B). 
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Figure 1. Relative gst-4 expression during PI exposure. Relevant DMSO concentrations in dH2O; A: IDV & NFV = 0.3%; B: RTV & SQV = 3%. 

PIs in Citrate Phosphate Buffer (CPB); C: IDV; D: NFV; E: RTV; F: SQV. Results depict 6 hours continuous exposure of therapy naïve animals 

to 300μM PIs. Significance was calculated using a multifactorial ANOVA without replication, * = P<0.05. 

SOD-3 is a manganese dependant mitochondrial-matrix specific enzyme that catalyses the dismutation of 

superoxide to oxygen and hydrogen peroxide 262. Additionally, SOD-3 has been proposed to be closely 

associated with the MRC I:III:IV supercomplexes; supporting their stability and detoxifying oxygen radicals 

produced at these sites 265. Firstly, we measured sod-3 expression after short-term exposure (4h) to IDV. Short-

term exposure showed no change in sod-3 expression (Figure 2A). Second, we measured sod-3 expression after 

chronic exposure (72h) to IDV. IDV caused a concentration dependent trend towards an increase in sod-3 

expression (Figure 2B). Taken together, these results suggest that short-term PI exposure influences cytosolic 

but not mitochondrial ROS detoxification enzyme expression. Additionally, only after prolonged exposure to PIs 

is there an increased production of ROS in the mitochondria. 

 

Figure 2. sod-3::GFP fluorescence intensity change in response to IDV 

exposure. Only after chronic exposure of animals to IDV did mitochondrial ROS 

production increase. A: 4h exposure, B: 72h exposure. IDV exposure is not 

significantly different compared to control for both time points and 

concentrations. The y-axis denotes GFP expression (arbitrary units). 
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2.3 Reactive oxygen species production rate is decreased by PI exposure 

PIs appear to cause a rapid decrease in gst-4 expression which may cause a rise in ROS. We therefore measured 

ROS levels during short-term exposure to PIs. The production rate of general ROS, measured with H2DCFDA 

during 4h PI exposure, declined significantly (Figure 3). Upon further analysis of general ROS production we 

found a trend that the production of ROS upon exposure to PIs declined within approximately 10 minutes 

(Figure 4). 

 
Figure 3. Relative average global ROS production rate over 4 hours in 

response to PI exposure. Global ROS levels were measured by quantifying 

the fluorescence reporter dye H2DCFDA in vivo during 4 hours exposure of 

naïve animals to PIs. Statistics were calculated by a two sided student’s t-

test assuming unequal variance, compared to control. * = P<0.05, ** = 

P<0.01, *** = P<0.001. Error bars indicate standard error. 

 

 

Figure 4. General ROS production of therapy naïve animals during 30min drug exposure, relative to control. IDV (A), NFV (B), RTV (C), and 

SQV (D) showed a trend towards a decrease in ROS production. ROS levels were measured by quantifying the fluorescence reporter dye 

H2DCFDA in vivo. Error bars indicate standard error. PI exposure is not significantly different compared to control at all the time points. 

 

2.4 ATP production and oxygen consumption rate are rapidly perturbed upon exposure to 

PIs 

A reduction of general ROS, measured by H2DCFDA, can be regarded as a reduction in total ROS flux, coinciding 

with a decreased metabolism and a lower hydrogen peroxide production rate 252. In support of this, lower ATP 

levels were previously observed after exposure to IDV, NFV, and SQV 32. To assess if MRC function is inhibited, 

we measured ATP levels in vivo upon exposure to increasing concentrations (200μM, 300μM, and 500μM) of 

PIs. After 2.5 minutes exposure to therapy naïve animals using 200μM, RTV was the only PI that caused lower 

levels of ATP, whereas with 300μM, all PIs showed significantly decreased ATP levels. With 300μM RTV, 

however, a dose dependant decrease in ATP levels was not evident. 300μM RTV caused higher ATP levels than 

that caused by 200μM. Upon increasing PI exposure to 500μM, a continued concentration dependent decline 
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was only observed for SQV. ATP levels with 500μM IDV and NFV returned to levels comparable to the control. 

500μM RTV showed lower ATP levels than with 300μM, yet not lower that that caused by 200μM (Figure 5A). 

To further asses MRC dysfunction, we measured oxygen consumption rates upon exposure to 300μM IDV. 

Within 5 minutes, oxygen consumption rate was significantly reduced (Figure 5B). Taken together, these results 

suggest that PIs cause rapid MRC dysfunction. 

 

Figure 5. MRC function was immediately perturbed upon exposure to PIs. A: Relative in vivo ATP levels (%) were rapidly lowered upon 

exposure to 300μM PIs. ATP levels were measured after 2.5 minutes of exposure. ATP statistics were calculated with a two-way ANOVA 

with replication, compared to control. B: Relative oxygen consumption rate (OCR) (%) was reduced within 5 minutes exposure to 300μM 

IDV. OCR statistics were calculated by two sided student’s t-test assuming unequal variance, compared to control. * = P<0.05, ** = P<0.01, 

*** = P<0.001. Error bars indicate standard error. 

 

2.5 PIs affect mitochondrial morphology 

Various studies have demonstrated that PIs affect mitochondrial morphology 96,97,106. A decrease in ATP 

production and an increase in ROS can lead to changes in mitochondrial morphology, specifically mitochondrial 

network fragmentation 413. In light of this and our previous results we surmised that PIs may affect 

mitochondrial morphology. Quantitative mitochondrial morphology analysis after 72h exposure revealed that 

PIs caused significant disruption of mitochondrial networks (Figure 6). 

Compared to control animals, IDV caused the most distinct changes in mitochondrial morphology, visible as 

significantly decreased mitochondrial area and increased circularity and solidity; all indications that 

mitochondrial networks are more fragmented. Additionally, IDV caused significant changes in mitochondrial 

organisation, as measured by the entropy metric (Figure 6B, G-H, & J). NFV also caused significant changes in 

circularity and solidity, indicating mitochondrial network fragmentation (Figure 6C, & F-J). RTV showed only a 

significant increase in entropy (Figure 6D, & I-J), and SQV only a decreased mitochondrial area (Figure 6E, F, & J) 

compared to control. 
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Figure 6. Chronic exposure to PIs caused changes in mitochondrial morphology. A-E: Mitochondrial morphology in the body wall muscle 

of worms exposed to PIs (300 μM) for 72h (A: Control, B: IDV, C: NFV, D: RTV, E: SQV). F-I: Boxplots comparing selected metrics per 

condition. Asterisks indicate statistically different changes compared to the control (per metric). J: Two-dimensional clustergram 

performed on the standardized dataset (z-scores) of features extracted after image analysis, using Euclidean distance as distance metric 

and the average value as linkage value for the dendrograms. 

2.6 Short term PI exposure leads to alternate levels of mtDNA 

Changes in mtDNA quality and copy number have been shown to influence MRC function, mitochondrial ROS 

production and mitochondrial morphology 61,414. Although PIs have not been shown to change mtDNA quality 

or copy number, we nonetheless wanted to rule out the possibility that PI induced mtDNA replication inhibition 

was the cause for the observed changes in mitochondrial morphology and MRC function. To assess mtDNA 

replication defects, we performed two-dimensional neutral/neutral agarose gel-electrophoresis (2DNAGE) In 

Human Embryonic Kidney 293 (HEK293T) cells after 48h exposure to IDV, and to quantify mtDNA copy numbers 

after short-term and chronic exposure we performed a mtDNA qPCR in C. elegans using the conserved mtDNA 

encoded COX1 gene as a target (see Materials & Methods). 
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Figure 7. 2DNAGE analysis of mtDNA replication stalling and consequential replication intermediates after 48h exposure to IDV. A: 

Control, B: 200μM IDV, C: Diagrammatic map of replication intermediates; 1: Termination intermediates, 2: DNA:RNA “ ” intermediates, 3: 

DNA:RNA, 4: “bubble” intermediates, 5: dsDNA “ ” intermediates, 6: dsDNA. 

 

Table 3. PIs did not clearly affect mtDNA copy number after chronic exposure. Relative quantities (%) of mtDNA compared to control 

animals. * = P-value <0.05, ** = P-value <0.01. Significance was determined using a two-tailed student’s t-test assuming unequal variance 

compared to unexposed animals. Numbers between parentheses indicate 95% confidence intervals (51df). 

 

 24h (-/+) 48h (-/+) 72h (-/+) 96h (-/+) 
Control 100 (21/27) 100 (18/22) 100 (18/21) 100 (21/27) 
IDV 112 (24/30) 142 (30/39)** 91 (19/25) 129 (28/35) 
NFV 95 (20/26) 127 (29/38) 101 (23/30) 127 (29/38) 
RTV 86 (18/24) 118 (27/35) 108 (23/29) 119 (25/32) 
SQV 127 (29/38) 103 (24/31) 74 (17/22)* 108 (23/29) 

 

IDV did not induce mtDNA replication stalling (Figure 7) and PIs did not distinctly reduce mtDNA copy numbers 

after chronic exposure (Table 3). Only after 48h and 72h did IDV and SQV respectively cause significantly 

increased and decreased mtDNA copy number. Short-term exposure to PIs, however, caused significant 

changes in mtDNA copy number compared to the control (Table 4). After 1h all the PIs induced a significant rise 

in mtDNA copy number. This rise was rapidly abrogated to values lower than the control at 2h and 3h; 

significantly so for RTV and SQV. At 4h, mtDNA copy number returned to levels comparable to the control, yet 

after 5 hours a rise was again apparent, which was significant for IDV and NFV. AT 6h mtDNA copy numbers 

normalised for all PIs. Taken together, we can conclude that the changes in mitochondrial morphology upon 

chronic exposure to PIs are likely not caused by mtDNA replication defects or by a change in mtDNA copy 

number. Short term exposure to PIs caused mitochondrial mtDNA fluctuations that were rapidly normalised; 

indicating that PI induced changes in MRC function may affect mtDNA replication. 

Table 4. mtDNA copy numbers rose rapidly and eventually normalized during short-term PI exposure. Relative quantities (%) of mtDNA 

compared to control animals. * = P-value <0.05, ** = P-value <0.01, *** = P-value <0.001. Significance was determined using a two-tailed 

student’s t-test assuming unequal variance compared to control animals. Numbers between parentheses indicate 95% confidence intervals 

(51df). 

 

 1h (-/+) 2h (-/+) 3h (-/+) 4h (-/+) 5h (-/+) 6h (-/+) 
Control 100 (9/10) 100 (21/27) 100 (21/27) 100 (21/27) 100 (21/27) 100 (21/27) 
IDV 175 (33/41) *** 100 (21/27) 74 (15/19) * 110 (24/30) 157 (33/43) ** 98 (20/25) 
NFV 241 (52/65) *** 84 (18/23) 80 (17/22) 103 (19/23) 150 (32/41) ** 111 (24/30) 
RTV 137 (28/34) *** 74 (15/19) * 66 (14/18) ** 97 (21/26) 122 (24/31) 119 (25/32) 
SQV 135 (29/37) *** 76 (13/16) * 73 (15/18) * 91 (19/25) 108 (23/29) 94 (20/26) 
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2.7 PIs affect fitness and fecundity of C. elegans 

PIs have frequently been associated with the initiation or exacerbation of degenerative processes, diseases and 

syndromes 2. Many of these detrimental processes have been linked to mitochondrial dysfunction and 

specifically to oxidative stress 86,87. To assess if chronic PI exposure also affects fitness, we quantified thrashing 

rates and brood size in C. elegans. PIs significantly decreased thrashing rates at 24h, 48h, and 72h; with RTV 

and SQV having the most prominent effect (Table 5). Nematodes exposed to RTV and SQV also showed more 

spastic, uncoordinated movements than other conditions (data not shown). It is therefore important to note 

that, as we only quantified thrashing rates in animals showing constant rhythmic sigmoidal body bends, these 

results do not entirely represent the severity of RTV and SQV induced fitness decrease. 

Table 5. PIs reduced the number of sigmoidal body bends, per worm, per minute. PI concentration = 300μM. Statistics were calculated by 

a two sided student’s t-test assuming unequal variance, compared to the control of that same time point. Control 48h vs Control 24h, 

Control 72h vs Control 48h. ** = P<0.01, *** = P<0.001. 

 

 Control IDV NFV RTV SQV 
24h 134.7 (±13.8) 125.8 (±11.2) ** 123.6 (±12.7) *** 106.2 (±10.7) *** 99.6 (±27.9) *** 
48h 125.9 (±15) *** 106.7 (±22,7) *** 109.1 (±19.1) *** 67.3 (±20.5) *** 82.1 (±26.2) *** 
72h 111.6 (±14.4) *** 95.0 (±25.6) ** 89.8 (±33.1) ** 66.5 (±22.3) *** 50.2 (±31.9) *** 

 

Mitochondrial function is essential for oocyte production and fecundity, and brood size is often used in C. 

elegans as a measure of fitness 415,416. We therefore quantified the number of progeny during exposure to PIs. 

NFV, RTV, and SQV caused a significant decline in brood size, whereas IDV showed no change (Figure 8). 

 

Figure 8. Total number of progeny during PI exposure. PI 

concentration = 200μM. Statistics were calculated by a two sided 

student’s t-test assuming unequal variance, compared to control. ** 

= P<0.01, *** = P<0.001. 

 

 

PIs use has also been associated with mitochondrial dysfunction induced premature and accelerated ageing 2. 

To see if PIs cause accelerated ageing we performed lifespan analyses of C. elegans exposed to PIs. Of the PIs 

tested, only SQV showed significant lifespan-shortening effects compared to the relevant DMSO control of 3% 

(Table 6). RTV and IDV had no effect. 3% DMSO, which is also the relevant control for RTV, caused a decrease in 

average and maximal lifespan. 0.3% DMSO, which is the relevant control for IDV, showed no effect on average 

lifespan, but did increase maximum lifespan. 
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Table 6. PIs and relevant DMSO concentrations altered average lifespan. PI concentration = 300μM. All animals are N2 at 20oC, exposed 

from L4. Mean and maximum refer to the amount of days after exposure. Statistical analysis of the PIs were conducted compared to their 

respective DMSO control (IDV = 0.3%; RTV & SQV = 3%). DMSO statistical analyses were conducted compared to the control. SEM = 

standard error of the mean. 

 

Exposure N (total) Mean  
± SEM 

Maximum  
± SEM 

P-value 
(Mantel-
Cox test) 

P-value (Gehan-
Breslow-Wilcoxon 

test) 
Control 442 18.0 (±0.5) 27.5 (±1.5)   
0.3% DMSO 304 18.0 (±2.0) 30.5 (±1.5) 0,0021 0,5074 
3% DMSO 266 16.0 (±2.0) 29.5 (±2.5) 0,0023 0,0089 
IDV 153 17.0 (±0.0) 28.0 (±0.0) 0,0617 0,8564 
RTV 166 17.0 (±0.0) 26.0 (±0.0) 0,0501 0,0787 
SQV 92 14.0 (±0.0) 24.0 (±0.0) <0.0001 <0.0001 
RTV + NAC 275 16.5 (±1.5) 26.0 (±1.0) 0.9329 0.9942 

 

2.8 Antioxidants can attenuate short-term ATP level decline and mtDNA copy number 

decrease 

In their model for PI induced mitochondrial dysfunction, Reyskens and Essop proposed that the presence of PI 

induced cytosolic ROS and the related altered expression of redox-regulating enzymes are likely the initial 

triggers that lead to mitochondrial malfunction 99. To assess if the PI induced mitochondrial dysfunction we 

observed is dependent on the generation of ROS, we exposed therapy naïve animals to PIs and supplemented 

them with selected anti-oxidants (AOXs); ʟ-ascorbic acid (Vitamin C, LAA), N-acetylcysteine (NAC), Trolox (a 

water soluble analogue of -tocopherol: vitamin E), and acetyl-ʟ-carnitine (ALCAR) (Chapter 3, Supporting 

Information, Table 6). We anticipated that supplementation with AOXs should alleviate the PI induced decrease 

in ATP levels. Indeed, upon supplementation of IDV with increasing concentrations of AOXs, ATP levels 

normalized (Table 7). NAC was the most effective AOX in alleviating the IDV induced ATP level decline, whereas 

Trolox was least effective. A stepwise increase in the concentration of AOXs above 100μM up to 10mM had 

little to no additional beneficiary effect. 

To see if the rapid fluctuations in mtDNA levels were also dependent on ROS levels, we supplemented RTV with 

100μM NAC and quantified mtDNA copy number. NAC significantly attenuated the RTV induced mtDNA copy 

number increase after 1h exposure. The NAC induced attenuation, however, resulted in mtDNA copy numbers 

similar to control animals at 0h (Figure 9A). 100μM NAC alone also decreased mtDNA copy numbers compared 

to 1h controls (Chapter 3, Supporting Information, Figure 4), suggesting that redox imbalance can strongly and 

rapidly affect mtDNA copy numbers. 
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Table 7. 300μM IDV decreased ATP levels were attenuated upon exposure to anti-oxidants. ATP levels were measured 2.5 minutes after 

exposure in vivo. Statistics were calculated with a two-way ANOVA with replication; IDV compared to control and IDV + anti-oxidant 

compared to IDV. * = P<0.05, ** = P<0.01, *** = P<0.001. 

 

Exposure Relative ATP level P-value 

Control 100 (±1)  
300μM IDV 67 (±4) *** (3.38E-09) 
300μM IDV + 100μM NAC  118 (±11) *** (6.84E-05) 
300μM IDV + 200μM NAC  122 (±10) *** (3.97E-06) 
300μM IDV + 500μM NAC  101 (±9) *** (3.98E-04) 
300μM IDV + 1mM NAC  131 (±11) *** (2.06E-06) 
300μM IDV + 10mM NAC  133 (±13) *** (2.57E-05) 
300μM IDV + 100μM LAA 102 (±10) *** (1.19E-05) 
300μM IDV + 200μM LAA  92 (±9) ** (1.12E-03) 
300μM IDV + 500μM LAA  91 (±8) *** (3.44E-04) 
300μM IDV + 1mM LAA 94 (±8) *** (1.55E-04) 
300μM IDV + 10mM LAA 108 (±7) *** (2.62E-06) 
300μM IDV + 100μM ALCAR 102 (±8) *** (3.09E-06) 
300μM IDV + 200μM ALCAR 84 (±8) *** (4.05E-06) 
300μM IDV + 500μM ALCAR 84 (±8) *** (1.65E-04) 
300μM IDV + 1mM ALCAR 90 (±8) *** (5.53E-05) 
300μM IDV + 10mM ALCAR 94 (±7) *** (1.13E-04) 
300μM IDV + 100μM Trolox 78 (±7) * (2.27E-02) 
300μM IDV + 200μM Trolox 88 (±6) ** (1.39E-03) 
300μM IDV + 500μM Trolox 92 (±8) ** 3.47E-03) 
300μM IDV + 1mM Trolox 96 (±10) ** (1.05E-03) 
300μM IDV + 10mM Trolox 63 (±6) (8.82E-01) 

 

Figure 9. PIs induced mtDNA copy number increase was attenuated by anti-oxidants. A: 300μM RTV increased mtDNA copy number 

compared to control nematodes after 1h exposure (light grey vs 1h Control). 100μM NAC attenuated this increase (dark grey vs light grey). 

mtDNA copy number increases during nematode development and therefore rose (Control 0h vs Control 1h). B: The slight decrease in 

mtDNA copy numbers caused by 72h exposure to 300μM IDV was attenuated upon supplementation with 100μM AOXs. Error bars show 

the 95% C.I. (51df). Significance was determined using a two-tailed student’s t-test assuming unequal variances. * =P-value <0.05, ** = P-

value <0.01, *** = P-value <0.001. A: control animals at 1h compared to RTV, and RTV + NAC compared to RTV, and Control 1h vs Control 

0h; and B: IDV + AOX compared to IDV. 

Chronic exposure to PIs caused fluctuations in mtDNA copy number for IDV and SQV (Table 3). To see if the 

changes in mtDNA copy number during chronic exposure were also dependent on ROS, we supplemented IDV 

with 100μM AOX and quantified mtDNA copy number after 72h exposure. The slight decline in mtDNA copy 

number caused by IDV showed a clear trend towards normalisation when animals were supplemented with 

NAC, LAA, and ALCAR. Trolox was able to significantly attenuate the decline in mtDNA copy number (Figure 9B). 
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2.9 Anti-oxidants may attenuate the PI induced decrease in fitness 

As supplementation with AOXs could attenuate the short-term decrease in mtDNA copy numbers and ATP 

levels induced by PI exposure, we wondered if the decrease in fitness caused by long-term exposure to PIs 

could also be rescued. Supplementation of IDV with AOXs showed varying degrees of improving the decrease in 

thrashing rate caused by IDV. At 24h exposure, ALCAR and Trolox significantly attenuated thrashing rates, along 

with NAC at 48h. This rescue was, however, lost after 72h exposure. LAA showed a trend towards attenuation 

of thrashing rates, which was strongest at 72h (Table 8). Besides fitness we also tested the ability of AOXs to 

change lifespan during PI exposure. Lifespan was not significantly affected on exposure to RTV alone, and 

supplementation of RTV with NAC also had no effect (Table 6). Taken together, AOXs have no clear effect on 

long-term PI induced reduction in fitness. 

Table 8. Anti-oxidants sometimes attenuated the decrease in fitness caused by IDV. Fitness was measured by the number of sigmoidal 

body bends per worm per minute. IDV concentration = 300μM. Anti-oxidant concentrations = 100μM. Statistics were calculated by a two 

sided student’s t-test assuming unequal variance: IDV compared to control of that same time point; IDV + anti-oxidant compared to IDV of 

that same time point; Control 48h vs Control 24h, and Control 72h vs Control 48h. * = P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not 

significant. 

 

 Control IDV IDV + NAC IDV + LAA IDV + ALCAR IDV + Trolox 
24h 129.4 (±13.7) 125.8 (±11.2) ** 119.2 (±16.4) n.s. 129.1 (±11.7) n.s. 140.7 (±15.6) *** 132.7 (±11.8) * 
48h 119.5 (±17) *** 106.7 (±22,7) *** 118.2 (±20.2) * 108.1 (±18) n.s. 121.3 (±16.4) ** 130.2 (±15.1) *** 
72h 107.7 (±16.3) *** 95.0 (±25.6) ** 96.6 (±23.7) n.s. 105.7 (±15) n.s. 100.7 (±21.9) n.s. 94.7 (±19.2) n.s. 

 

2.10 Changes in gene expression upon exposure to PIs 

To probe which pathways react to short-term induced toxicity, a selection of genes involved in the unfolded 

protein response (UPR), the ubiquitin proteasome system (UPS), the oxidative stress response, and mtDNA 

transcription and mRNAmt translation, were screened for altered expression using a mRNA qPCR (Figure 10). 

 

Figure 10. Relative fold changes of selected genes after IDV exposure. A: 6h, B: 24h. Statistics were calculated by a two sided student’s t-

test assuming unequal variance, compared to unexposed animals (control) of that same time point. * = P<0.05, ** = P<0.01. 

Oxidative stress responses can be governed by the the redox sensitive transcription factor SKN-1. SKN-1 is a 

ROS dependent master regulator of Phase II detoxification enzymes, such as GST-4, and also acts in multiple 

longevity pathways 288,289. skn-1 expression was not effected after 6h (Figure 10A) or 24h (Figure 10B) IDV 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  HIV-1 protease inhibitors cause immediate mitochondrial dysfunction 

147 
 

exposure. To further examine the effects of IDV induced elevated ROS levels we assessed ndx-1 expression. 

NDX-1 plays a critical role in the removal of oxidized bases from the nucleotide pool before they can be 

incorporated into DNA 417. ndx-1 expression showed a trend towards higher expression after 6h (Figure 10A) 

and a trend towards lower expression after 24h (Figure 10B) exposure to IDV. 

Oxidative damage to MRC proteins and chaperones induces a unique PTEN-induced putative kinase 1 (PINK-1) 

mediated mitophagy pathway 418. Mutations in pink-1 cause enhanced sensitivity to oxidative stress, decreased 

MRC activity and altered mitochondrial morphology 419,420. pink-1 expression levels were significantly lower 

than controls after 6h (Figure 10A) exposure to IDV, and they showed a rise (which is not significant due to the 

large variation between biological replicates) after 24h (Figure 10B). 

Oxidative stress is known to inhibit mitochondrial protein import, affecting the levels of mature functional 

proteins in the mitochondria and prompting activation of the UPRmt 366. Mitochondrial heat shock protein 6 

(HSP-6) is the C. elegans homologue of HSP-70 in humans and is strongly expressed upon perturbations in 

mitochondrial protein homeostasis 349. Besides hsp-6, we quantified hsp-4 expression. HSP-4 is specific for the 

endoplasmic reticulum UPR and, if upregulated, would point towards systemic instead of mitochondrial specific 

responses to PIs 421. Moreover, PIs have been found to cause ER stress 100. hsp-6 nor hsp-4 expression levels 

were significantly changed after 6h (Figure 10A) and 24h (Figure 10B) exposure to IDV. 

C34B2.6 encodes a homolog of the mitochondrial Lon protease which is crucial for mitochondrial quality 

control and adaptation to acute mitochondrial oxidative stress by proteolytic removal of oxidized proteins. Lon 

protease is also involved in protecting mtDNA from oxidative damage and is associated with correct assembly 

of MRC complexes 365,422. After 6h treatment with IDV, C34B2.6 expression remained unchanged (Figure 10A). 

After 24h, however, C34B2.6 mRNA levels were significantly lower than controls (Figure 10B). 

The UPS is the principal mechanism for the degradation of damaged or incorrectly folded proteins that cannot 

be refolded by chaperones. The UPS functions throughout the entire cell, though mechanisms exist to recruit 

UPS components to the mitochondria for specific degradation of mitochondrial proteins 423. pas-6 encodes a 

type 1 alpha subunit of the 26S proteasome's 20S catalytic core 364. The 20S catalytic core can degrade proteins 

by two methods; one as part of the UPS, which requires ubiquitin ligases and the 19S regulatory particle, and 

the other which has a role in the acute stress response to oxidative damage and is 19S and ubiquitination 

independent 424. pas-6 showed a trend towards decreased expression after 6h (Figure 10A) which became 

significant after 24h (Figure 10B) exposure to IDV. 

MtDNA replication was not stalled by IDV treatment (Figure 7). However, mtDNA copy numbers do fluctuate 

during PI exposure (Table 3 & 4), indicating that mtDNA replication mechanisms are triggered in response to 

PIs. In an attempt to pinpoint a pathway that regulates PI induced mtDNA replication change, we quantified 

polg-1 which encodes the mitochondrial DNA polymerase- 61  Consistent with observations by Davis et al. who 

demonstrated that the mitochondrial transcription factor A, and not polymerase-  is the major regulator of 

mtDNA replication 425, polg-1 expression levels remained unchanged after 6h (Figure 10A) and 24h exposure 
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(Figure 10B) to IDV. We also measured expression of mrps-5 which encodes the translation regulator 

mitochondrial ribosomal protein S-5 (MRPS-5) 261. mrps-5 expression levels were significantly lower than 

controls at 6h (Figure 10A) and 24h (Figure 10B). 

3. Discussion 

A favoured theory for PI induced adverse events and mitochondrial toxicity is an excess production of ROS 
87,100. Although high levels of ROS have been observed after 30 minutes exposure of PIs to human peripheral 

blood mononuclear cells 100, few studies have focussed on short-term events and - to date - no clear mode of 

action has been discovered that explains how PIs cause mitochondrial toxicity. In this study we have 

endeavored to clarify the extent of mitochondrial dysfunction and increased ROS production in PI induced 

adverse events. In particular, we have focused on the chronology of events during short-term mitochondrial 

toxicity. 

In summary, we have observed that the PIs used in this study cause rapid MRC dysfunction. This was visualized 

by a marked decrease in ATP levels after 2.5 minutes (Figure 5A) and a lower oxygen consumption rate after 5 

minutes (Figure 5B). Additionally, ROS flux is reduced within 10 minutes of PI exposure (Figure 4), supporting 

our findings that MRC function is perturbed. We suggest that the cause for this prompt failure in MRC function 

is due to the increased generation of ROS, as ATP levels are normalized upon supplementation with AOXs 

(Table 7). The origin and localization of the produced ROS, however, remains elusive. A sharp decreased 

expression of gst-4 within 1h of exposure suggests that cytosolic ROS are possible suspects (Figure 1). In an 

attempt to understand the response of C. elegans to acute PI induced mitochondrial toxicity we assessed 

expression levels of genes involved in various mitochondrial quality control pathways. Although the results 

need further verification, we discovered possible roles for pink-1, C3B42.6 (lon-protease), pas-6, and mrps-5 

(Figure 10). 

In this study we have also investigated the role of mitochondrial toxicity and ROS generation during chronic 

exposure (≥24h) to PIs. sod-3 shows a trend towards increased expression after 72h, which is suggestive of a 

role for increased mitochondrial ROS generation in PI toxicity after long-term exposure. Additionally, 72h of PI 

exposure resulted in fragmented mitochondrial networks (Figure 6). 24h, 48h, and 72h treatment resulted in 

reduced fitness, as measured by thrashing and fecundity assays (Table 5 & Figure 8). We show evidence that 

the PI induced diminished fitness and mitochondrial network fragmentation is likely not caused by inhibition of 

mtDNA replication (Figure 7 & Table 3). For some PIs the reduction in thrashing at 24h and 48h could be 

attenuated by supplementation with AOXs (Table 8), supporting a role for ROS in adverse events associated 

with chronic exposure. 

3.1 The role of ROS in short-term PI induced adverse events 

Most studies suggest a mitochondrial origin for PI induced ROS production (Chapter 1). However, the direct 

increase in ROS levels is likely to be of cytosolic origin, as PI localisation within the mitochondrial matrix has 

never been shown 99. Therefore, Reyskens and Essop proposed that PIs diminish cytosolic antioxidant defence 

systems, triggering an increase in cytosolic ROS. This then raises ROS levels in the inter-mitochondrial 
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membrane space causing a perturbation of MRC activity, which in turn, leads to increased mitochondrial  ROS 

generation 99. In accordance with this, decreased glutathione levels and Cu/ZnSOD activity have been found 

after 24h exposure of rat pancreatic insulinoma cells (INS-1) to NFV 103. Our results also support this hypothesis, 

as we show that within an hour a decrease in gst-4 expression is apparent for all PIs tested. Interestingly, IDV 

and NFV show similar patterns in gst-4 expression changes and H2O2 production rate, as do RTV and SQV, 

which indicates that there may be a correlation between these events. Additionally, mitochondrial specific sod-

3 expression after 4h exposure to IDV remains unchanged. Although the sod-3 expression results need further 

verification as very few animals were analyzed, these results indicate that mitochondria are not the initial 

source of PI induced ROS production. The exact way in which PIs cause a decrease in ROS detoxifying enzyme 

expression, however, remains to be explained. 

To detect ROS and measure ROS flux we have used the fluorescence reporter dye H2DCFDA which is 

predominantly sensitive to H2O2 and not superoxide 253. Superoxide is typically produced in the mitochondria at 

MRC complexes I and III and is rapidly converted to H2O2 and oxygen by mitochondrial SODs 262. As H2O2 is 

relatively stable it is able to transfuse across the mitochondrial outer membrane where it can perform 

signalling functions 163,287. We can therefore deduce that ROS flux is diminished upon exposure to PIs (Figure 3 

& 4), as this coincides with a decreased metabolism and a lower hydrogen peroxide production rate 252. 

3.2 ROS induced MRC dysfunction 

Elevated levels of ROS in the vicinity of the MRC are known to perturb MRC function 277. Our observations that 

supplementation with AOX nullifies the rapid decrease in ATP levels supports this (Table 7). Our use of NAC, 

LAA, ALCAR, and Trolox, to rescue MRC function, signifies that the initial increase in ROS is likely located in the 

cytosol as these AOX do not preferably accumulate in the mitochondria 426. The precise type and localization of 

ROS that cause MRC dysfunction, however, remains to be revealed. We did not see a rise in H2O2 during the 

first hour of PI exposure which points towards other ROS as possible causative agents. To observe if these ROS 

are of mitochondrial origin, MitoSOX may prove sufficient as it is superoxide specific and rapidly localizes in the 

mitochondria. Moreover, mitochondrial targeted AOX such as MitoVit-E, MitoQ, or MitoTEMPO could be 

implemented 426,427. 

3.3 The mitochondrial response to PI induced MRC dysfunction 

The changes seen in mitochondrial MRC function and ROS flux may be responsible for the observed rise in 

mtDNA copy number, 1h after PI exposure. Endogenous or exogenous oxidative stress, glutathione depletion, 

or reduced MRC function, has been shown to increase mtDNA copy number and mitochondrial biogenesis in 

human and animal cells, likely in an attempt to produce more functional mitochondria 185. In agreement, IDV 

has been shown to increase mtDNA content in brown adipocytes, which parallels with an increase in 

cytochrome c oxidase subunit II (COX2) mRNA and COX activity 58. Compared to RTV and SQV at 1h exposure, 

IDV and NFV cause a similar amount of mtDNA copy number increase which, interestingly, coincides with their 

ability to induce similar gst-4 expression and ROS flux changes. 
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We observed that chronic exposure, however, does not induce large fluctuation in mtDNA copy number, even 

though changes are apparent (Table 3). In one study, decreased expression of the mitochondrial-encoded 

COX2, but not the nuclear DNA-encoded subunit IV (COX4), both from the MRC complex IV, was observed in 

fibroblasts after long-term treatment with IDV and NFV. Moreover, a significant decrease in mitochondrial 

membrane potential and increased ROS production from the mitochondria was found, which suggests that PI 

induced mitochondrial dysfunction is significant to chronic adverse events 95. Moreover, protein translation is 

known to be negatively affected effected by ROS 428 and we found decreased expression of mrps-5 (Figure 10) 

which is in accordance with these observations. 

3.4 Mitochondrial toxicity from long-term PI exposure 

Mitochondria are known to have a central role in ageing and we previously suggested that PI exposure is 

related to mitochondrial dysfunction mediated premature and accelerated ageing 2.We have shown that PIs 

strongly reduce thrashing rates during 24-72h exposure (Table 5) and that progeny number are significantly 

reduced from exposure to NFV, RTV, and SQV (Figure 8). We found that of the PIs tested; only SQV reduced 

mean and maximum lifespan significantly compared to its 3% DMSO control (Table 6). RTV showed a trend 

towards an increased mean and a reduced maximal lifespan, and IDV showed a trend towards a decreased 

mean lifespan. These results, however, need to be considered with caution as the lifespans in the presence of 

PIs have not been duplicated. Moreover, DMSO at relevant concentrations also significantly alters lifespan. 

More research is needed to verify the possibility that PIs cause premature and accelerated ageing. 

Supplementation of RTV with NAC showed no change in lifespan compared to RTV alone (Table 6). However, as 

RTV does not significantly change lifespan compared to the control we cannot dismiss a role for ROS in long-

term toxicity. The concentration dependent trend towards a rise in sod-3 expression after 72h IDV exposure 

testifies to this. Additionally, the decrease in mtDNA copy number caused by IDV after 72h exposure could be 

attenuated by AOX (Figure 9B), which taken together suggests that ROS do influence mitochondria during 

chronic exposure. 

After 72h exposure to PIs, we found that mitochondrial morphology is significantly altered. Specifically, we find 

increased fragmentation of mitochondrial networks (Figure 6). NFV and RTV induced mitochondrial network 

fragmentation has been documented before 106 in HeLa cells after 12h and 24h exposure. Variations in cellular 

bioenergetics, in particular a reduction in ΔΨm, have been shown to rapidly change mitochondrial morphology; 

in particular swollen mitochondria and a fragmented mitochondrial network. Conversely, altered mitochondrial 

morphology affects mitochondrial function and extensive mitochondrial fission and fragmentation increases 

ROS leakage 413,429. To elucidate if PI elevated ROS and consequent MRC dysfunction are pivotal in the process 

of altering mitochondrial morphology it is essential to evaluate mitochondrial morphology after short-term 

exposure. Chronic exposure to PIs likely hampers many cellular processes and the precise role of ROS herein 

becomes only more convoluted as exposure time is lengthened (Chapter 1). The unclear results from rescue of 

fitness with AOX (Table 8), underscores the complexity of PI induced mitochondrial toxicity during chronic 

exposure. We can conclude, however, that mtDNA replication is not stalled by PIs and is thus not responsible 

for the observed toxicity during chronic exposure (Figure 7). 
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3.5 PIs interfere with many cellular processes 

Our findings show that there is not a PI concentration dependent decline in ATP levels for IDV, NFV and RTV 

(Figure 5A). This may indicate that other processes besides the generation of ROS are also triggered upon 

exposure to PIs (see Introduction, 3.8). For instance, PIs have been found to have different or even 

contradictory effects depending on their concentration, and there are indications that increased ROS 

production only occurs after exposure to a certain threshold concentration of PIs (Chapter 1). In line with this, 

IDV, NFV, and SQV, have no effect on ATP levels at 200μM, but do at 300μM. Moreover, RTV induced ATP 

depletion fluctuates depending on the concentration; lower ATP levels are found at 200μM and 500μM than at 

300μM, and 200μM has the strongest effect of all the concentrations tested (Figure 5A). An explanation for 

these results may lie in the fact that PIs are known to modify activity and expression of active drug transport 

systems which in turn may alter drug absorption, elimination, and tissue distribution (Chapter 1). RTV, for 

instance, is known to have the strongest inhibitory effect on drug transport systems, and is therefore used to 

‘boost’ HAART by increasing bioavailability and half-life of concomitantly administered drugs 27. Further 

research into the ability of PIs to change pharmacokinetics in C. elegans is warranted and may help shed some 

light on the use of PIs in combination therapy (see Chapter 6). 

3.6 Mitochondrial quality control is affected by PI exposure 

In an attempt to understand the cellular response to PI exposure we quantified transcriptional expression of a 

selection of genes involved in mitochondrial surveillance and quality control. Although the results need further 

verification, we discovered possible roles for pink-1, C34B2.6 (lon-protease), pas-6, and mrps-5 (Figure 10). 

Initially, we suspected that skn-1 would play a role in the cellular reaction to IDV, as oxidative stress responses 

have been found to be strongly governed by the redox sensitive transcription factor SKN-1 288,289. SKN-1 is 

known to respond to ROS, however, by translocating from the cytosol to the nucleus where it regulates gene 

expression. A direct effect of IDV induced ROS on skn-1 expression may therefore not be apparent, at least not 

at the time-points tested. For further research, we suggest the use of a skn-1 knock out (zu67) to verify if 

cellular responses to PI induced ROS are governed by SKN-1 288. 

We also suspected hsp-4 expression to be changed as 40μM PIs have been found to cause ER stress in mouse 

and various human cell lines after 24h exposure 100. However, no significant changes were observed in our 

experiments. This could be explained by the use of different drug concentrations or model systems. 

Nonetheless, ER stress is known to be a cause and an effect of ROS production, and ROS caused by ER stress 

are known to derive from MRC dysfunction 430,431. The ER and mitochondria are intricately connected; sharing 

phospholipids and protein degradation machinery, and the ER has been implicated to aid in mitochondrial 

fission 432,433. Taken together, PI induced ER stress, at least after long-term exposure, may be a cause for 

increased mitochondrially derived ROS and changes in mitochondrial function and morphology. Research into 

the roles of the ER during PI treatment is needed and may clarify many of the observed effects PIs have on 

mitochondrial function. 
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We observed changes in pink-1 expression levels indicating a role for PINK-1 in the cellular response to PI 

toxicity. PINK-1 is, for instance, involved in mitophagy 434 and its possible upregulation after 24h IDV exposure 

may influence mitochondrial morphology. Interestingly, IDV has been shown to significantly inhibit the 

mitochondrial processing protease (MPP) in yeast 118, and inhibition of MPP causes PINK-1 accumulation on the 

mitochondrial surface which triggers mitophagy 435. Further roles for PINK-1 in PI toxicity may lie in the close 

association between PINK-1 and the MRC. For example, PINK-1 stabilizes MRC complexes and thus assists in 

maintaining the integrity of the MRC 420. Moreover, PINK-1 has been proposed to regulate complex I activity 

and thus help sustain ΔΨm 436. 

We also observed significant decreased expression of genes encoding proteins that are involved in pathways 

responsible for removal or degradation of damaged or incorrectly folded proteins. Interestingly, Lon protease 

protein levels have been found to be elevated in lipodystrophy patients chronically treated (an average of 72 

weeks) with HAART 437. We, however, show in C. elegans that Lon protease (C34B2.6) is down-regulated after 

24h exposure to IDV. We believe that this discrepancy is not necessarily contradictory because single-drug 

treatment is not comparable to HAART. The down-regulation of Lon protease may even point towards a 

mechanism through which PIs cause mitochondrial toxicity and increased ROS generation. Lon protease is 

namely essential for mitochondrial adaptation to acute oxidative stress through proteolytic removal of oxidized 

proteins 438. A decreased expression of Lon protease during short-term exposure may prompt mitochondrial 

failure, which then later on may trigger an increased expression of Lon protease as an adaptive response. 

NFV and SQV are known to perturb proteasome 26S and 20S peptidase activity 439. We observed down-

regulation of pas-6 which encodes a type-1 alpha subunit of the 20S proteasome catalytic core 364. Coinciding 

with our findings, Segref et al. discovered that inhibition of MRC components and increased ROS production in 

C. elegans resulted in disrupted UPS function in the cytosol 237. Taken together, these results may point 

towards a mechanism through which PIs can induce toxicity. The UPS has been found to interface with 

mitochondria in multiple ways. For example, mitochondrial morphology dynamics are regulated by the UPS, 

and the UPS works in close concert with PINK-1 to regulate mitophagy 424. Changed UPS activity has been 

proposed to potentiate the development and progression of metabolic diseases which are common in PI 

treated patients 237,400. We hypothesize that the UPS together with Lon protease play a central role in PI 

induced toxicity and disruption of their function may underlie mitochondrial toxicity and increased ROS 

generation. 
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4. Materials and Methods 

4.1 Strains and culture conditions 

Nematodes were cultured on NGM plates and fed OP50 Escherichia coli lawn at 20oC unless mentioned 

otherwise. Nematode strains N2 Bristol (wild type), MJCU017, and CF1553 were provided by the Caenorhabditis 

Genetics Center (CGC) at the University of Minnesota. gst-4::gfp nematodes were a kind gift from Y. 

Budovskaya. ROS measurements were performed using ‘WOPS3’ (gst-4: {unc-119(ed3) III, kIs17[gst-4::gfp, 

pDPMM#016B] X}; unc-119(ed3)(?);Is[unc-54pro::mCherry;unc119(+)]), which was generated using MJCU017 
310. 

4.2 Antiretroviral drugs & antioxidants 

Antiretroviral drugs (Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO) (IDV, NFV = 100mM; RTV, SQV 

= 10mM). Antioxidants (Sigma-Aldrich) ʟ-ascorbic acid, N-acetylcysteine, and Acetyl-ʟ-carnitine hydrochloride 

were dissolved to a stock solution of 500mM in dH2O. Trolox, a water soluble -tocopherol analogue, was 

dissolved in dH2O containing 5% DMSO to stocks of 500mM. 

4.3 Lifespan assays 

Lifespan scoring was conducted at 20oC. ~100 synchronized nematodes were placed on NGM plates containing 

the compound(s) of interest and dead animals were scored approximately every other day. Worms that crawled 

off the plates, showed bagging or gonad protrusion were removed from the plates and scored separately. 

Animals were scored as dead when they no longer moved or showed pharyngeal pumping when they were 

successively gently prodded on the head and tail with a platinum wire. All experiments using L4 animals were 

done in the presence of 50μM fluorodeoxyuridine (FUdR) to inhibit progeny. One biological replicate for the PIs, 

and for controls a minimum of 2 biological replicates was analysed. Prism 6 software was used for statistical 

analysis using the log-rank (Mantel-Cox and Gehan-Breslow-Wilcoxon) method 311. Age refers to days following 

hatching (L1). 

4.4 Progeny assay 

Synchronized L4 staged wildtype (N2) hermaphrodite nematodes (N≥2) were picked to Escherichia coli OP50 

pre-seeded NGM plates with 200μM of PI or without drug exposure (control). Progeny (eggs and L1 larvae) 

were counted every 24h for 4 days. Adult animals were transferred to a fresh plate every 24h to avoid 

crowding and to facilitate progeny counting. Brood size was determined at 20oC for at least two biological 

replicates. 

4.5 Thrashing assay 

A single worm was placed in a drop of M9 buffer on a clean glass slide and allowed to acclimatize for 30 

seconds. The frequency of sigmoidal body bends was counted during 30 seconds as described previously 312. 

Thrashes were averaged from 10 worms per treatment condition over three independent trials. 
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4.6 ROS measurements 

2’7’-Dichlorofluorescein oxidation 

The level of intracellular general ROS was measured by using the fluorescent dye 2’7’-Dichlorofluorescein 

oxidation (H2DCFDA; Sigma-Aldrich) according to an adapted protocol of Strayer and coworkers 315. In short, 

~200 synchronized wild type, 2h post L4 stage, nematodes were transferred to 96 well plates containing PIs 

(300μM). 50μM DCF-DA in Citrate Phosphate Buffer (pH = 6.5) was added to the wells directly prior to 

measurement. Measurements were performed at 25°C and recorded by a FLUOstar OPTIMA plate reader 

(Biotek Synergy Mx; excitation 485nm and emission 520nm). For quantification of ROS production rate, 

samples were read every 10 minutes for 4 hours. For short-term fluorescence measurements, samples were 

read every 2 minutes. DCF fluorescence was normalized to the number of worms per well. Experiments were 

performed with a minimum of three biological replicates. 

gst-4 expression 

Short-term experiments (6h) were performed on therapy naïve WOPS3 animals that express GFP which is 

under control of the gst-4 promoter. Synchronized worms were cultured at 25oC to L4, transferred to FUdR 

plates until day 1 of adulthood and washed from the plates with M9 buffer and filtered over a SEFAR NITEX® 

31μM pore mesh (03-31/24) to remove debris and E. coli. ~800 animals were placed in each well of a flat clear-

bottomed 96 well plate and exposed to 300μM of PIs in Citrate Phosphate Buffer (pH = 6.5), in a total volume 

of 100μL. Measurements were performed at 25°C and recorded by a FLUOstar OPTIMA plate reader (Biotek 

Synergy Mx). GFP (470/520nm) expression was normalized to constitutively active RFP (577/620nm) 

expression. Statistical analysis compared to DMSO: IDV & NFV = 0.3%; RTV & SQV = 3%. Experiments were 

performed with a minimum of three biological and five technical replicates. 

sod-3 expression 

CF1553 animals were exposed to IDV (mixed into the NGM) from the L4 larval stage, picked onto 1% agarose 

pads containing 10mM NaN3, and directly imaged. CF1553 animals express GFP which is under control of the 

sod-3 promoter. Images of at least 4 live animals were captured using the Zeiss Axiovert 40CFL microscope 

equipped with an Axiovert digital camera, and analysed using ImageJ software. Mid-body (vulvar) sections of 

animals were selected for analysis. 

4.7 Quantitative real time PCR 

mtDNA copy number 

Quantitative real time PCR was performed as described by de Boer 52. In short, synchronized wild type (N2), 2h 

post L4 moult, young adult worms were transferred to OP50 seeded FUdR NGM plates containing PIs (300μM). 

Five adult worms were collected at predetermined time points during drug exposure and lysed in Lysis buffer 

(50mM KCl, 10mM Tris (ph 8.3), 2.5mM MgCl2, 0.45% NP-40 (IGEPAL), 0.45% Tween-20, 0.01% Gelatin, 

20mg/mL Proteinase K). Before detection in the PCR, the solution was diluted 40 times and 2μl was used as 

input in the PCR reaction. Primers specific for cytochrome c oxidase subunit I (COX1) were used for the 

determination of mtDNA copy number. PCRs were performed using the Taqman® universal cycling conditions 
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with amplified products being detected using a Taqman® probe for CeCOX1. Fluorescent signal intensities were 

determined using the 7300 Real-Time PCR System (Applied Biosystems) with software SDS (version 1.9.1). To 

quantify the absolute quantity of mtDNA per worm, a standard curve was generated from a plasmid with a 

fragment of the cox1 gene. After PCR the total mtDNA copies per worm were calculated. mtDNA quantitative 

PCR was performed with at least three biological and two technical replicates. 

mRNA copy number 

Worms were synchronized and hatched overnight in M9 on a shaker at 20°C and grown on NGM plates seeded 

with E. coli OP50 at 20°C. After reaching the L4 stage, they were transferred to NGM plates containing FUdR 

and the compounds assessed. At time points 2, 6 and 24 hours after exposure, worms were washed from the 

plates with M9 buffer, filtered over a SEFAR NITEX® 31μM pore mesh (03-31/24) to remove debris and E. coli, 

pelleted, and immediately stored at -80°C. RNA was extracted with the Direct-zol™ RNA MiniPrep kit from 

Zymo Research, using TRIzol, according to the manufacturer’s instructions. RNA concentration was determined 

using Nanodrop® and quality and purity were assessed with RNA ScreenTape®. Primers were designed using the 

Applied Biosystems Primer Express™ V2.0 software and, where possible, designed to be intron spanning (Table 

9). All primers were checked for specificity by the NCBI Primer Blast website and verified using PCR. qRT-PCR 

analysis was adapted from Lezzerini & Budovskaya 407 using the Power SYBR Green™ RNA-to-Ct 1-Step Kit 

(Applied Biosystems, Foster City, CA, USA, Part #4389986). mRNA copy numbers were calculated with a 

standard curve using Vector pD4H1 using mCherry-forward AGGGTTTTAAGTGGGAACGC and mCherry-reverse 

GCATAA CAGGTCCATCCGAG primers. Biological duplicates and technical duplicates of each condition were 

measured. 

Table 9. Genes assessed for the qRT-PCR analysis. Primers are not intron (Intr) spanning unless otherwise stated. Coding sequence ID (CDS 

ID) as found on www.wormbase.org. 

 

Name CDS ID Primers (FW=Forward, RV=Reverse) from 5’-3’ Amplicon Length  
polg-1 
 

Y57A10A.15 FW: TCGTCCTCGCCGATCACT 
RV: GGTAGACACGTCCACGGAAATC 

75 bp 

ndx-1 T26E3.2 FW: ACAAGCAATCCGCTTCAAAAG 
RV: TCGTGTCTCCGGTGATTCG 

77+Intr = 351 bp 

pink-1 EEED8.9 FW: TAACACGATCAAATCCATTCTACAAACT 
RV: ATGACATCTCGTGCCACAAAATT 

106 bp 

mrps-5 
261 

E02A10.1 FW: TCAACAACTGGCCGAACGA 
RV: CGGTGACGCCACAATTTG 

85+Intr = 731 bp 

C34B2.6 C34B2.6 FW: TCGATATCCACTATTTCCAGGATTT 
RV: CCAGCATACGGCTGTTTCAGT 

108+Intr = 157 bp 

skn-1 T19E7.2b FW: GACAGTTGATTCGCAAGATTCG 
RV: CGATCCGTGCGTCTTTGAC 

79+Intr = 131 bp 

hsp-6 C37H5.8 
 

FW: CGGTGAGCGTCTTGTTGGA 
RV: GAACCTCTGGGTCTTCGTATCTTCT 

113 bp 

hsp-4 F43E2.8 FW: CAACGAGAAAACCGTTCAACAA 
RV: GATCCAACCTTCACCTCAACATTA 

79 bp 

pas-6 CD4.6 FW: TCAGAAGAAAGTGTACGAAATTGACA 
RV: TGGAGGTAGCGAGCCAAGAT 

90 bp 

 

4.8 ATP measurements 

ATP luminescence measurements were adapted from Lagido et al. 2008 251. All measurements were performed 

in CPB (pH 6.5) with a final volume of 100μL. 10μL of a 10x concentrated drug solution was pipetted into white 
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flat-bottomed 96-wells plates (Greiner). Each condition was measured in at least 3 biological replicates and at 

least 8 technical replicates. The antioxidants were dissolved in MiliQ, except for Trolox, which was dissolved in 

DMSO. Luminescence was measured in a Biotek Synergy MX plate reader in the visible spectral range (300-

600nm). Young adult worms grown at 25°C were washed off the FUdR plates with S-basal and collected in CPB. 

Luminescence buffer was prepared with 1mM D-Luciferin and 0,05% Triton-X, to improve cuticle permeability 

(all final concentrations, in CPB). Luminescence was measured continuously during 2 minutes. The average of 

green fluorescent protein (GFP) expression was measured continuously with a 485/520nm filter set for 1 

minute (12 times) right after the luminescence measurement for normalisation. The different biological 

replicates were analysed with a two-way ANOVA with replication with a significance value of p ≤ 0,05. The 

mean ± standard error is reported. 

4.9 Oxygen consumption rate 

Oxygen consumption was measured using the Seahorse XFe96 (Seahorse Bioscience). 20 L4 animals were 

picked from NGM plates and transferred in 96-well Seahorse plates containing dH2O. 10x concentrated 

compounds were injected into the wells after 4 basal measurements, which were used for normalisation. 

Oxygen consumption was measured in 6 replicates. Data was analysed using Wave 2.2.0 (Seahorse Bioscience). 

4.10 2DNAGE 

Cell culture and PI treatment 

Human Embryonic Kidney 293 (HEK293T) cells were cultured in DMEM containing 4.5g/l glucose, 2mM L-

glutamine, 1mM sodium pyruvate, 50μg/ml uridine and 10% fetal bovine serum, at 37°C in a humidified 

atmosphere with 8.5% CO2. The medium was replaced every 48 hours and cells split so that ~80% confluency 

was maintained. To test whether the different compounds stall mtDNA replication, cells were treated for 48h 

with 200μM IDV. All experiments were performed in at least two independent experiments. 

Mitochondrial DNA isolation, two-dimensional agarose gel electrophoresis (2D-AGE) and Southern blotting 

Mitochondrial DNA was isolated from mitochondria using Cytochalasin B (Sigma-Aldrich) treatment before cell 

breakage, followed by differential and sucrose gradient centrifugation steps as previously described 316. The 2D-

AGE analysis was performed with minor alterations as previously described 250,317. Briefly, 5μg of total 

mitochondrial nucleic acids were digested with HincII (Thermo Scientific) according to the manufacturer’s 

recommendation and separated over a 0.4%, then a 0.95% agarose gel in 1xTBE. Southern blotting was 

performed using standard procedures and blots probed against 13 638–1 009, using a random primed 32P-

probe spanning nts 35–611 (NCR) of the human mtDNA. The radioactive signal was quantified using phosphor 

storage imaging (GE healthcare, BAS-IP MS), screens and Molecular Imager FX (BioRad). 

4.11 Image acquisition and analysis of mitochondrial morphology 

Mitochondrial morphology in body wall muscle cells was visualized in transgenic glo-1(zu391) animals using 

mito::GFP expressed from the myo-3 promoter making it ideal for the analysis of mitochondrial morphology 

(Appendix). Synchronized worms were allowed to develop until L4, after which they were transferred to plates 

with drugs added to the NGM. 72h later at least 10 individual worms were imaged using the Nikon A1 confocal 
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microscope, with a Plan Apo 60x WI objective with a numerical aperture of 1.27, a 488nm argon laser, a pixel 

size of 0,2 M and NIS-Elements AR v4.1004 (Build 854) software. Image processing was performed in ImageJ 

freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/, 1997–2012). Mitochondria were segmented by means of a custom-designed image-

processing pipeline (available at www.limid.ugent.be/downloads). First, uninformative slices or slices with 

reflections were removed from the image stacks, using an image quality criterion that only retains slices with a 

covariance >1. The triaged stacks were then projected according to the maximum pixel intensity and pre-

processed by background subtraction (rolling ball radius 15) and local contrast enhancement (block size 15) 

after which objects were enhanced by means of a multi-scale Laplacian operator 232. Subsequently, the image 

was binarized according to a Yen auto-thresholding procedure and the resulting mask was used for analysing 

shape and intensity metrics of objects larger than a predefined size (>12 pixels) on the original image. In 

addition, global texture metrics were measured on the original image using the GLCM texture plugin (by Julio 

Cabrera). 

For unsupervised clustering and heatmap generation, a subset of mitochondria- and image-specific descriptors 

was retained. Of the segmented mitochondria, average values were calculated for Mean (average grey value), 

Area (average projected area), AR (aspect ratio of the fitted ellipse, i.e. major axis/minor axis), Feret (longest 

internal distance), Solidity (area/convex area), Circularity (4*pi*area/perimeter2) and Roundness 

((4*area)/(pi*major axis2)). Of the texture parameters, the following metrics were calculated as averages from 

a horizontal and a vertical gray-level co-occurrence matrix (GLCM), both with one pixel offset.: 
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ij ij
i j
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i j
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2 2
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i j

ij
i j i j

i i
P ), with Pi,j 

reflecting values of row i and column j in the GLCM. 

Statistical analyses were performed in Microsoft excel 2010tm, Matlab 2010a (Mathworks, Eindhoven, The 

Netherlands) or R freeware. Individual parameters (shape and texture descriptors) were statistically compared 

between conditions, by means of pairwise student’s T-tests or, in case of non-normal distributions, Wilcoxon 

rank sum tests. Results were summarized in boxplots. K-means cluster analysis was performed on the 

standardized dataset (z-scores), using Euclidean distance as distance metric and the average value as linkage 

value for the dendrograms. The results were represented in a two-dimensional clustergram. 
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Abstract 

It is well known that HIV-1 antiretroviral drugs can cause severe adverse events; however, the elucidation of 

the mechanisms underlying their toxicity is hampered due to the fact that antiretroviral drugs are prescribed in 

complex combinations. Drug interactions can alter the absorption, distribution, metabolism, or excretion of 

administered compounds. Additionally, the pharmacologic actions of each drug can be altered through 

additive, synergistic, or antagonistic effects, which collectively can result in altered drug bioavailability. 

Combinations of antiretrovirals are commonly referred to as highly active antiretroviral therapy (HAART) and 

despite their toxicity, HAART use has significantly reduced HIV-1 related mortality. Most HAART regimens 

include the two major antiretroviral drug classes; nucleoside reverse transcription inhibitors (NRTIs) and 

protease inhibitors (PIs). In this study we use Caenorhabditis elegans and verified techniques to investigate the 

potential of first-generation NRTI and PI combinations to induce mitochondrial dysfunction. We discovered that 

combinations of FLT + NFV, ddI + RTV, and d4T + SQV had the highest potential to generate mitochondrial 

toxicity. Combinations of AZT + NFV, RTV, or SQV, combinations of d4T + IDV or NFV, and combinations of ddC 

+ NFV or SQV, had the lowest potential to generate mitochondrial toxicity. This study further supports the use 

of C. elegans for high-throughput screening of multiple complex regimens to assist in diminishing the 

prescription of drug combinations that unfavourably interact with each other and have strong potential to 

induce adverse side effects. 

1. Introduction 

In recent years it has become increasingly clear that treatment with therapeutic drugs can result in severe side 

effects 202. One important disease where this has clearly been demonstrated is HIV-1 infection, with over 50% 

of the patients developing severe side effects that force them to change their therapeutic regimen 32. The 

nucleoside reverse transcriptase inhibitors (NRTIs) were the first class of drugs approved for treatment of HIV-

infected individuals, and with great success, as HIV-1 related fatality decreased rapidly 6. Soon after, the 

protease inhibitor class (PIs) was introduced, opening the era of Highly Active Antiretroviral Therapy (HAART). 

HAART guidelines consist of a combination of two NRTIs combined with a Protease Inhibitor (PI) or a Non-

Nucleoside Reverse Transcriptase Inhibitor 440. Since the introduction of HAART, at least in high-income 
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countries, HIV-1 infection has acquired the characteristics of a chronic disease; manageable yet requiring life-

long treatment 20.  

1.1 NRTIs 

For a major early step in the HIV-1 replicative cycle, the viral reverse transcriptase converts its viral RNA into 

viral DNA. NRTIs make use of this process by inhibiting the viral reverse transcriptase as DNA incorporation 

with NRTIs results in chain termination. Specifically, all NRTIs lack the 3’-hydroxyl group on their ribose moiety 

necessary for phosphodiester bond formation in viral DNA strand elongation 30. Human mitochondrial DNA 

(mtDNA) polymerase- , however, also has high affinity for NRTIs 21,41,42. Inhibition of polymerase-  by NRTIs can 

interfere with mtDNA replication and can cause mitochondrial toxicity (Chapter 1) 30,114. NRTI induced 

mitochondrial toxicity is, therefore, commonly referred to as the “polymerase-  theory”. Dysfunction of the 

mitochondria seems to be the underlying cause for NRTI related adverse effects, which can range from mild, 

like myopathy, to fatal, such as pancreatitis, liver failure and lactic acidosis (Chapter 1) 19. 

1.2 PIs 

In contrast to the NRTIs, PIs target later stages in the HIV replication cycle. Following the integration of the HIV-

1 reverse transcribed proviral DNA into the host cell’s DNA, viral RNA is translated into viral polypeptides. 

These polypeptides need to be cleaved by the virally encoded protease to form functional proteins and 

infective virions (Chapter 1). PIs function through competitive inhibition of the viral protease so as to prevent 

the production of mature virions 16. PIs use is known to be related to several adverse effects such as 

hyperglycaemia, lipodystrophy, liver failure and hypersensitivity syndrome (Chapter 1) 19. Although their exact 

mode of toxicity is unknown, the observed mitochondrial effects of PIs are typically related to an increase in 

reactive oxygen species (ROS) production, changes in mitochondrial membrane potential (ΔΨmt), a decrease in 

ATP generation, and the initiation of apoptotic events (Chapter 5) 53. 

1.3 HAART 

HAART utilizes the combination of NRTIs and PIs to increase therapy efficacy, overcome problems of tolerance, 

and decrease emergence of viral resistance 19,441. However, interactions between NRTIs and PIs have been 

reported, and the toxicity and concurrent development of adverse events varies greatly per administered 

combination 442. Combinations with zalcitabine (ddC), for instance, have been found to cause a high incidence 

of peripheral neuropathy 400. On the other hand, combinations of indinavir (IDV) or nelfinavir (NFV) with either 

zidovudine (AZT), stavudine (d4T), or didanosine (ddI), and saquinavir (SQV) with either AZT or ddI, are still 

advised for therapy of antiretroviral naïve adult patients despite the implementation of newer and less toxic 

drugs 139,441.  

Finding a good therapy regimen is highly dependent on the patient in question, and the discovery and 

avoidance of contraindications in the clinic has often relied on tentation 400. Patients can react very differently 

to standardized formulations which can force them to switch their regimen. Reasons for regimen switching 

include the occurrence of adverse events, co-morbidities such as hepatitis, or viral rebound because of 

acquired drug resistance 139,348,440. Surprisingly, very little in vitro or in vivo research has been done in an 
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attempt to discover particularly pernicious combinations 53. Combinations of IDV with AZT have been tested for 

toxicity in cell lines and research has shown that these combinations can induce an increase in mitochondrially 

derived ROS, cause loss of ΔΨmt, and in some cases instigate apoptosis 88,188,442. 

1.4 Aim of this study 

In previous chapters of this thesis we have established C. elegans as a suitable in vivo model system to study 

antiretroviral drug induced toxicity and we have investigated modes of action behind NRTI and PI induced 

mitochondrial dysfunction (Chapter 2-5). In this study we explore the adverse events related to mitochondrial 

toxicity from first-generation NRTI and PI combinations, in an attempt to gain insight into the additive, 

synergistic or antagonistic effects these drugs can have on mitochondrial function. 

2. Results 

2.1 mtDNA copy number 

In our previous work using quantitative PCR we determined that exposure to some NRTIs can lead to severe 

mtDNA depletion 52. We also observed that PIs can cause fluctuations in mtDNA copy number (Chapter 5). In 

light of this we set out to measure mtDNA copy number in worms exposed to combinations of first generation 

PIs and NRTIs (Figure 1). Combinations of one NRTI (200μM) with one PI (100μM) showed that IDV + alovudine 

(FLT) drastically reduced mtDNA copy number compared to the control and FLT alone. IDV + ddC also 

decreased mtDNA copy number compared to the ddC alone (Figure 1A). NFV + FLT showed a marked decrease 

in mtDNA copy number compared to the control. NFV with either ddI or FLT decreased copy number compared 

to the NRTI alone (Figure 1B). Ritonavir (RTV) with ddI or FLT showed decreased mtDNA copy number 

compared to the control, and exacerbated the decline compared to the NRTI alone (Figure 1C). SQV in 

combination with any NRTI caused considerable mtDNA copy number decline compared to the control and 

compared to the NRTI alone (Figure 1D). 

2.2 Mitochondrial morphology 

Mitochondrial morphology is known to play essential roles in mtDNA rescue, protein quality control and cell 

survival 181,182. Previous studies in C. elegans demonstrated that singular exposure to NRTIs and PIs can cause 

significant alterations in mitochondrial morphology (Chapter 5) 52. We therefore quantified mitochondrial 

morphology change using area, solidity, and entropy, as well-defined descriptors of mitochondrial fitness 

(Appendix) 217. The solidity metric can be used to quantify the state of mitochondrial fusion and fission, and the 

entropy metric can be used to quantify the collective organisation of mitochondrial networks. 
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Figure 1: Relative quantities of mtDNA after exposure to combinations of NRTIs and PIs. NRTI concentration = 200μM, PI concentration = 

100μM, Exposure time = 72h. Error bars represent 95% confidence intervals (16df). Significance was determined on the normalised CT 

values using a two-tailed student’s t-test assuming unequal variance. * = P-value <0.05, ** = P-value <0.01, *** = P-value <0.001. 

Combinations of IDV with AZT, d4T, ddC, or FLT, increased mitochondrial area, whereas IDV + ddI showed no 

change compared to the control. IDV with either ddI or FLT also significantly increased the area compared to 

the NRTI alone (Figure 2A). IDV with AZT or ddI increased mitochondrial solidity compared to the control and 

compared to the NRTI alone, and IDV with d4T, ddC, or FLT, showed no change (Figure 2B). Mitochondrial 

entropy was increased for IDV + AZT compared to the control, and IDV + d4T showed a decrease in entropy 

compared to d4T alone (Figure 2C). Combinations of NFV with either ddC or FLT increased mitochondrial area, 

and NFV + ddI decreased mitochondrial area compared to the control. NFV + ddC and NFV + FLT also increased 

mitochondrial area compared to the NRTI alone (Figure 2D). Mitochondrial solidity was decreased with NFV + 

ddC compared to the control, and NFV + d4T increased solidity compared to d4T alone (Figure 2E). NFV with 

AZT or ddI increased mitochondrial entropy compared to the control, and NFV + d4T decreased entropy 

compared to d4T alone (Figure 2F). RTV combinations with AZT, ddC, or FLT, caused mitochondrial area to 

increase, and RTV + d4T decreased mitochondrial area compared to the control. RTV with either AZT or ddC 

also increased area compared to the NRTI alone (Figure 2G). Combinations of RTV with any NRTI showed no 

change in mitochondrial solidity compared to the control. Only RTV + FLT increased solidity compared to FLT 

alone (Figure 2H). RTV + ddI increased mitochondrial entropy compared to the control and ddI alone, and RTV + 

AZT decreased entropy compared to AZT alone (Figure 2 I). SQV + ddC increased mitochondrial area compared 

to the control, and SQV + d4T decreased area compared to d4T alone (Figure 2J). Only SQV + AZT increased 

mitochondrial solidity compared to the control (Figure 2K). SQV with either AZT or ddI increased mitochondrial 

entropy compared to the control. SQV + d4T and SQV + ddI decreased and increased mitochondrial entropy 

respectively compared to the NRTI alone (Figure 2L). 
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Figure 2. Mitochondrial morphology analysis of NRTI and PI combinations. NRTI concentration = 100μM, PI concentration = 100μM, 

Exposure time = 72h. Boxplots comparing selected metrics (Area, Solidity, & Entropy) per condition, A-C: IDV + NRTIs; D-F: NFV + NRTIs; G-I: 

RTV + NRTIs; J-L: SQV + NRTIs. Statistics were calculated by two sided student’s t-test assuming unequal variance. * = P<0.05, ** = P<0.01, 

*** = P<0.001. 
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2.3 ATP levels 

Besides the effects of NRTI and PI combinations on mitochondrial toxicity after prolonged exposure, immediate 

changes in mitochondrial function can also be highly informative (Chapter 3 & 5). The turnover of ATP in 

healthy, active mitochondria is high, which makes transient ATP levels a good marker for acute mitochondrial 

dysfunction 251. We previously showed that singular exposure to NRTIs or PIs rapidly reduced ATP levels in C. 

elegans (Chapter 3 & 5), so we next measured ATP levels during NRTI and PI combinations. 

IDV with either d4T or ddI increased ATP levels, and IDV + FLT decreased ATP levels compared to the control. 

Additionally, IDV with AZT, d4T, ddC, or ddI, increased ATP levels compared to the NRTI alone (Figure 3A). NFV 

with either AZT, d4T, ddI, or FLT, decreased ATP levels, and NFV + ddC increased ATP levels compared to the 

control. Combinations of NFV with AZT, ddI, or FLT, also decreased ATP levels compared to the NRTI alone, 

whereas NFV + ddC increased ATP levels compared to ddC alone (Figure 3B). RTV in combination with any of 

the NRTIs caused decreased ATP levels compared to the control. RTV with d4T, ddC, or ddI also decreased ATP 

levels compared to the NRTI alone (Figure 3C). SQV in combination with any NRTI induced lower ATP levels 

compared to the control (Figure 3D). 

 

Figure 3. ATP level analysis after exposure to NRTI and PI combinations. NRTI concentration = 200μM, PI concentration = 300μM. ATP 

levels were measured after 1:50 minutes of exposure. ATP statistics were calculated with a two-way ANOVA with replication. * = P<0.05, ** 

= P<0.01, *** = P<0.001. Error bars indicate standard error. 

Low concentrations of RTV are often used in HAART as a ‘booster’, as RTV has been shown to be an effective 

inhibitor of CYP3A function. CYP3A enzymes actively metabolize drugs and by inhibiting their activity RTV can 

increase drug bioavailability and efficacy 159. We therefore observed ATP levels in combinations of NRTIs with 

150μM RTV. All the NRTIs with 150μM RTV caused a decrease it ATP levels compared to the control. 

Additionally, RTV + d4T or FLT decreased ATP levels compared to the NRTI alone. 
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Figure 4. ATP level analysis after exposure to NRTI 

and PI ‘booster’ combinations. NRTI concentration 

= 200μM, RTV concentration = 150μM. ATP levels 

were measured after 1:50 minutes of exposure. ATP 

statistics were calculated with a two-way ANOVA 

with replication. * = P<0.05, ** = P<0.01, *** = 

P<0.001. Error bars indicate standard error. 

 

2.4 Compiling mitochondrial toxicity parameters 

To simplify the read-out of each mitochondrial toxicity experiment (mtDNA copy number, mitochondrial 

morphology, and ATP levels) we generated heat maps to visualize the ‘toxicity potential’ of each NRTI and PI 

combination (see Materials and Methods). MtDNA copy number was chiefly affected by combinations involving 

either FLT or SQV. Mitochondrial area was particularly affected by combinations involving ddC, mitochondrial 

solidity by combinations of IDV with either AZT or ddI, and mitochondrial entropy was predominantly affected 

by combinations with AZT, d4T or ddI. ATP levels were most severely affected by combinations involving IDV, 

NFV, or RTV (Figure 5). Compiling each individual mitochondrial morphology descriptors into one heat map 

showed that combinations involving FLT or ddI had more potential to be toxic than AZT, d4T, or ddC. In 

particular ddI + RTV and FLT + NFV showed high toxicity potential. AZT + RTV and d4T + NFV appeared to be the 

least toxic combinations (Figure 6). 

 

Figure 5. Toxicity potential profiling of individual mitochondrial parameters. Toxicity potential was calculated as described in the Material 

and Methods.  
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Figure 6. Toxicity potential profiling of all mitochondrial parameters. Toxicity potential was calculated as described in the Material and 

Methods. 

3. Discussion 

To our knowledge this is the first systematic in vivo screening of first-generation NRTI and PI combinations. By 

analysis of mtDNA copy number, mitochondrial morphology descriptors, and ATP levels, we have shown that 

combinations of NRTIs and PIs vary greatly in their ability to significantly alter any one of these selected 

mitochondrial toxicity parameters. 

3.1 mtDNA copy number 

In this study we observed that mtDNA copy number was particularly affected after 72h exposure to 

combinations of PIs with FLT or ddI, or SQV in combination with any NRTI (Figure 1 & 5). The detrimental effect 

of combinations including FLT was not surprising as FLT has consistently been found to severely deplete mtDNA 

copy number (Figure 1; Chapter 2 & 3). ddI is one of the first-generation NRTIs known to have high affinity for 

polymerase-  21. We observed that ddI alone had marginal effects on mtDNA copy number, yet in combination 

caused marked changes (Figure 1). Combining ddI with IDV has previously been observed to be toxic and 

patients receiving this combination require close monitoring and frequent dose adjustments to avoid side 

effects 442. Contraindication of combinations of IDV with other NRTIs has, to our knowledge, not been reported 

in the literature. Combining SQV with NRTIs also showed high potential for altering mtDNA levels (Figure 5). 

This is surprising as combinations of SQV with either AZT or ddI have been recommended for therapy naïve 

adult patients 139, and SQV is considered to be associated with mild drug interactions compared to other first-

generation PIs 400. 

The polymerase-  theory describes that the inhibition on polymerase-  by NRTIs can lead to a decrease in 

mtDNA copy number 47. We, however, previously demonstrated that in C. elegans a direct correlation between 

exposure to some NRTIs and a decrease in mtDNA copy number does not exist (Chapter 3 & 4) 52. Additionally, 

in chapter 5, we showed that exposure to PIs can affect mtDNA copy number and that this effect is likely not 

dependent on direct polymerase-  inhibition. It is possible that the observed depletion of mtDNA copy number 

upon exposure to SQV + NRTIs in this study is a nematode specific response. Nonetheless, it would be 

interesting to unravel why SQV in combination with NRTIs has such a strong additive effect on mtDNA copy 

number, especially so as combinations with SQV appear to have little effect on mitochondrial morphology or 

ATP levels compared to the NRTI alone. 
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3.2 Mitochondrial morphology 

Variations in cellular bioenergetics have been shown to rapidly change mitochondrial morphology, for instance 

a reduction in ΔΨmt can cause swollen mitochondria and a fragmented mitochondrial network 413,429. 

Mitochondrial morphology assessment after 72h exposure showed that combinations of PIs with ddC increased 

mitochondrial area compared to the control (Figure 2 A, D, G, & J, & Figure 5), indicating a significant decrease 

in mitochondrial energetics. ddC has been found to directly inhibit MRC complex I function 69, and our results 

suggest that this effect may be exacerbated by concurrent PI exposure.  

Mitochondrial fusion has been shown to be required for mtDNA stability 226, and can be quantified by the 

solidity metric. We previously demonstrated that mitochondrial morphology becomes more fragmented by 

200μM AZT and that mitochondrial network increases upon exposure to 200μM FLT or d4T after 72h exposure 

in C. elegans 52. This is similar to the results shown in this study, although the changes only reached statistical 

significance with 200μM. Combining IDV with either AZT or ddI increased mitochondrial solidity, signifying a 

decrease in mitochondrial fusion (Figure 2B). IDV alone, however, also increased mitochondrial solidity, 

indicating that the effect of IDV in combination with AZT or ddI is dependent on IDV and not the NRTI. d4T, 

ddC, and FLT negated the increase in mitochondrial solidity caused by IDV, which may point towards 

antagonistic effects of these antiretrovirals.    

Entropy is a statistical measure of randomness and in the body-wall muscle of the C. elegans strain glo-

1(zu391), mitochondria are neatly organised between the muscle cells and give a low measure of entropy 217. 

Combinations involving AZT, d4T, and ddI, caused the most changes in mitochondrial entropy. Combining PIs 

with d4T or AZT generally normalised the higher order of entropy induced by either the PI or the NRTI alone, 

suggesting an antagonistic interaction. Combinations with ddI generally exacerbated the entropy of 

mitochondrial morphology (Figure 2 C, F, I, & L, & Figure 5). 

3.3 ATP levels 

ATP levels are a good measure of mitochondrial fitness 251. In this study we quantified ATP levels directly after 

exposure to drug combinations so as to assess their immediate effect on the mitochondria. The exact 

mechanism underlying the ability of PIs to rapidly inhibit mitochondrial function and consequently reduce ATP 

levels has yet to be discovered. Reyskens and Essop proposed that PIs induce a rapid rise in ROS production, 

and in this way can diminish ΔΨmt and inhibit mitochondrial function (Chapter 5) 99,277. NRTIs, on the other 

hand, have been proposed to directly inhibit complexes of the mitochondrial respiratory chain and thus reduce 

ATP levels (Chapter 3) 68–70.  

ATP levels were generally lower for combinations of RTV with any NRTI than either the control or the NRTI 

alone (Figure 3C) and supports the clinical observation that RTV is very toxic in high concentrations 19. 

Combinations with SQV showed no changes in ATP levels (Figure 3D) which is in accordance with SQV’s 

association with only mild drug interactions 400. Especially remarkable were the observations that combinations 

with IDV showed increased ATP levels compared to IDV or the NRTIs alone. In the case of IDV with either d4T or 

ddI, ATP levels were even higher than the control (Figure 3A). One study demonstrated that IDV + AZT caused a 
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reduction in ATP levels, which is in contradiction to our results. In this study, however, human umbilical vein 

endothelial cells were exposed to IDV + AZT for 72h as opposed to 1:50 minutes which explains these 

differences 88. The observed rise in ATP levels above those of the control may indicate that there is a decrease 

in ATP-consuming processes as the rate of energy production in the cell is always equal to the rate of energy 

expenditure 443. It is still unclear how rapid changes in mitochondrial function can influence long-term events; 

however, accelerated ageing has been related to a decrease in oxidative phosphorylation which suggests that 

the rapid decrease in ATP levels caused by antiretrovirals may underlie the occurrence of premature and 

accelerated ageing in HIV-1 patients (Chapter 3) 2,178. 

3.4 Boosting HAART 

Drug interactions can alter the absorption, distribution, metabolism, or excretion of the administered 

compounds. Moreover, the pharmacologic actions of each drug can be altered through additive, synergistic, or 

antagonistic effects, which collectively can result in altered drug bioavailability and consequently toxicity and 

the occurrence of adverse side effects 442. RTV is known to be extremely toxic in high concentrations and is 

therefore rarely used for its potential to inhibit the viral protease 19. Instead low concentrations of RTV are 

used to ‘boost’ HAART as RTV is known to increase the bioavailability of concomitant drugs. Combinations of 

NRTIs with 150μM of RTV showed less drastic ATP level decline than with 300μM RTV, except in the case of FLT 

where ATP levels lowered further (Figure 4). As we quantified ATP levels 1:50 min after drug exposure, we 

suspect that the effects of drug metabolism and excretion will be minimal. Nonetheless, it will be interesting to 

evaluate the extent to which NRTI and PIs can cause mitochondrial toxicity when their concentrations are 

changed as this may give us valuable insight into the pharmacologic actions of each combination. 

3.5 Compiling mitochondrial toxicity parameters 

By compiling the results from each established technique to assess mitochondrial toxicity we found that in C. 

elegans, FLT + NFV, ddI + RTV, and d4T + SQV were the combinations with the highest potential to generate 

mitochondrial toxicity. Combinations of AZT + NFV, RTV, or SQV, combinations of d4T + IDV or NFV, and 

combinations of ddC + NFV or SQV, had the lowest potential to generate toxicity (Figure 6). In support of these 

observations, IDV & NFV are considered to be generally well tolerated compared to RTV and SQV 400.  

Translation of the compiled mitochondrial toxicity parameters, however, needs to be done with caution even 

though it provides great visual aid. The profiling of each mitochondrial toxicity parameter is based on statistical 

differences between the controls and the NRTI ‘backbone’, and does not take into account the possible benefit 

of the combination above singular drug exposure. For example, combinations of IDV with NRTIs generally 

normalise or even increase ATP levels compared to either IDV or the NRTIs alone (Figure 3), and the 

physiological response to this may be beneficial as an appose to detrimental. Additionally, the exposure time 

and drug concentrations differ greatly between experiments. For instance, mtDNA copy number and 

mitochondrial morphology were assessed after 72h, whereas ATP levels were quantified after just 1:50 

minutes. Finally, each mitochondrial toxicity parameter, although related, portrays a different facet of the 

physiological response to drug exposure and should therefore be weighed according to its capacity to reflect 

adverse events. We have chosen a more crude method, however, to simply illustrate the potential of 
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combining these techniques. Making use of a single parameter, like mtDNA copy number 146, is insufficient to 

relay the true toxicity potential of the administered drug (Chapter 2 & 3). Our compilation approach therefore 

emphasizes the need to monitor multiple toxicity parameters in the clinic, so that clinicians are better 

equipped to predict the occurrence of adverse events and provide the patient with a suitable therapy regimen. 

3.6 Research prospective 

Future research into combinations of second-generation antiretrovirals and common combinations of two first-

generation NRTIs or PIs will hasten current advances in regimen discovery. Nowadays, first generation NRTIs 

and PIs are seldom recommended in the initial treatment of HIV-1 infection due to the high incidence of 

adverse events affiliated with their use 347,444. However, first generation antiretrovirals are gaining interest as 

‘salvage therapy’ to combat drug resistance 445. For example, the combinations of SQV with either NFV or RTV 

to bolster current therapy regimens have received renewed attention as they have modest pharmacological 

interactions and are well tolerated. On the contrary, IDV with either NFV or SQV has been shown to have little 

benefit above other PI combinations, including their potential to induce adverse events 400. Combinations of 

NRTIs are frequently used as a PI sparing regimen, yet some combinations have proven more toxic than others. 

Combining ddC with d4T in vitro, for instance, has shown enhanced lactate production and mtDNA decline 446. 

Moreover, combining ddI with d4T in the clinic has been found to increase the risk of lactic academia, 

pancreatitis, and peripheral neuropathy 24, yet interestingly this combination is still recommended for the 

initial treatment of therapy naïve patients 441.  

More research is warranted to discover both dangerous or well tolerated combinations, particularly in the face 

of increased drug resistance where the only retort is often treatment with ‘multidrug’ regimes that can contain 

up to five drugs 447. Unfortunately, the use of certain antiretroviral combinations is also dependent on the 

regimen cost, especially in low-income countries where cheaper generic and often first-generation drugs are 

continuously sought after 448. C. elegans poses an attractive system for high-throughput screening of multiple 

complex regimens and can assist in diminishing the prescription of drug combinations that unfavourably 

interact with each other and have increased potential to induce adverse side effects.  
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4. Materials and Methods 

4.1 Strains and Conditions 

C. elegans strains used were N2 Bristol wild-type strain, and glo-1(zu391) using mito::GFP expressed from the 

myo-3 promoter 227. Using alkaline hypochlorite treatment of gravid adults, synchronous populations of strains 

were obtained 449. Eggs were allowed to hatch overnight at 20oC in M9 buffer and L1 larvae were placed on 

NGM plates which were pre-seeded with E. coli OP50 as a food source until L4. Unless otherwise mentioned, L4 

animals were then transferred to NGM plates containing the compounds of interest. 

4.2 Quantitative real time PCR 

Quantitative real time PCR was performed as described by de Boer 52. In short, synchronized wild type (N2), 2h 

post L4 molt, young adult worms were transferred to OP50 seeded FUdR NGM plates containing antiretroviral 

combinations. Five adult worms were collected 72h drug exposure and lysed in Lysis buffer (50mM KCl, 10mM 

Tris (ph 8.3), 2,5mM MgCl2, 0.45% NP-40 (IGEPAL), 0.45% Tween-20, 0.01% Gelatin, 20mg/mL Proteinase K). 

Before detection in the PCR, the solution was diluted 40 times and 2 μl was used as input in the PCR reaction. 

Primers specific for cytochrome c oxidase subunit I (COX1) were used for the determination of mtDNA copy 

number. PCRs were performed using the Taqman® universal cycling conditions with amplified products being 

detected using a Taqman® probe for CeCOX1. Fluorescent signal intensities were determined using the 7300 

Real-Time PCR System (Applied Biosystems) with software SDS (version 1.9.1). To quantify the absolute 

quantity of mtDNA per worm, a standard curve was generated from a plasmid with a fragment of the cox1 

gene. After PCR the total mtDNA copies per worm were calculated. mtDNA quantitative PCR was performed 

with at least two biological and two technical replicates. 

4.3 Image acquisition and analysis of mitochondrial morphology 

Mitochondrial morphology in body wall muscle cells was visualized in transgenic glo-1(zu391) animals using 

mito::GFP expressed from the myo-3 promoter making it ideal for the analysis of mitochondrial morphology. 

Synchronized worms were allowed to develop until L4, after which they were transferred to plates with drugs 

added to the NGM. 72h later at least 10 individual worms were imaged using the Nikon A1 confocal 

microscope, with a Plan Apo 60x WI objective with a numerical aperture of 1.27, a 488nm argon laser, a pixel 

size of 0,2 M and NIS-Elements AR v4.1004 (Build 854) software. Image processing was performed in ImageJ 

freeware (W.S. Rasband, U.S.A. National Institutes of Health, Bethesda, Maryland, USA, 

http://rsb.info.nih.gov/ij/, 1997–2012). Mitochondria were segmented by means of a custom-designed image-

processing pipeline (available at www.limid.ugent.be/downloads). First, uninformative slices or slices with 

reflections were removed from the image stacks, using an image quality criterion that only retains slices with a 

covariance >1. The triaged stacks were then projected according to the maximum pixel intensity and 

preprocessed by background subtraction (rolling ball radius 15) and local contrast enhancement (block size 15) 

after which objects were enhanced by means of a multi-scale Laplacian operator 232. Subsequently, the image 

was binarized according to a Yen autothresholding procedure and the resulting mask was used for analyzing 

shape and intensity metrics of objects larger than a predefined size (>12 pixels) on the original image. In 
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addition, global texture metrics were measured on the original image using the GLCM texture plugin (by Julio 

Cabrera). 

For unsupervised clustering, a subset of mitochondria- and image-specific descriptors was retained. Of the 

segmented mitochondria, average values were calculated for Mean (average grey value), Area (average 

projected area), AR (aspect ratio of the fitted ellipse, i.e. major axis/minor axis), Feret (longest internal 

distance), Solidity (area/convex area), Circularity (4*pi*area/perimeter2) and Roundness ((4*area)/(pi*major 

axis2)). Of the texture parameters, the following metrics were calculated as averages from a horizontal and a 

vertical gray-level co-occurrence matrix (GLCM), both with one pixel offset.: Entropy(
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Statistical analyses were performed in Microsoft excel 2010tm, Matlab 2010a (Mathworks, Eindhoven, The 

Netherlands) or R freeware. Individual parameters (shape and texture descriptors) were statistically compared 

between conditions, by means of pairwise student’s T-tests or, in case of non-normal distributions, Wilcoxon 

rank sum tests. Results were summarized in boxplots. 

4.4 ATP measurements 

ATP luminescence measurements were adapted from Lagido et al. (2008). All measurements were performed 

in CPB (pH 6.5) with a final volume of 100μL. 10μL of a 10x concentrated drug solution was pipetted into white 

flat-bottomed 96-wells plates (Greiner). Each condition was measured in at least 3 biological replicates and at 

least 8 technical replicates. Luminescence was measured in a Biotek Synergy MX plate reader in the visible 

spectral range (300-600nm). Young adult worms grown at 25°C were washed off FUdR plates with S-basal and 

collected in CPB. Luminescence buffer was prepared with 1mM D-Luciferin and 0.05% Triton-X, to improve 

cuticle permeability (all final concentrations, in CPB). Luminescence was measured continuously during 2 

minutes. The average of green fluorescent protein (GFP) expression was measured continuously with a 

485/520nm filter set for 1 minute (12 times) right after the luminescence measurement for normalisation. The 

different biological replicates were analysed with a two-way ANOVA with replication with a significance value 

of p ≤ 0.05. The mean ± standard error is reported. 

4.5 Compiling toxicity parameters 

Toxicity potential for individual mitochondrial toxicity parameters was calculated by annotating values, 

independent of directional change, to statistically generated asterisks as follows: Drug combinations with a P-

value of <0.05; <0.01; <0.001 compared to the control were annotated with a value of 1, 2, or 3 

respectively. Drug combinations with a P-value of <0.05; <0.01; <0.001 compared to the NRTI alone  were 

annotated with a value of 1, 2, or 3 multiplied by 2, respectively. Values derived from drug combinations that 

were statistically different to both the control  and the NRTI alone  were added together: 
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. Toxicity potential for all the mitochondrial toxicity parameters together was calculated by 

assuming equal weight for mtDNA copy number, mitochondrial morphology, and ATP levels. As mitochondrial 

morphology could be split into 3 separate parameters (area, solidity, and entropy) the sum of all individual 

parameters was divided by 3. RTV ‘booster’ results were not included in the compilation. 
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General discussion 
Treatment with antiretroviral drugs has significantly improved the life expectancy of HIV-1 infected patients 6. 

However, exposure to antiretrovirals has been shown to cause a myriad of adverse events 19,32. Mechanisms 

behind drug toxicity, however, remain difficult to formulate and interpret when only patient data is considered. 

Most patients receiving antiretroviral medication do so in regimen form (HAART), or/and have switched 

regimes before, which hinders relating clinical readouts to the effect of a single drug 450. Complicating matters 

further, many patients fortify their diet with vitamin and mineral supplements in an attempt to bolster health 

and postpone adverse events 296–298. Nonetheless, advances have been made using in vivo and in vitro 

approaches (Chapter 1). Unfortunately, such methods respectively pose limitations on the experiments that 

can be performed or limit their physiological relevance for whole organisms. Therefore progress in this field is 

highly dependent on robust and reliable integrated model systems 52.  

In this thesis we have implemented and verified Caenorhabditis elegans as a suitable model system to study 

antiretroviral induced toxicity. Firstly we have discovered that NRTIs, which structurally are very similar, each 

have their own distinct mode of action and toxicity profile (Chapter 2-4). Secondly, our findings support the 

theory proposed by Apostolova et al.; that there are modes to NRTI toxicity beyond the scope of the 

polymerase-  theory (Chapter 2-4) 32. Thirdly, we have discovered that NRTIs and PIs can have rapid effects on 

mitochondrial function. Very little research has been done on the short-term effects of antiretrovirals and we 

show that these abrupt events need to be considered seriously as they have great impact on the manifestation 

of adverse events later on (Chapter 3-6). Finally, we have proven that C. elegans is an excellent model system 

to quickly screen combinations of antiretroviral drugs and in this way can expedite the discovery of beneficial 

or adverse drug interactions (Chapter 6). 

1. NRTIs 

1.1 Mitochondrial toxicity and the polymerase-  theory 

It has long been understood that the NRTI class of antiretroviral drugs causes severe adverse events in HIV-1 

patients 451. Mitochondrial toxicity has been assigned as a common pathway underlying these adverse events 
34. More specifically, the polymerase-  theory has been proposed as a mechanism causative of mitochondrial 

toxicity 30,50. 

Various steps in the polymerase-  theory have been substantiated. NRTIs are known to compete with 

endogenous nucleotides and nucleosides for transcriptase binding 25,40. Due to their surplus and high affinity 

for polymerase- , NRTIs are frequently incorporated into the new DNA strand which results in chain 

termination, as NRTIs all lack the 3’-hydroxyl group on the deoxyribose moiety necessary for phosphodiester 

bond formation in DNA strand elongation. Additionally, NRTIs have been proposed to inhibit the base-pair 

excision and proof-reading capacity of polymerase- 42,47. Together this results in a reduced number of mtDNA 

molecules 52,146 and eventually a reduction in mtDNA encoded proteins, which are essential components of 

MRC complexes 51,57,172. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

Chapter 7   

178 
 

1.2. Questioning the polymerase-  theory 

Besides decreased expression of MRC proteins, disruption of the MRC has also been assessed through 

evaluation of conventional mitochondrial functions. Membrane potential, oxygen consumption and ATP 

production have all shown negative alteration in the presence of NRTIs 52,58,188. According to the polymerase-  

theory, these changes are the result of altered MRC protein expression and therefore diminished MRC 

function. However, studies have shown that not every case of mtDNA depletion by NRTIs leads to changed 

expression levels of mitochondrial respiratory chain proteins 49,55. Similar observations were made in knockout 

mice deficient of the mtDNA transcription factor Tfam, which showed reduced mtDNA content but normal 

levels of mitochondrial transcripts and mtDNA encoded respiratory chain subunits 56.  

Conversely, altered mitochondrial gene transcription and impaired respiratory chain activity have been 

observed in the absence of mtDNA depletion during NRTI exposure 57,58. For instance, MRC complex activity has 

been shown to decrease significantly in the absence of mtDNA or polypeptide synthesis depletion 51, and 

expression profiles of mitochondrial mRNA have been shown to adjust, both in a human cell lines and mice 

upon exposure to NRTIs 59,60,63. These adjustments likely reflect cellular adaptation to pressure on the 

mitochondrial transcriptional machinery. Indeed, polymerase-  deficient nematodes compensate for the 

decrease in mtDNA replication by up-regulating mitochondrial transcripts 61. Furthermore, primate cell lines 

have been shown to adapt to inhibition of mtDNA gene expression by increasing the stability of mtDNA-

encoded transcripts and proteins 62. 

1.3 A compensatory mechanism in C. elegans 

In C. elegans we observed fluctuations in mtDNA copy number during exposure to NRTIs and, in light of the 

above, proposed that a compensatory mechanism may be at work to circumvent NRTI induced inhibition of 

polymerase-  and subsequent mtDNA replication stalling (Chapter 2 & 3). In an attempt to unravel the 

compensatory response of C. elegans to NRTI thymidine analogue exposure we analysed mtDNA transcript 

quantity and mtDNA maintenance and transcription machinery transcript quantity using RNAseq. Although 

mtDNA copy number was lowered by d4T and FLT, transcripts generally remained unaltered (Chapter 4). This 

indicates that increased expression of maintenance and transcription machinery components is likely not the 

mechanism that C. elegans uses to compensate for mtDNA copy number decline.  

It is possible that the response to NRTIs is C. elegans specific. C. elegans has a surprisingly low amount of 

recorded mtDNA mutations, whereas in humans over 100 point mutations and 200 insertions, deletions, or 

rearrangements have been described. It has been suggested that C. elegans is particularly impervious to 

mtDNA mutations either because of its tolerability to mutations or its ability to prevent their transmission 346. A 

similar mechanism may underlie the ability of C. elegans to survive without polymerase-  and sustain mtDNA 

encoded transcript quantity in the face of NRTI exposure. Further research into the roles of the genes related 

to ‘genetic information processing’ that were discovered in Chapter 4 may point towards such a mechanism. 



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

  General discussion 

179 
 

Alternative mechanisms to compensate for mtDNA copy number decline may also include adaptations in 

mitochondrial morphology so as to evenly distribute mtDNA transcripts between organelles 226, increased 

stability of mitochondrial mRNA or the storing of mRNA in so-called P-bodies 389, or improved stability of 

mtDNA encoded proteins 62. We have observed changes in mitochondrial morphology that coincide with the 

decrease in mtDNA copy number, indicating that this is a likely compensatory mechanism (Chapter 2). 

However, increased stability of mRNA and mtDNA encoded proteins are interesting candidates and warrant 

further investigation. It is also possible that heteroplasmy accounts for the lack of change in mtDNA encoded 

transcripts during exposure to NRTIs, as the amount of intact mtDNA copies, however few, may be sufficient to 

produce adequate amounts of transcripts 345. This idea is supported by the observations of Bratic et al. who 

demonstrated that polymerase-  deficient nematodes were able to reach adulthood in relatively good health 

despite low copies of mtDNA. Polymerase-  deficient nematodes, however, are either sterile or die 

prematurely 61, indicating that any survival adaptations to polymerase-  inhibition or a reduced mtDNA copy 

number by NRTIs are likely to prove successful for only short periods of time. Continued repression of mtDNA 

transcription for longer periods will eventually result in MRC failure due to the perturbed turnover of mtDNA 

encoded transcripts and MRC proteins. This is likely especially the case, when under constant inhibition, 

polymerase-  generates truncated mtDNA copies or during transcription can no longer reach the end of its 

templates, creating non-polycistronic transcripts 63. Furthermore, these components remain susceptible to ROS 

induced damage that increases upon deterioration of MRC function, a perpetual cycle of increased ROS 

generation more commonly known as the vicious cycle of ROS in the mitochondria 165. 

1.4 Toxicity mechanisms besides the polymerase-  theory 

Proposed modes of toxicity beyond the polymerase-  theory include; NRTI metabolism and pharmacokinetics, 

direct interaction of NRTIs with mitochondrial components besides polymerase- , and the generation of ROS 

and ROS mediated signalling 32. In this thesis we have attempted to approach each of these themes and have 

found that they all play important roles in the development of adverse events.  

1.4.1 Direct inhibition of MRC components 

We discovered that within minutes after NRTI exposure, ATP and oxygen consumption levels were reduced, 

indicating direct inhibition of MRC function (Chapter 3). We also observed that whilst mtDNA replication was 

also rapidly stalled, these events occurred too quick for them to be a consequence of polymerase-  inhibition 

and consequent MRC failure as described in the polymerase-  theory. Direct inhibition of MRC components, in 

particular of complex I, has been observed for AZT and ddC 68–70. We, however, propose that all first-generation 

NRTIs are able to directly inhibit MRC function and cause a cascade of events that at least partially underlie the 

development of adverse side effects during chronic exposure (Chapter 3). On the basis of structural features 

alone, NRTIs likely effectively compete with the nicotinamide adenine dinucleotide (NAD) recognition site of 

Complex I 68. Complex I has many suspected nucleotide binding sites 69, making it the most likely of MRC 

complexes to interact with NRTIs. The similarity of NRTI induced adverse events to symptoms observed in 

inherited mitochondrial disorders that specifically affect NADH binding sites, such as the early onset of 

neurodegenerative disorders, lactic acidosis, cardiomyopathy, and exercise intolerance, also supports this. 
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Moreover, NRTI exposure and mutations in the Complex I NADH binding sites have both been shown to 

increase ROS production 452. 

1.4.2 Increased ROS generation and mitohormesis 

One major consequence of rapid inhibition of the MRC and chronic mitochondrial toxicity is the increased 

generation of mitochondrially derived ROS. Besides the undoubted detrimental effects of oxidative stress such 

as the damage of proteins, lipids and DNA which likely induce and aggravate adverse events, we propose that 

NRTI induced ROS production also triggers signalling pathways that affect fitness and longevity. Specifically, 

MRC inhibition and ROS production induce mitohormetic signalling pathways similar to those seen in mit 

mutants (Chapter 3 & 4). ROS are known to dictate biological outcomes and their precise influence has been 

suggested to regulate different biological outcomes 287. The consequence of ROS generation has been found to 

depend its concentration, as proposed in the “gradual ROS response” theory 453.  

A mitochondrial ROS production level that exceeds that which can be quenched by the innate anti-oxidant 

system can be interpreted as a stress signal. Finkel et al. proposed that the intensity or duration of such a 

fluctuation in ROS determines the biological outcome through redox-dependent signal transduction. For 

example, metabolic adaptations which take place during temporary hypoxia or with changes in glucose 

metabolism are likely triggered by low amounts of ROS. Moderate levels of ROS may trigger inflammatory 

mediators, and finally, high levels of ROS can induce autophagy or apoptosis pathways incurring cell death 
271,285. In line with this, it is not surprising that amongst the HIV-1 infected there is a high occurrence of 

inflammation and metabolic syndromes that are related to ROS 39.  

In C. elegans, DEGs regulated during exposure to AZT, d4T, and FLT, showed an approximate 10% overlap with 

genes that were regulated in the mit mutants isp-1 and nuo-6 (Chapter 4). Mitochondria from both mit mutants 

have been showed to produce elevated levels of ROS 290. This relatively small overlap in genes between NRTIs 

and mit mutants does not necessarily mean that the NRTIs do inhibit MRC function. On the contrary, RNAi 

knock-down of MRC complex components that are identical to mit mutant deficiencies, have been shown to 

have distinctly different metabolic profiles 294,313. Additionally, AZT showed an approximate 20% overlap with 

down-regulated genes and a 56% overlap with up-regulated genes induced by exposure to 100μM paraquat, 

which is known to induce mitohormetic signalling through an increase in ROS. Besides the known inhibition of 

MRC components by AZT 68–70, the azide group of AZT can rapidly induce both nitric oxide and superoxide anion 

production 162, and azide is known to strongly inhibit cytochrome c oxidase (complex IV) function 269, which 

together may also explain the large overlap in genes between AZT and paraquat. Nonetheless, impaired 

electron transport often increases oxidative stress 454 which can lead to an increased expression of ROS defense 

mechanisms and eventually result in lifespan extension 266. Although our results in chapter 3 strongly suggest 

that NRTIs cause similar responses to MRC inhibition, we have not directly measured the extent of MRC 

inhibition or ROS generation.  

To assess the production of H2O2 in C. elegans, we used H2DCFDA, which has known limitations (discussed in 

chapter 3). The observed decrease in global ROS production rate measured by H2DCFDA correlates well with a 
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decrease in MRC function (Chapter 3). Due to the relatively long half-life of H2O2 above other ROS 1, H2O2 is 

considered to be an important signaling molecule and has been shown to mediate mitohormetic responses 
428,455. However, the type of ROS produced and the compartmentalization of the generated ROS are important 

factors that regulate distinct biological outcomes 287. Application of H2DCFDA in the timeframes described in 

chapter 3, predominantly reflects ROS levels in the mitochondrial inter-membrane space and the cytosol. ROS 

generated in the mitochondrial matrix are unlikely to be assessed using this approach, yet ROS generated in the 

mitochondrial matrix does have considerable impact on mitochondrial function and consequently 

mitohormetic signalling 272,287. Paraquat, for instance, is known to generates ROS in the mitochondrial matrix at 

the site of complex I 254. The inhibition of the MRC by NRTIs probably also results in generation of ROS within 

the mitochondrial matrix, which cannot readily be detected by H2DCFDA. This notion is supported by the fact 

that MRC complexes predominantly generate ROS within the mitochondrial matrix 287, AZT and ddC have both 

been found to inhibit complex I 69, and we showed that all NRTIs altered quionone redox status (Chapter 2). A 

potential site for NRTI induced MRC inhibition and consequent ROS generation would therefore be complex I. 

1.4.3 NRTI pharmacokinetics and inhibition of mitosis 

We have observed that NRTI pharmacokinetics play a major role in the development of adverse events, in 

particular in rapidly replicating tissues (Chapter 4). Using RNAseq transcriptome analysis we discovered that the 

introduction of relatively high concentrations of thymidine analogues into replicating tissues can disrupt 

mitosis. We propose that this phenomenon is similar to the synchronisation method used in cell lines, more 

commonly referred to as ‘thymidine block’. Additionally, we observed that the expression of genes that encode 

enzymes that play a role in thymidine analogue transport, phosphorylation and detoxification, are altered upon 

exposure to thymidine analogues. Taken together, these results support the theory that nucleoside and 

nucleotide pool imbalance plays an important underlying role in NRTI toxicity 50.  

The transport of nucleosides and nucleotides into mitochondria, or other subcellular compartments, has been 

proposed as a major determinant of mitochondrial effects of NRTIs 66. Studies of the role of such transporters 

may shed light upon specific drug effects and the susceptibility of specific tissues to NRTI toxicity 53. Further 

research is needed, however, to fully understand the consequences of thymidine analogue induced nucleoside 

and nucleotide pool imbalance, and elucidate this insufficiently investigated research area of NRTI toxicity 24. 

This mode of toxicity for NRTI thymidine analogues also falls outside the scope of the polymerase-  theory and 

we suggest that this is a major contributor to adverse events, particularly those that effect replicating tissues 

(Chapter 5). 

2. PIs 

2.1 Mitochondrial toxicity 

PIs are a frequently prescribed drug class in antiretroviral therapy and besides the NRTIs they are the most 

widely used class in HAART. PIs competitively bind the viral aspartyl-protease active site with high affinity and 

therefore inhibit cleavage of viral polypeptides and subsequent maturation of the virion after budding from the 

host cell. In this way PIs hinder viral replication and consequent infection of other cells 16. In comparison to 
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NRTIs, little research has been done to categorize and elucidate PI toxicity. However, PI induced adverse 

events, much like adverse events caused by NRTIs, are similar to those observed in patients suffering from 

mitochondrial diseases, implying that PIs induce mitochondrial dysfunction 33. In support of this, recent studies 

have demonstrated that PIs affect expression levels of mitochondrial encoded MRC subunits, mitochondrial 

membrane potential and mitochondrial morphology 95–98. Importantly, PIs have also been shown to induce 

elevated mitochondrial ROS production, possibly via depolarization of mitochondrial membrane potential 102 or 

decreasing Cu/ZnSOD gene expression 99. The precise cause for PI induced adverse events, however, is - to date 

- unknown.  

Reyskens and Essop proposed that PIs deplete ROS detoxification enzymes in the cytosol, raising ROS within 

the mitochondrial inter-membrane space and consequently inhibiting mitochondrial function 99. In support of 

this, we found that PIs rapidly decrease GST-4 expression and diminish MRC function. MRC function could be 

attenuated by AOX which strongly suggests that mitochondrial dysfunction is caused by an increased 

generation of ROS (Chapter 5). As with the NRTIs, however, the origin and localization of the produced ROS 

remains elusive. To observe if ROS are produced within the mitochondrial matrix, we suggest the use of 

MitoSOX as it is superoxide specific and rapidly localizes in the mitochondria. Moreover, mitochondrial 

targeted AOX such as MitoVit-E, MitoQ, or MitoTEMPO could be implemented 426,427. 

2.2 Other modes to PI induced adverse events 

Although a direct mechanism behind PI induced mitochondrial dysfunction is gradually appearing, PIs have 

been proposed to inhibit many other cellular functions. For instance, PIs have been found to inhibit 

proteasomal degradation of newly synthesized apolipoprotein B, the principal structural component of 

triglyceride and cholesterol-rich plasma lipoproteins 116. Additionally, PIs have been suggested to inhibit 

lipoprotein lipase 115, cytoplasmic retinoic-acid binding protein type 1 115, the mitochondrial processing 

protease 118, and the integral membrane zinc metalloprotease ZMPSTE24 95,120. Further research into these 

potential modes of PI toxicity is warranted, although the use of C. elegans herein remains to be revealed. One 

fascinating area of PI research in which C. elegans may be useful is the modified activity and expression of 

active drug transport systems 374. Such changes may alter drug absorption, elimination, tissue distribution, and 

ultimately the occurrence of adverse events. RTV, for instance, is known to have the strongest inhibitory effect 

on drug transport systems, and is therefore used to ‘boost’ HAART by increasing bioavailability and half-life of 

concomitantly administered drugs 27. Further research into the ability of PIs to change antiretroviral 

pharmacokinetics may help the use of PIs in combination therapy (see Chapter 6). 

3. C. elegans as a model system 

There are multiple in vivo and in vitro model systems in use to study drug toxicity (Chapter 1). However, their 

complexity and often divergence from a realistic reflection of in vivo situations hampers their contribution to 

this field. The lack of a good model system has hindered consistent and coherent research into discovering 

adverse effects of antiretroviral therapy 52.  
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C. elegans has several advantages over other model systems as it is multicellular, highly malleable and 

transparent. C. elegans normally has a relatively short lifespan of two weeks, enabling researchers to rapidly 

assess the effects of different mutations or treatments on lifespan. Although limited, this model system can 

help researchers dissect tissue- and compartment-specific effects, as C. elegans has highly differentiated 

tissues including, neuronal, gonad, intestine, muscle, and cuticle tissue. Additionally, C. elegans has the 

advantage that its genome is fully sequenced and RNA interference is relatively simple, enabling targeted gene 

knock-down 456. 

The nematode Caenorhabditis elegans has proven itself to be one of the most versatile model organisms for 

the elucidation of molecular pathways implicated in many human diseases, including those of mitochondria 

and ageing 210,211. Ageing in C. elegans, for instance, is entirely post-mitotic, reflecting the gradual loss of 

function in somatic cells as they grow old. This nematode has also specially been used to study drug-specific 

impact on mitochondria 216. Mitochondrial research in C. elegans has given us many insights into the genetic 

regulation of ageing and mitochondrial function, and it has provided us with a vast array of mutants to study 

these effects 213,345,346. With this knowledge we can use C. elegans to quickly evaluate the effects of 

antiretroviral drugs, not only on mitochondrial function directly, but in relation to organism genetics, 

physiology and longevity.  

3.1 C. elegans mitochondria 

As adverse effects of antiretrovirals have, first and foremost, been proposed to stem from mitochondrial 

dysfunction, the homology between C. elegans and human mitochondria is important to address. The C. 

elegans mitochondrial genome is 13.794 nucleotides in length and is therefore slightly smaller than its human 

counterpart 457. The C. elegans mtDNA encodes 36 genes: 2 ribosomal RNAs (12S and 16S rRNA), 22 transfer 

RNAs, and 12 subunits of the MRC. It differs in a few aspects from the human mtDNA as it misses the ATP8 

gene which encodes a subunit of the ATP synthase (Complex V), and the arrangement of genes on C. elegans 

mtDNA differs from that in humans 346. 

As polymerase-  is necessary for mtDNA replication and NRTIs are known to inhibit polymerase- , it is also 

important to address the similarity between C. elegans and human polymerase- . The C. elegans polg-1 

(Y57A10A.15) encoded amino acid sequence has a 26% identity and 45% similarity to the human POLG and 

harbours highly conserved exonuclease and polymerase domains. C. elegans polg-1 deletion mutants have 

reduced mtDNA copy number and mtDNA encoded transcript quantity, indicating that POLG-1 is indeed 

necessary for mtDNA replications similar to humans 61. The highly conserved domains and the observations 

that some NRTIs could deplete mtDNA copy number in C. elegans 52, strongly suggests that C. elegans is a 

suitable model system to study NRTI induced mtDNA replication defects. 

Bratic et al. discovered that mtDNA replication in C. elegans predominantly occurs in the proliferating gonads 

at late larval and early adult stages. Specifically, mtDNA copy number rises sharply from approximately 250.000 

in the L4 stage to 600.000 in D1 adults 61. We used this phenomenon to our advantage and by exposing L4 

nematodes to antiretrovirals showed that they can rapidly induce fluctuations in mtDNA copy number (Chapter 
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3 & 5). Additionally, Bratic et al. demonstrated that mtDNA copy number is dependent on the temperature at 

which the animals are cultured. Temperatures above or below the typical 20oC showed increased mtDNA copy 

numbers, and at 25oC nematodes also showed a higher mtDNA turnover rate, indicating metabolic stress 61. In 

light of this, all our mtDNA copy number experiments were performed at 20oC. 

4 Practical challenges 

4.1 DMSO 

The antiretrovirals used in this thesis have been dissolved in dimethyl sulfoxide (DMSO), as is common for 

administering compounds to C. elegans 458. DMSO is an aprotic solvent that has been proposed to closely 

represent the ‘hydrophobic biological matrix’ of organelles, such as mitochondria 459. Nonetheless, DMSO is 

known to be a confounding factor 458,460, and use of DMSO in C. elegans has also been shown to increase cuticle 

permeability and influence the uptake of administered compounds 251,461. 

For C. elegans the confounding effects of DMSO are dependent on the experiment being performed and the 

DMSO concentration in use. For instance, on solid NGM, DMSO showed a biphasic dose response in lifespan 

assays; at low concentrations (≤0.2%, v/v) DMSO showed no effect on lifespan, moderate concentrations 

(0.5%-2%) extended mean and maximal lifespan, whereas high concentrations (≥5%) shortened mean and 

maximal lifespan 462. On the other hand, 0.1% DMSO has been shown to have no confounding effects on in vitro 

measurements of the superoxide scavenging potential of selected compounds 242, and concentrations below 

1% had no effect on progeny number in C. elegans 461,462.  

For the administration of NRTIs to C. elegans cultured on solid NGM, the final concentrations (v/v) of DMSO 

were 0.067% (AZT, d4T, ddI & FLT) and 0.2% (ddC). We exposed nematodes to PIs with a final concentration of 

0.3% (IDV & NFV) and 3% (RTV & SQV) DMSO. With the PIs we observed that they were often difficult to 

dissolve in M9 buffer or NGM. Similarly, this was also observed by Mukhopadhyay et al. who needed a final 

concentration of ≥15% DMSO to solute the PIs IDV, RTV, and SQV 118. Conversely, Caron et al. were able to use 

IDV and NFV with final concentrations of DMSO ≤0.005% 95, and Lagathu et al. used controls of 0.1% for IDV, 

NFV, and RTV 140. To circumvent the problems of PI solubility in M9 buffer or dH2O, for instance in the plate 

reader experiments using GST-4 expression and H2DCFDA, we used citrate phosphate buffer (pH=6.5). 

Taken together, we have strived to keep DMSO levels to a minimum and where possible we have included 

relevant DMSO controls. However, we cannot entirely exclude the fact that DMSO may have confounding 

effects on some experimental outcomes. This may be of particular relevance in the case of longevity studies, as 

the lifespan extending effect of DMSO has been found to depend on the DAF-16/forkhead transcription factor 

and the NAD-depedent histone deacetylase-like protein SIR-2.1, which can mediate many longevity effects 462.  

4.2 FUdR 

5-fluoro-2’-deoxyuridine (FUdR) is frequently used with C. elegans to maintain synchronous cultures 222. To this 

effect we have also used FUdR in experiments that overlapped with the nematodes reproductive phase, for 

instance during longevity and fitness trials. A recent study assessed the effects of of FUdR on C. elegans 
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mitochondrial function and morphology, and mtDNA and nDNA copy numbers. Mitochondrial ATP levels and 

mitochondrial morphology remained unchanged at low (25μM) and high (400μM) concentrations. MtDNA and 

nDNA levels decreased slightly upon exposure to FUdR, but their ratios were not altered 463. The concentration 

of FUdR, however, has been shown to affect nematode lifespan 396. Concentrations of approximately 400μM 

have lifespan extending effects, and it has been suggested that this is mediated by improved proteostasis 
396,464. We therefore used a final concentration of 50μM FUdR throughout this thesis and do not expect the 

presence of FUdR to have lifespan extending effects. 

Perhaps of more concern to us, however, is that FUdR induces sterility through inhibition of thymidylate 

synthase. This results in an imbalance of deoxyribonucleoside triphosphate pools causing the accumulation of 

DNA double strand breaks and thus impaired cell division of the nematodes germline stem cells 464. In chapter 4 

we proposed that introduction of thymidine analogues, specifically d4T and FLT, causes imbalances in 

nucleoside pools leading to defective mitosis and decreased progeny number. FUdR is also structurally similar 

to endogenous nucleosides and NRTIs, and FUdR has been found to act as a substrate for thymidine kinase, 

much like NRTIs 465. It is therefore probable that FUdR interferes with NRTI pharmacokinetics and vice versa. 

Phosphorylated forms of d4T for instance have been found to increase upon co-incubation with FUdR in a 

human T-lymphoblast cell line 381. In addition, we have observed that exposure to AZT diminished the ability of 

FUdR to induce sterility, resulting in a few viable progeny (data not shown), which is in line with a previous 

report that showed ‘antioxidant’ plant extracts occasionally caused larvae to escape the action of FUdR at low 

concentrations (≤50μM) 396. We observed that AZT induced a similar gene expression profile to 100μM 

paraquat (Chapter 4), which may indicate that the oxidative stress response induced by AZT circumvents the 

effect of FUdR. 

4.3 Drug concentrations 

In HIV-1 patients, the plasma concentration of the antiretroviral drugs used in this thesis is generally between 

4-16μmol/L 105. However, plasma concentrations of 50μM have been observed for AZT in the clinic 69. In vitro 

experiments use very low concentrations (pM) up to approximately 90mM 70, although concentrations 

between 10-200μM are most common 51,82,466. We initially selected a concentration range of 100-200μM for 

NRTIs on the basis of FLTs ability to deplete mtDNA copy number (Chapter 2) and selected 100-300μM for PIs 

based on results from R. de Boer (data not shown). Moreover, these selected concentrations for all 

antiretrovirals showed robust effects on mitochondrial function (Chapter 3 & 5). 

Drugs can be exposed to nematodes on solid media, by either mixing them in with the bacterial lawn or adding 

them directly to the agar plates 222,467. We found both methods to be effective, yet preferred mixing the drugs 

into the agar plates so as to limit drug diffusion over time. In this way, there are two ways in which the 

antiretrovirals can reach their targets, namely through ingestion or by diffusion across the nematodes cuticle. 

The cuticle of C. elegans is notoriously impervious to many compounds and drug uptake by C. elegans is rather 

poor. Moreover, C. elegans has extensive enzymatic xenobiotic defences and exogenously applied 

pharmacologicals that do penetrate the cuticle often fail to accumulate to effective concentrations within 
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tissues 468. It is not therefore uncommon for polar drugs to be applied in a concentration 1000 fold higher than 

their predicted affinity for the target 469. 

Although the drug concentrations used in this thesis have been chosen with care, the ability of NRTIs to induce 

adverse events is known to be dependent on the NRTIs phosphorylation state 76,80. The detection of NRTI-TPs, 

however, in patients is difficult and has limited pharmacological research into the pharmacokinetics of NRTIs 24. 

Measurements of NRTI nucleoside and nucleotide concentrations within nematodes may help explain 

discrepancies between the toxicity profiles of each NRTI and shed light on the pharmacokinetics of each 

compound. 

4.4 Drug delivery 

With the exception of quinone redox state and RNAi experiments, C. elegans was cultured on live monoxenic E. 

coli OP50 cultures throughout this thesis. For the administration of compounds to C. elegans both live and dead 

E. coli can be used, although UV radiation killed E. coli are preferred so as to circumvent possible drug 

metabolism by E. coli 362. Using UV killed E. coli, however, has been shown to be very stressful for C. elegans. 

Specifically, nematodes raised on UV killed E. coli have a reduced number of progeny, slowed ageing and an 

increased lifespan, suggesting that diet-stress heightens oxidative stress and induces hormetic effects. This is 

supported by the discovery that the hormetic effects of chronic paraquat exposure were only observed when 

nematodes were fed live E. coli 286. In light of this, and because the studies in this thesis focus on stress and 

mitohormetic responses as a result of antiretroviral drug exposure, we chose to use live E. coli.  

We showed that for nematodes treated with AZT, mtDNA copy number did not differ between live or UV killed 

E. coli. We did this to demonstrate that the growth inhibitory effect of AZT 224 did not affect nematode 

physiology or drug properties (Chapter 2). It is still possible, however, that live E. coli metabolize and 

phosphorylate the NRTIs. C. elegans possesses a cytoplasmic kinase (THK-1) that displays a high activity for 

thymidine but low or no activity with deoxyguanosine, deoxycytidine, and deoxyadenosine (Chapter 2) 75. 

Therefore, the phosphorylation of thymidine analogues, like AZT, will take place regardless of a live or dead 

food source. For ddC and ddI, however, it is unclear if they will become phosphorylated by C. elegans. C. 

elegans has been found to encode a deoxycytidine kinase protein homologous peptide (C14B9.2), yet its 

function remains putative 470. On the other hand, enzymes are present in E. coli that can phosphorylate cytidine 

to cytidine-TP. However, exogenously supplied cytidine does not flow through this pathway. Instead, a very 

active cytidine deaminase rapidly converts exogenously supplied cytidine to uridine, which then flows through 

a portion of the de novo pyrimidine biosynthesis pathway to uridine-TP and then to cytidine-TP 471. The affinity 

of this pathway for NRTIs, however, is unknown.  

The depletion of mtDNA observed in chapter 2 and 3 upon exposure of ddC or ddI, however, suggests that 

either E. coli or C. elegans phosphorylates these analogues, or in addition that their effects are non-specific to 

polymerase-  inhibition and may involve interference with other steps in nucleotide metabolism such as 

nucleoside pool imbalance. More research is therefore warranted to see if the effects of ddC and ddI are 

unrelated to their phosphorylation state and will shed some light on the toxicity of NRTIs beyond the 
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polymerase-  theory. Preliminary microarray genome wide expression data of nematodes exposed to ddC for 

24h on live E. coli (data not shown) indicated that ddC induced processes that were similar those induced by 

AZT, d4T and FLT in chapter 4, namely cell division, the spliceosome, proteostasis, and metabolism of 

nucleobases, lipids, and nitrogen. Additionally, ddC exposure induced genes expression was directionally 

almost completely opposite to those expressed in the mit mutant gas-1 382.  

5. Concluding remarks 

Many questions remain unanswered in the antiretroviral drug field (See Chapter 1). Taken together, this 

project has endeavoured to clarify the short-term effects of antiretroviral drugs in order to understand the 

mechanisms behind their toxicity. In particular, we have focused upon mitochondrial dysfunction and have 

attempted to broaden the scope of research upon antiretroviral induced adverse events by addressing modes 

of toxicity beyond the polymerase-  theory. We hope that this thesis will help elucidate the effects of HIV-1 

medicines and not only shed some light on their modes of toxicity, but will also benefit the development of 

new, effective, and less toxic compounds. 
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4 van Leeuwenhoek Center for Advanced Microscopy, University of Amsterdam, Science Park 904, 1098 XH 
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Summary 

Caenorhabditis elegans is a highly malleable model system, intensively used for functional, genetic, cytometric 

and integrative studies. Due to its simplicity and large muscle cell number, C. elegans has frequently been used 

to study mitochondrial deficiencies caused by disease or drug toxicity. Here we describe a robust and efficient 

method to visualize and quantify mitochondrial morphology in vivo. This method has many practical and 

technical advantages above traditional (manual) methods and provides a comprehensive analysis of 

mitochondrial morphology. 

1. Introduction 

Mitochondria are highly dynamic tubular organelles that continuously remodel by fusion and fission in a 

regulated manner. The balance between these opposing events determines the morphology of the 

mitochondrial network, with excessive fission resulting in mitochondrial fragmentation and increased fusion 

leading to extended and highly interconnected mitochondria. Mitochondrial morphology plays an essential role 

in cell division, cell survival, cellular redox status, mtDNA rescue and mitochondrial protein quality control 181,182 

and specific morphological changes in mitochondrial structure and organisation are considered to reflect 

cellular responses to stress and pathological conditions in worms, mice and humans 183,184. For example, 

changes in mitochondrial structure and function are known to occur in age-associated disorders such as 

Parkinson’s disease, sarcopenia and in metabolic diseases, including heart-disease and diabetes mellitus 178,180.  

The nematode Caenorhabditis elegans has proven to be one of the most versatile model organisms for the 

elucidation of molecular pathways implicated in many human diseases and ageing 210,211,472. Wild type C. 

elegans has a relatively short lifespan of two weeks, enabling researchers to rapidly assess the effects of 

different mutations or treatments on mitochondrial function or longevity. Mitochondrial research in C. elegans 

has yielded insights in the genetic regulation of ageing and mitochondrial function, and it has provided a vast 

array of mutants to study these effects 213,345,346. C. elegans has many technological advantages. It is self-



501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith501605-L-bw-Smith

Appendix 

192 
 

fertilizing, transparent, has a fully described anatomy and development, and a completely sequenced genome. 

Moreover, many tools exist to manipulate C. elegans, for example RNAi. Although limited to less than 1000 

cells, C. elegans has highly differentiated tissues such as skin, nerves, muscles, reproductive organs and gut 

tissue. The preferred tissue to study mitochondria is muscle as it has well organized and extensive 

mitochondrial networks to provide ATP for their high energy demands.  

Specific cell-permeable dyes, such as Mito-Tracker, are available for visualizing mitochondria in C. elegans. 

However, the uptake and retention of Mito-Tracker by the mitochondria is dependent on the mitochondrial 

membrane potential and the specific staining is lost upon disruption of the membrane potential. To avoid this, 

one can make use of fluorescent proteins that can be targeted to the mitochondria. Constitutive expression 

guarantees mitochondrial staining under all conditions and during all nematode developmental stages. 

Additionally, fluorescent proteins are highly stable, remain localized and allow in vivo imaging. Using a strain 

expressing mito::GFP in muscle cells, we established a protocol for reliable and robust quantification of the 

mitochondrial network. This assay is easily amenable to up-scaling and implementation in high-throughput 

assays. 

2. Materials 

Ensure that all solutions are sterile before use. Typically, the nematode growth medium does not contain any 

antibiotics and is therefore prone to contamination. Work in a sterile environment when handling the worms. 

Transgenic strains and chemical waste must be disposed of correctly. Special care is to be taken when handling 

sodium azide (NaN3) as it is toxic. C. elegans strains can be obtained from the Caenorhabditis Genetics Centre 

(https://www.cbs.umn.edu/cgc/strains). 

- Transgenic C. elegans strain JJ1271 injected with expression construct mito::GFP expressed from the 
myo-3 promoter, which is mitochondrial matrix specific, and transformation marker rol-6, which 
distinguishes transgenic animals by a rolling phenotype 227 (see Note 1).  

- Temperature controlled stove (20oC).  
- Nematode growth medium (NGM): NaCl (3g), Bactopeptone (2.5 g), Agar (20g), dd H2O (1L), 1M CaCl2 

(1mL), 1M MgSO4 (1mL), Potassium phosphate pH 6.0 (KPO4) (25mL). Autoclave. Add 5mg/mL 
Cholesterol in 95% EtOH (1mL). 

- OP50 Escherichia coli (OD~2.0) in LB: Bacto Trypton (10g), Bacto Yeast (5g), NaCl (5g), dd H2O (1L). 
Autoclave. 

- M9: NaCl (5g), Na2HPO4 (6g), KH2PO4 (3g), dd H2O (1L). Autoclave and add 1M MgSO4 (1mL). 
- Worm picker and platinum wire tip (Genesee Scientific, San Diego, California, USA) 
- MatTek Glass bottomed petri-dishes: P35G-1.0- 14C (Corning 35mm dish with 14mm glass diameter 

and coverslip No. 1 (0.13-0.16mm thick)) Depth of well = 0.70 – 0.75mm (see Note 2).  
- 10mM Sodium azide (NaN3) in M9. Use ice cold.  
- Microscopy coverslips: Menzel-Gläser, 18 x 18mm, No. 1 (see Note 3) 
-  Confocal microscope with camera (see 3.3). Argon laser; 488nm excitation and 525-550nm emission. 
- GFP reference (green chroma fluorescent slide: 2273-G. Ted Pella, Inc.) 
- FIJI (hhtp://FIJI.sc), a packaged version of Image J freeware (W.S. Rasband, U.S.A., National Institutes 

of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij). 
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3. Methods 

3.1 Culture of C. elegans 

Worms are cultured on nematode growth medium (NGM) plates seeded with OP50 Escherichia coli. Culture at 

20oC is preferred as other temperatures induce stress and adaptation, which can alter mitochondrial 

morphology. For detailed descriptions of nematode culture and physiology see www.wormbook.org or 

www.wormbase.org/species/c_elegans. 

1. Pour NGM plates (~20mL per 9cm Ø petri dish) and let harden at room temperature. Once solid, 
seed the plates with 500μL fresh OP50 culture by pipetting and spreading the bacteria evenly over 
the plate surface area with a sterile drigalski spatula (see Note 4).  

2. Synchronous populations of worms are obtained by alkaline hypochlorite treatment of gravid 
adults 473. Synchronize ~100 gravid adults.  

3. Place the eggs overnight in 10mL M9 in an Erlenmeyer whilst gently shaking at 20oC, so as to let all 
the eggs hatch to L1 larvae (see Note 5).  

4. Collect the larvae the following morning in a 15mL conical tube and centrifuge at 1.4 x g for 2 
minutes. Aspirate the M9 without disturbing the pellet.  

5. Wash the worm pellet in 10mL M9 to rid the culture of debris, and centrifuge at 1.4 x g  for 2 
minutes before aspirating most of the M9. 

6.  Plate the worms sparsely on fresh OP50 seeded plates with a glass pipette; approximately 200 
worms per 9cm Ø petri dish. Incubate for 48h at 20oC to the L4 stage. 

7. When having reached the L4 stage, transfer the worms to a 15mL conical tube by pouring 10mL 
M9 onto the plates and gently swirling to dislodge the worms.  

8. Centrifuge the worms at 1.4 x g for 2 minutes. Aspirate most of the M9 and then using a glass 
pipette transfer the worms to fresh OP50 seeded plates (In this case containing the compound of 
interest). For RNAi seed the NGM plates with the E. coli transformant strain carrying the desired 
gene target construct. 

9. Incubate further at 20oC for the desired exposure time (In this case 24h) (see Note 6).  

3.2 Microscopy slide preparation 

1. Keeping the MatTek slides clean, pipette 120μL of ice cold 10mM NaN3 into the glass bottomed 
well.  

2. Pick approximately 50 worms and place them inside the NaN3 droplet.  
3. Cover the well gently with a glass coverslip (Figure 1). Wait for approximately 10 minutes for the 

worms to become paralyzed. 
4. Your samples are ready for immediate imaging (see Note 7).  

 

Figure 1. Preparation of the MatTek glass bottomed petri dishes. 1. Pipette 120μL of the M9 worm suspension into the glass bottomed 

well. 2. Cover the well with a cover slip. 
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3.3 Imaging of mitochondria 

It is important to have optimized your confocal microscope settings beforehand, and once set, to keep them 

constant at all times. Settings mentioned here were used for a Nikon A1 confocal microscope and are 

indicative. Because the sample is suspended in a water-based solution, the preferred objective is a water 

immersion objective. Additionally, a water immersion objective provides superior focus in depth because it 

minimalizes aberration under these circumstances. We use a Plan Apo 60x WI objective with a numerical 

aperture of 1.27. Keep the acquisition settings such as laser power (3 / 5.8kW/cm2), pinhole size (2 A.U. / 

55μm) and HV value (85), pixel dwell time (1.9μsec) and pixel size (0.2μm/pixel) identical between images.  

1. Place the glass-bottom dish on the viewing platform with the glass bottom facing the microscope 
objective.  

2. Using widefield microscopy, locate a single worm and align the focal center just behind the clearly 
distinguishable area of the posterior bulb (Figure 2) (see Note 8).  

3. Using the scanning function (to avoid bleaching) on the confocal microscope, locate the bottom of 
the well and set this point as the z-stack’s lower limit. Now locate the topside of the muscle 
quadrant using the fast scanning function and set this point as the z-stack’s upper limit. (see Note 
9) 

4. Set the z-stack slices at 1μm intervals (see Note 10) and acquire the images at the optimal 
acquisitions settings. 

5. Collect a minimal of 10 z-stacks, i.e. 10 worms, per condition, to ensure statistically relevant 
sampling. 

6. After every imaging session, acquire an image stack from a reference fluorescence slide, which 
can be used for correcting spatial and temporal fluctuations in illumination intensity (see 3.4). 
 

 

Figure 2. Region of interest (red). Align the focal center just behind the clearly 

distinguishable area of the posterior bulb (yellow). 

 

 

 

 

3.4 Automated image analysis (see Note 11)  

Images of mitochondria are segmented by means of a dedicated image-processing pipeline. Before 

proceeding, inspect images visually to only retain those of consistent quality. The following image 

processing steps are performed before feature extraction: 

1. Uninformative slices or slices with reflections are removed from the image stacks. This can be 
done automatically using an image quality criterion that only retains slices with an intensity 
covariance (stdev / mean) > 1.  
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2. A flat-field correction is performed to buffer for spatial intensity variations (illumination 
heterogeneity). To this end the image is divided by the corresponding image from the 
reference slide. 

3. The flat-field corrected stack is then projected according to the maximum pixel intensity. This 
allows capturing the majority of the mitochondria in one image. A potential disadvantage of 
this procedure is superposition of mitochondria from different levels in the worm, although 
we found this effect to be limited due to the coarse axial sampling. 

4. A duplicate image of the maximum projection image is pre-processed, by background 
subtraction (rolling ball radius = 15) and local contrast enhancement (block size = 15, slope = 
3), so as to buffer intensity variations between the different objects of interest 
(mitochondria). 

5. Mitochondria are then specifically enhanced by means of a multi-scale Laplacian operator 232 
(see Note 12). 

6. The enhanced image is binarized according to an autothresholding procedure (Yen or 
Isodata), yielding a mask that can be used for analysing the mitochondria in the original 
image. Before doing so, the mask should be filtered to only retain objects of a predefined size 
(> 7 pixels), this to avoid noise or debris from skewing the results. 
 

Using the mask, shape and intensity metrics, individual mitochondria are extracted from the original image as 

well as the total number of mitochondria. In addition, general texture metrics can be calculated from a gray-

level co-occurrence matrix analysis. We specifically calculate the average texture parameters over a horizontal 

and a vertical GLCM matrix with a 1 pixel offset (a reference pixel and its immediate neighbor) (see Note 13). 

3.5 Mitochondrial quantification 

After feature extraction, results are summarized per worm or per condition, by averaging individual 

mitochondrial metrics. Dedicated statistical analyses can be performed in Matlab 2010a® or in R freeware. In a 

first approach, individual parameters can be statistically compared between conditions, by means of pairwise 

students T-tests or, in case of non-normal distributions, Wilcoxon rank sum tests. Subsequently, a more holistic 

cluster analysis can be performed, integrating all relevant features. To this end, the data set is first 

standardized (values are converted to Z-scores) so as to avoid differences in magnitude or range from pulling 

the weight too much towards one particular variable. Using the standardized data set, the different conditions 

(e.g. chemical treatments or RNAi) are then clustered using Euclidean distance as distance metric and the 

average value as linkage value for establishing the dendrogram. The same is done for the features and the final 

output is displayed in a two-dimensional clustergram, color-coded by the z-value (Figure 3). This representation 

allows for quickly resolving conditions with similar effects on mitochondrial morphology. 
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Figure 3. Mitochondrial morphological changes caused by 10mM NaN3. Mitochondrial networks slowly deteriorate over time and become 

more fragmented. A = 10min, B = 30min, C = 60min, D = 120min, E = 150min, F = 180min, G = 240min, H = Typical mitochondrial 

morphology after vulvar gonad protrusion.  

4. Notes 

1. Other strains such as SJ4103 474 also service and are easier to maintain, yet the strain mentioned is 
preferred due to the fact that it lacks autofluorescent and birefringent gut granules and the mitochondrial 
network in control animals is neatly organized and clearly distinguishable, making image analysis 
straightforward. 

2. Glass bottomed petri-dishes have the advantage over traditional agar-pad microscopy slides as they do not 
need to be made beforehand, are sterile, do not dry out the worms, and importantly minimalize light 
refraction and background during image acquisition. 

3. The type is irrelevant for imaging; they are merely needed to seal off the well.  
4. Add the chemical of interest before the medium is poured and mix well with a magnetic bead stirrer, 

making sure that the chemical can withstand temperatures above ~50oC beforehand. Pour the NGM plates 
in a sterile environment when the medium has cooled to ~50oC, or you can comfortably hold the medium 
flask. The agarose in the NGM plates solidifies during cooling, which takes approximately 30 minutes. NGM 
plates without chemical additions can be stored at 4oC for approximately 2 months in a sealed container or 
petri dish sleeve. Plates including drugs or other chemicals should be used as quickly as possible, 
depending on the compound’s stability. Seeded plates can be kept for several days in a cool, dark and dry 
environment. Ensure that the OP50 can grow normally when exposed to your chemical of interest. If this is 
not the case, OP50 stocks can be 5x concentrated, spread on the NGM plates and ‘inactivated’ by UV 
exposure, before drying at room temperature and placing the worms on the plates.  

5. Because there is no food present the larvae halt growth at the L1 stage. L1 worms can be kept for 
approximately 48h in these conditions before use. 

6. During this period worms become adults and lay eggs. Therefore the plates are prone to become 
overcrowded, rapidly reducing the E. coli food source. In this case worms can be sterilized at the L4 stage 
by adding 5-fluoro-2ʹ-deoxyuridine (FUdR) to the agar 222, or if FUdR may interfere with the experiments, 
meshed using a Sefar Nitex μM filter (Sefar AG Filtration Solutions, Heiden, Switzerland) every 24h to rid 
the culture of progeny. 

7. Immediate analysis is essential as NaN3 inhibits the respiratory enzyme cytochrome oxidase and therefore 
affects mitochondria in the long run. After approximately 1 hour of exposure to 10mM NaN3 worm 
mitochondrial networks become disengaged and they fragment (Figure 4). This is particularly evident in 
muscles adjacent to the vulva, and prolonged NaN3 exposure can cause gonad protrusion through the 
vulva (Figure 3). NaN3 is, however, still preferred above other immobilizing agents as its effects are rapid. 
Frequently used anesthetizing agents for in vivo analysis include Levamisole (tetramisole hydrochloride) or 
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Aldicarb, but these compounds show full paralyzing effects only after hours 475. Fixating agents, such as 
formaldehyde, can also be used 476. However, the effects of these chemicals and their relatively long-term 
incubation time to obtain full immobilization may affect mitochondrial morphology. 

8. This area contains somatic muscle cells nr. 7, 8 & 9 from the D-lineage, which are present at hatching and 
have the highest exposure to the compound through ingestion. 

9. C. elegans has distinct muscle segments which are divided into two dorsal and two ventral quadrants, with 
two rows of muscle cells per quadrant 
(http://www.wormatlas.org/hermaphrodite/muscleintro/MusIntroframeset.html). Each quadrant in an 
adult hermaphrodite is approximately 8μm thick at the area just behind the posterior bulb. Typically, ~25 
slices at 1μm intervals will sufficiently cover the quadrant closest to the bottom coverslip. Because of the 
orientation of the muscle quadrants (see Note 10) it can be quicker to scan for the top of the worm and set 
this as the z-stack’s upper limit (~50 slices at 1μm intervals). This limit no longer needs to be adjusted for 
each worm, thus speeding up image acquisition, although it will provide you with many useless images. 

10. This should provide you with approximately 15-25 images per z-stack, of which, on average, 6 images 
provide sufficient muscle cross-sectional surface area so they can be used for image analysis. Because the 
nematode strain described here has the roller phenotype, the nematode’s rows of muscle are likely slightly 
corkscrewed when paralyzed. Depending on the position of the nematode in the well, the z-stack 
segmentation may not be optimal to obtain large surface area images of the muscle quadrants. In this 
case, select a different worm. 

11. Traditional mitochondrial morphology analysis methods rely on blind-scoring by the researcher and, 
although adequate, have limited descriptive power due to the amount of variables that can be taken into 
account 476. In addition, these scoring methods are time consuming, labor intensive and due to their lack of 
sensitivity, a considerable amount of worms or muscle cells needs to be imaged before sufficient statistical 
power can be attained.  

12. This requires the FeatureJ plugin by Erik Meijering 
(http://www.imagescience.org/meijering/software/featurej/), which is part of the FIJI package but should 
be downloaded and installed when using ImageJ. 

13. This requires the GLCM_Texture plugin by Julio Cabrera (http://rsbweb.nih.gov/ij/plugins/texture.html). 
 

 

Figure 4. Heatmap obtained after analysis of a set of images from C. elegans worms treated with different chemical compounds or RNAi. 

The columns represent different features of mitochondrial shape and intensity as well as image texture and the rows represent the 

different treatments. On the right, representative images are shown for the most dominant phenotypical patterns of mitochondrial 

networks (normal, fragmented and complex). 
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Summary 
To date, human immunodeficiency virus (HIV) infection is one of the most important global health issues, with 

approximately 35 million people infected worldwide and 2.1 million newly infected each year. HIV-1 infects 

cells of the immune system and uses them to replicate, leading to their demise. After a while the immune 

system of the patient becomes compromised to the extent that opportunistic pathogens can easily infect the 

host. If HIV-1 infection is left untreated it can lead to immune-incompetence and acquired immune deficiency 

syndrome (AIDS), which quickly leads to death. 

Since the discovery of HIV-1 as a cause for AIDS, many antiretroviral drugs have been developed to target viral 

replication. There are currently six different classes of anti-HIV drugs which each act on a particular aspect of 

the viral life cycle. The first class of antiretroviral drugs to be utilized in the clinic was the Nucleoside Reverse 

Transcriptase Inhibitors (NRTIs). These drugs inhibit the conversion of viral RNA into viral DNA, a critical step in 

the HIV-1 replication cycle. Protease Inhibitors (PIs) were the second class of antiretroviral drugs to be 

administered in the clinic for HIV-1 infection. PIs hinder the cleavage of immature viral proteins into mature 

viral proteins and in this way inhibit the production of new infectious virus particles. NRTIs and PIs are used in 

unison to increase therapy efficacy, overcome problems of tolerance, and decrease the emergence of viral 

resistance. The therapeutic use of a combination of drugs, more commonly known as Highly Active Anti-

Retroviral Therapy (HAART), was a major advance in HIV therapy and has significantly improved the quality and 

length of patient lives.  

Overshadowing this celebrated success, however, is the problem that HIV-1 infected patients are afflicted with 

drug induced adverse events, some of which can be life threatening. For instance, patients treated with HAART 

can suffer from metabolic diseases and organ failure, and can show signs of premature ageing. As antiretroviral 

drugs do not cure HIV-1 infection, but only decrease viral replication, patients have to take HAART for the rest 

of their lives, therefore increasing the chance of adverse events. Most adverse events witnessed by patients 

using antiretroviral therapy seem to be related to tissues with high-energy demand and have predominantly 

been found to be caused by mitochondrial toxicity. Mitochondria are often called the ‘power-houses’ of the cell 

as they generate energy that is vital for life. Disruption of mitochondrial function can therefore cause many 

adverse events and even lead to death.  

NRTIs have been shown to have relatively high affinity for the mitochondrial polymerase- , the enzyme 

responsible for mitochondrial DNA (mtDNA) replication and repair. MtDNA encodes proteins that constitute 

vital parts of the mitochondrial respiratory chain (MRC), the cellular machinery necessary to biochemically 

produce energy in the form of adenosine triphosphate (ATP). By inhibiting polymerase- , NRTIs disrupt the 

production of energy and in this way cause mitochondrial dysfunction; a process commonly referred to as the 

polymerase-  theory.  
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A direct mode of action behind PI induced mitochondrial toxicity remains to be elucidated, although theories 

have been formulated. These revolve around the increased generation of mitochondrially derived reactive 

oxygen species (ROS). ROS are potentially harmful products of oxidative phosphorylation that takes place in the 

mitochondria, specifically at the site of the MRC. ROS can damage proteins, lipids and nucleic acids and in this 

way have been proposed to cause adverse events and accelerate the ageing process.  

In chapter 1 the side-effects of NRTIs and PIs are summarised. Current and novel theories underpinning their 

adverse events and mitochondrial toxicity as common denominator in these models are discussed. I also 

recapitulate our proposed theory that mitochondrial toxicity is likely an underlying cause for the premature 

and accelerated ageing observed in HIV-1 treated patients. This chapter ends with an overview of major 

questions that remain to be addressed in this research field. 

Having set the playing field, I verify in chapter 2 that C. elegans can be used as a model system to study the 

adverse side effects of HIV-1 antiretroviral medicines. Using an array of established and novel molecular 

techniques I show that although NRTIs are supposed to have similar modes of action causing toxicity, they each 

have distinct toxicity profiles. Additionally, I show evidence in support of an earlier proposition, namely that 

there are modes to NRTI toxicity beyond the polymerase-  theory. 

In chapter 3 my hypothesis that NRTIs cause premature and accelerated aging, as proposed in chapter 1, is 

assessed. I show that NRTIs can directly inhibit the MRC without relying on mtDNA depletion, which is in 

contradiction to the polymerase-  theory. MRC inhibition induces an immediate ROS stress response and a 

reduction in mitochondrial function that likely leads to mitohormetic events; an increase in stress resistance, 

prolonged lifespan but reduced fitness, which is similar to phenotypes portrayed by C. elegans mitochondrial 

(mit) mutants. Additionally, I show that mitochondrial dysfunction and the mitohormetic phenotypes observed 

can be attenuated by antioxidants. 

The polymerase-  theory is currently the major theory explaining mitochondrial toxicity and adverse events of 

NRTIs. Recently this theory has been questioned as data has accumulated over the years that suggest that 

there are other modes of NRTI toxicity. In chapter 4, genome-wide transcriptome analysis is utilized to 

unbiasedly research NRTI thymidine analogue effects on mitochondria and the cell as a whole. I show that 

some NRTI thymidine analogues disturb energy metabolism without depleting mtDNA. In support of one theory 

of NRTI toxicity beyond polymerase-  inhibition, I propose that thymidine analogues disrupt the homeostasis of 

endogenous nucleoside pools, which is especially of consequence during mitosis. Additionally, I demonstrate 

that thymidine analogue induced gene expression is similar to gene expression profiles in mit mutants and in 

nematodes treated with the pro-oxidant paraquat, supporting our findings in chapter 3. 

Mitochondrial toxicity of PIs has been less well researched than NRTIs. In chapter 5 I focus on PIs and their 

effect on C. elegans and specifically their ability to disrupt mitochondrial function. I show that PIs cause rapid 

mitochondrial dysfunction and initiate ROS stress responses, which are accompanied by a severe reduction in 
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fitness. Interestingly, many of these side effects could be attenuated by antioxidants, supporting the theory 

that ROS generation is pivotal in PI induced mitochondrial toxicity. 

Many antiretroviral medicines are used in combination for HIV-1 therapy. In chapter 6 I screen combinations of 

NRTIs and PIs for their ability to induce mitochondrial toxicity. This toxicity profiling is then correlated to clinical 

data on combination therapies in an attempt to verify and create new knowledge on which combinations are 

particularly toxic or those which show fewer side effects.  

In chapter 7 a brief summary of the previous chapters is given together with a critical comprehensive 

discussion of the results and conclusions of this thesis. Additionally, chapter 7 focuses on the use of 

Caenorhabditis elegans as a model system to study the effects of drugs, in particular on the mitochondria. A 

short comparison of C. elegans and human mitochondria is given along with practical challenges that the use of 

C. elegans entails. 
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Samenvatting 
Infectie met het retrovirale humaan immunodeficientievirus (HIV) is één van de meest prominente 

gezondheidsbedreigingen ter wereld. Meer dan 35 miljoen mensen zijn besmet, en per jaar groeit dit aantal 

met nogmaals 2.1 miljoen. HIV-1 infecteert immuuncellen en gebruikt hen om zichzelf te kunnen repliceren, 

waarna de imuuncellen afsterven. Gedurende dit proces raakt het immuunsysteem dusdanig verzwakt dat de 

patiënt geen weerstand kan bieden tegen alledaagse infectiezieken, wat fatale gevolgen kan hebben. Deze 

geleidelijke uitval van het afweersysteem die HIV teweeg brengt staat bekend als acquired immune deficiency 

syndrome’ (AIDS). 

Sinds de ontdekking dat HIV-1 AIDS veroorzaakt zijn er vele antiretrovirale medicijnen ontwikkeld. Tot heden 

zijn er zes verschillende klassen van anti-HIV middelen te onderscheiden, die elk op een andere fase van de 

virale levenscyclus ingrijpen. De eerste klasse antiretrovirale middelen die in de kliniek werd toegepast waren 

de ‘Nucleoside Reverse Transcriptase Inhibitors’ (NRTIs). Deze medicijnen remmen de conversie van viraal RNA 

tot viraal DNA; een essentiële stap in de replicatiecyclus van HIV-1.  De tweede klasse die voorgeschreven werd 

waren de ‘Protease Inhibitors’ (PIs). PIs remmen het rijpingsproces van virale eiwitten en voorkomen hierdoor 

de productie van nieuwe besmettelijke virusdeeltjes. NRTIs en PIs worden in combinatie gebruikt om de 

effectiviteit van HIV-1 therapie te verhogen en om problemen met  tolerantie en resistentie te verminderen. 

Het gebruik van een combinatie van verschillende klassen van antiretrovirale middelen wordt ‘Highly Active 

Anti-Retroviral Therapy’ (HAART) genoemd. De implementatie van HAART heeft een prominente vooruitgang in 

de behandeling van HIV teweeggebracht en heeft de levensduur en kwaliteit van leven van HIV-1 patiënten 

aanzienlijk verbeterd. 

Dit succes wordt echter overschaduwd door het probleem dat patiënten die behandeld worden met HAART 

vaak te maken hebben met ernstige bijwerkingen , die zelfs levensbedreigend kunnen zijn. Voorbeelden van 

deze bijwerkingen zijn onder andere metabole ziekten, orgaanfalen, en vervroegde en versnelde veroudering. 

Aangezien het gebruik van antiretrovirale medicijnen HIV-1-infectie niet geneest, moeten patiënten levenslang 

onder behandeling blijven. Doordat patiënten lange tijd aan antiretrovirale medicijnen blootgesteld worden 

treden bijwerkingen vaak op. De meeste bijwerkingen lijken zich te manifesteren in weefsels met een hoge 

energiebehoefte en worden geassocieerd met mitochondriale toxiciteit. Mitochondriën staan bekend als als de 

‘energiecentrales’ van de cel, omdat ze de meerderheid van de energie genereren die essentieel is voor het 

leven. Een verstoring van mitochondriale functies  kan daarom desastreuse consequenties hebben met de 

dood tot gevolg.  

Onderzoek heeft aangetoond dat NRTIs een relatief hoge affiniteit hebben voor de mitochondriale polymerase-

, het enzym dat verantwoordelijk is voor het repliceren en repareren van mitochondriaal DNA (mtDNA). 

MtDNA codeert voor essentiële onderdelen van de mitochondriele ademhalingsketen (MRC), de cellulaire 

machinerie die energie produceert in de vorm van adenosinetrifosfaat (ATP). Door inhibitie van polymerase-  

en de daaruit volgende vermindering van mtDNA, zijn de enzymen van de MRC in mindere mate aanwezig en 

functioneel. Hierdoor worden de mitochondriën progressief dysfunctioneel en wordt de energieprouctie 
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belemmerd. Deze verklaring van NRTI-gerelateerde toxiciteit door middel van de inhibitie van polymerase-  

wordt de “polymerase-  theorie” genoemd. 

Vooralsnog ontbreekt er een duidelijk werkingsmechanisme voor PI-gerelateerde mitochondriale toxiciteit. 

Echter, er bestaan meerdere theorieën die zich richten op de toegenomen productie van vrije zuurstofradicalen 

(ROS) bij PI gebruik. ROS worden in gezonde cellen altijd in kleine hoeveelheden gevormd als bijproduct van het 

genereren van energie door de MRC. ROS kunnen echter schadelijk zijn omdat ze eiwitten, lipiden, en 

nucliënezuren kunnen beschadigen. Deze schade die over tijd kan accumuleren staat aan de basis van de 

theorie dat ROS negatieve bijwerkingen veroorzaakt en bijdraagt aan het verouderingsproces. 

In hoofdstuk 1 worden de bijwerkingen van NRTIs en PIs uitgelijnd en worden bestaande en nieuwe theorieën 

over de oorzaak van deze bijwerkingen in relatie tot mitochondriale toxiciteit omschreven. Tevens presenteer 

ik onze eigen theorie die omschrijft hoe mitochondriale toxiciteit de oorzaak is voor de vervroegde en 

versnelde verouderingsprocessen die zichtbaar zijn in HIV-1 patiënten die behandeld worden met HAART. Ik 

beëindig hoofdstuk 1 met een overzicht van de belangrijkste vragen die nog beantwoord moeten worden in het 

ondezoeksveld.  

In hoofdstuk 2 verifiëer ik dat C. elegans een goed modelsysteem is om mitochondriale toxiciteit van 

antiretrovirale medicijnen te onderzoeken. Door middel van verscheidene bestaande en nieuwe moleculaire 

technieken demonstreer ik dat, desondanks dat NRTIs structureel veel op elkaar lijken, ze duidelijk andere 

toxiciteitprofielen vertonen. Hiernaast presenteer ik bewijs wat een eerder geopperde hypothese ondersteunt, 

namelijk dat NRTIs op andere wijzen mitochondriale toxiciteit kunnen veroorzaken dan enkel via de inhibitie 

van polymerase-  

Mijn veronderstelling dat NRTIs vervroegd en versneld veroudering kunnen veroorzaken, wordt experimenteel 

getoetst in hoofdstuk 3. Ik laat zien dat NRTIs de MRC direct kunnen remmen zonder dat er mtDNA depletie 

aan vooraf is gegaan. De MRC inhibitie induceert een abrupte stress respons en een reductie van 

mitochondriale functie. Deze korte-termijn effecten leiden waarschijnlijk tot het fenomeen “mitohormese”; op 

lange termijn een verhoogde resistentie tegen stress, een verlenging van levensduur en een reductie van 

vitaliteit. Deze effecten zijn vergelijkbaar met fenotypen van C. elegans mitochondriale (mit) mutanten, wat 

ondersteunt dat deze ten grondslag liggen aan dysfunctie op mitochondriaal niveau. Bovendien, demonstreer 

ik dat mitochondriale dysfunctie en de NRTI geïnduceerde mitohormetische fenotypen gecorrigeerd kunnen 

worden door supplementatie met antioxidanten. 

Tot heden is de polymerase-  theorie de leidende theorie voor NRTI-geinduceerde mitochondriale toxiciteit en 

de negatieve bijwerkingen die patienten ervaren. Recentelijk is deze theorie in twijfel getrokken en zijn er 

andere theorieën gevormd die de mechanismen achter NRTI-toxiciteit deels verklaren. In hoofdstuk 4 wordt 

een genoom-brede “transcriptome” analyse toegepast om meer informatie te vergaren over wat de gevolgen 

zijn van blootstelling aan NRTIs op transcriptioneel niveau. Ik laat zien dat sommige NRTIs het 

energiemetabolisme verstoren zonder dat er mtDNA depletie plaatsvindt. In overeenstemming met een van de 
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theorieen voor NRTI toxiciteit naast de polymerase-  theorie presenteer ik resultaten die ondersteunen dat 

thymidine analogen de homeostase van endogene nucleoside reservoirs verstoren, wat vooral van invloed is 

tijdens mitose. Hiernaast demonstreer ik, in lijn met hoofdstuk 3, dat genregulatie door behandeling met 

thymidine analogen vergelijkbaar is met die in mit mutanten en nematoden die behandeld zijn met de pro-

oxidant paraquat. 

Mitochondriale toxiciteit die veroorzaakt wordt door PIs is veel minder goed onderzocht dan voor NRTIs. In 

hoofdstuk 5 bestudeer ik de invloed die PIs hebben op C. elegans, met de focus op mitochondriale dysfunctie. 

Ik laat zien dat PIs onmiddelijk de werking van mitochondriën kunnen verstoren. Deze medicijnen induceren 

stress responsen die gepaard gaan met een sterk verminderde vitaliteit. Noemenswaardig is dat behandeling 

met antioxidanten deze bijwerkingen kan verbeteren, wat onderstreept dat de vorming van ROS centraal staat 

in PI-geïnduceerde mitochondriale toxiciteit. 

Veruit de meeste antiretrovirale medicijnen worden in combinatie van twee of meerdere klassen gebruikt. In 

hoofdstuk 6 toets ik de effecten van combinaties van NRTI en PIs op de mitochondriën. Het toxiciteitsprofiel 

dat hieruit voortkomt wordt vervolgens gecorreleerd aan bestaande kennis uit de kliniek. Het doel van dit 

hoofdstuk is om bestaande kennis te valideren en nieuwe kennis te creeëren over welke combinaties in het 

bijzonder toxiciteit veroorzaken, en welke de patiënt mildere bijwerkingen berokkenen.  

In hoofdstuk 7 wordt een korte samenvatting gegeven van de voorgaande hoofstukken en worden de 

resultaten en conclusies van deze thesis kritisch gediscussieerd. Verder wordt in  hoofdstuk 7 het gebruik van C. 

elegans als modelsysteem om de effecten van drugs te bestuderen besproken, in het bijzonder met betreking 

tot de mitochondriën. Tot slot wordt een beknopte beschrijving gegeven van de praktische uitdagingen die 

gepaard gaan met de toepassing van C. elegans in dit onderzoeksveld. 
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