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Abstract

Use of some HIV-1 nucleoside reverse transcriptase inhibitors (NRTI) is associated with

severe adverse events. However, the exact mechanisms behind their toxicity has not been

fully understood. Mitochondrial dysfunction after chronic exposure to specific NRTIs has

predominantly been assigned to mitochondrial polymerase-γ inhibition by NRTIs. However,

an increasing amount of data suggests that this is not the sole mechanism. Many NRTI

induced adverse events have been linked to the incurrence of oxidative stress, although the

causality of events leading to reactive oxygen species (ROS) production and their role in tox-

icity is unclear. In this study we show that short-term effects of first generation NRTIs, which

are rarely discussed in the literature, include inhibition of oxygen consumption, decreased

ATP levels and increased ROS production. Collectively these events affect fitness and lon-

gevity of C. elegans through mitohormetic signalling events. Furthermore, we demonstrate

that these effects can be normalized by addition of the anti-oxidant N-acetylcysteine (NAC),

which suggests that ROS likely influence the onset and severity of adverse events upon

drug exposure.

Introduction

Modern antiretroviral medication has improved considerably since the introduction of 3’-

azido-3’-deoxythymidine (zidovudine or AZT) in 1987 and is considered one of the major

medical advances of modern medicine due to its efficacy in suppressing HIV-1 replication and

maternal transmission. Nonetheless, antiretroviral medicines are frequently associated with

severe adverse events and the initiation or exacerbation of degenerative processes, diseases and

syndromes [1]. Mitochondrial toxicity caused specifically by NRTI induced perturbation of
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the function of mitochondrial DNA (mtDNA) polymerase-γ has been denoted as a central

mechanism underlying these adverse events and is commonly referred to as ‘the polymerase-γ
theory’. In short, polymerase-γ is responsible for mtDNA replication and repair. Inhibition of

this enzyme would then result in reduced mtDNA integrity and copy number [2]. As mtDNA

encodes for essential components of the mitochondrial respiratory chain, depletion in mtDNA

quality and quantity impedes mitochondrial oxidative phosphorylation and consequently

mitochondrial function. Lower ATP levels, diminished mitochondrial membrane potential

and elevated ROS have frequently been shown to result from exposure to NRTIs in vitro [3].

Toxicity beyond the polymerase-γ theory

Although the polymerase-γ theory clarified several 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 inhibition of poly-

merase-γ [4,5]. Affinity with and concurrent inhibition of polymerase-γ by NRTIs does not

linearly correlate with clinical manifestations of mitochondrial toxicity. Of the NRTIs, AZT

for example does not have the highest potential to inhibit polymerase-γ, yet it is the NRTI that

is associated with the most mitochondrial related adverse events [6]. Additionally, mitochon-

drial toxicity caused by NRTIs does not necessarily follow the chronological steps of the poly-

merase-γ theory; not every case of mtDNA depletion leads to changed expression or activity of

mitochondrial respiratory chain (MRC) proteins [7,8]. On the other hand, altered mitochon-

drial gene transcription and impaired respiratory chain activity have been observed in the

absence of mtDNA depletion or reduction of polypeptide synthesis [9–11].

In light of this, NRTIs have been proposed to interfere with mitochondrial function

through other mechanisms like altered nucleoside homeostasis caused by NRTI pharmacoki-

netics [12]. NRTIs can also directly inhibit mitochondrial enzymes [13] and are known to

enhance the generation of ROS [14,15] (for a comprehensive review see [4]).

Reactive oxygen species

Of the models for NRTI toxicity beyond the polymerase-γ theory, oxidative stress is considered

to be the most conspicuous [14]. This is especially the case when taking into account that poly-

merase-γ is sensitive to oxidative damage and modification of its amino acid residues by oxida-

tion causes a decrease in DNA-binding ability and polymerase activity [16]. Many NRTI

induced detrimental processes have been linked to the incurrence of oxidative stress [14,15].

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 [17–19]. 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 adap-

tation to hypoxia, starvation and stress [20–22]. HIV-1 patients treated with antiretroviral

therapy have been shown to have significantly higher serum oxidant levels compared to ther-

apy 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

oxidant levels and lower antioxidant levels compared to those who do not closely follow ther-

apy [23]. Collectively, these observations indicate that oxidative stress may be a powerful driv-

ing force behind antiretroviral induced toxicity and may have prominent roles in the onset

and exacerbation of many detrimental conditions [1,14].

NRTIs cause ROS production and alter respiration
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Time-dependent effects of NRTIs

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-γ the-

ory have time to take place and many adverse events can consequently develop. The short-

term effects of these drugs, however, have not been subject of study. It is essential to recognize

the initial effects NRTIs have on mitochondria if we are to understand their long-term detri-

mental effects. Short term mitochondrial dysfunction and ROS signalling are known to

prompt the mitochondria into activating various stress responses which result in long term

changes in mitochondrial function [20,24]. We therefore set out to investigate the role of ROS

in NRTI induced adverse events using Caenorhabditis elegans as a model system using HIV-1

drugs that are known to cause mitochondrial toxicity in patients. Our results suggest that

NRTIs increase ROS production likely through direct inhibition the mitochondrial respiratory

chain (MRC) and that these events affect fitness and longevity of C. elegans through mitohor-

metic signalling events.

Results

ROS production may underlie NRTI induced variations in mtDNA copy

number

Previously we demonstrated that nematodes chronically exposed to selective NRTIs have per-

turbed mitochondrial morphology and decreased respiration, corroborating the notion that

NRTIs are toxic to mitochondria [25]. To assess if chronic exposure to NRTIs reduced

mtDNA copy number as proposed by the polymerase-γ theory, we performed a quantitative

PCR after 72h exposure of L4 animals to 200μM NRTIs (Fig 1A). MtDNA copy number only

decreased with 3’-deoxy-3’-fluorothymidine (alovudine or FLT), whereas 2’,3’-didehydro-2’,3’-

deoxythymidine (stavudine or d4T), 2’,3’-dideoxycytidine (zalcitabine or ddC) and 2’,3’-

dideoxyinosine (didanosine or ddI) showed elevated copy numbers. AZT showed no signifi-

cant change. Interestingly, 100μM and 500μM of the superoxide generating agent paraquat

also caused mtDNA copy numbers to increase (Fig 1A). These results clearly cannot be solely

explained by polymerase-γ inhibition by the NRTIs or by confounding effects of germ cell pro-

duction—which involves a very high level of mtDNA replication—as these nematodes were

treated with FuDR. Moreover, changes in mtDNA copy number upon paraquat exposure indi-

cates that ROS can influence mtDNA copy number.

NRTIs rapidly induce ROS defence mechanisms

The nematode specific glutathione S-transferase 4 (GST-4) has been shown to be directly

involved in resistance to oxidative stress [26]. After 24h exposure to NRTIs, only AZT and ddI

showed slight yet significant upregulation of gst-4 expression (Fig 1B). NRTIs have been

shown to induce peak levels of mitochondrially derived ROS in human umbilical vein endo-

thelial cells within 8h exposure, which returns to levels similar to the control after 24h [27].

We therefore surmised that any burst in mitochondrial ROS production caused by NRTIs

must take place earlier than 24h. During six hours of exposure, NRTIs significantly increased

gst-4 expression (Fig 1F–1J). Gst-4 expression was also rapidly induced upon exposure to

hydrogen peroxide (H2O2) and paraquat in a dose dependent manner (Fig 1D & 1E). The

NRTI solvent DMSO showed no significant change in gst-4 expression over time at relevant

concentrations (Fig 1C).

NRTIs cause ROS production and alter respiration
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Short term NRTI and pro-oxidant exposure leads to changes in mtDNA

copy number

MtDNA replication in C. elegans predominantly occurs in the proliferating gonads at late lar-

val and early adult stages [28]. Specifically, mtDNA copy number rises sharply from approxi-

mately 250.000 in the L4 stage to 600.000 in D1 adults [29]. We used this phenomenon to our

Fig 1. A: Chronic NRTI exposure induced changes in mtDNA copy number. 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) of�6 biological replicates from 2

individual experiments. B: Chronic NRTI exposure influences GST-4 expression: Relative gst-4

expression levels were higher for AZT and ddI after 24h exposure. Significance was determined using a one

way ANOVA and Turkey’s multiple comparisons test, compared to control animals (�5 replicates per 2

individual experiments). NRTI concentration = 200μM. C-J: NRTIs increase the expression of gst-4 similar

to the pro-oxidants paraquat and hydrogen peroxide. C: Relevant DMSO concentrations (4 replicates per

5 individual experiments); D: paraquat (4 replicates per 5 individual experiments); E: H2O2 (5 replicates per 4

individual experiments); F: AZT; G: d4T; H: ddC; I: ddI; and J: FLT. Results depict continuous exposure of

therapy naïve animals to 200μM NRTIs during 6 hours (�4 replicates per 3 individual experiments). Pro-

oxidant and DMSO analyses were calculated using control dH2O (�3 replicates per 13 individual experiments)

and NRTI analyses were calculated using the relevant DMSO concentration as controls (AZT, d4T, ddI,

FLT = 0.1% DMSO; ddC = 0.2% DMSO). Significance was calculated using a multifactorial ANOVA without

replication compared to relevant controls. * = P<0.05, ** = P<0.01, *** = P<0,001.

https://doi.org/10.1371/journal.pone.0187424.g001
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advantage and by exposing L4 nematodes to antiretrovirals for a period of 6 hours found that

they can rapidly induce fluctuations in mtDNA copy number (Fig 2A & Table 1) without

observing any effects on growth. As expected, we detected 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. 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 (Fig 2A).

Interestingly, paraquat showed a dose dependent decline in mtDNA copy number compared

to control animals at 1h (Fig 2B). Continued exposure to AZT, d4T, ddC, ddI, and paraquat,

showed that over time mtDNA copy numbers first decline and then gradually approach values

comparable to the control. MtDNA copy numbers for FLT, however, remained suppressed

(Table 1), reaffirming the strong inhibitory role of FLT on polymerase-γ [30].

Fig 2. A: mtDNA copy number was altered upon short term (1h) exposure to NRTIs and B: 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 exposure

resulted in higher mtDNA copy numbers. 0.2% DMSO reduced mtDNA copy number. Error bars show the

95% C.I. (51df) from�3 replicates per 2 individual experiments. NRTIs and paraquat were compared to

control animals at 1h. C: mtDNA copy number decrease by FLT and paraquat was attenuated by NAC.

200μM FLT and 500μM paraquat decreased mtDNA copy number compared to control nematodes after 1h

exposure (dark grey vs 1h control). Supplementation of an anti-oxidant (NAC) attenuated this decline (light

grey vs dark grey). Anti-oxidant concentration = 100μM. Error bars show the 95% C.I. (51df) from�3

replicates per 2 individual experiments. Control animals at 1h compared to FLT and paraquat, and drugs +

anti-oxidants compared to drugs only, and Control 1h vs Control 0h. 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.

https://doi.org/10.1371/journal.pone.0187424.g002

Table 1. mtDNA copy numbers fluctuated and eventually became normalized during continued short-

term exposure (6h). Relative quantities (%) of mtDNA compared to control animals. Numbers between

parentheses indicate 95% confidence intervals (51df) from�3 replicates per 2 individual experiments. Signifi-

cance was determined using a two-tailed student’s t-test assuming unequal variance compared to control ani-

mals. * = 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)

https://doi.org/10.1371/journal.pone.0187424.t001

NRTIs cause ROS production and alter respiration
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Antioxidants attenuate short-term FLT induced mtDNA copy number

decline

As it is unclear how the NRTIs reduce mtDNA replication within such a short time frame, we

investigated the role of ROS in NRTI induced mtDNA copy number decrease by testing the

ability of 100μM N-acetylcysteine (NAC) to attenuate the immediate decline of mtDNA copy

number caused by FLT. Supplementation with NAC significantly attenuated the FLT induced

reduction in mtDNA copy number. Paraquat-induced decline in mtDNA copy number was

also attenuated by NAC (Fig 2C). 100μM NAC alone caused a small yet significant decrease in

mtDNA replication after 1h exposure (S1 Fig). Taken together, these results suggest that the

regulation of mtDNA replication can be significantly altered by cellular redox state and that

the rapid decline in mtDNA copy numbers observed upon exposure to FLT is, in part, depen-

dent on an increase in ROS production.

MRC function is immediately perturbed upon exposure to NRTIs

NRTIs, in particular AZT, have been suggested to directly inhibit the mitochondrial respiratory

chain complex I (NADH ubiquinone oxidoreductase), complex II (succinate dehydrogenase),

and complex V (F1,F0-ATPase) [31–33]. We therefore measured MRC function as a possible

site of NRTI-induced events [34]. All NRTIs caused a rapid and significant ATP depletion of

approximately 20% (Fig 3A). The complex IV (cytochrome oxidase) inhibitors, sodium azide

Fig 3. A: ATP levels were immediately perturbed upon exposure to NRTIs and B: pro-oxidants

paraquat (PQ) and hydrogen peroxide (H2O2). Relative ATP levels (%) declined significantly within 2.5

minutes upon exposure to NRTIs (�7 replicates in 4 individual experiments) and pro-oxidants (�7 replicates

in 3 individual experiments) in vivo, compared to the control (0.33% DMSO). C: OCR was immediately

reduced upon exposure to FLT. Oxygen consumption rate (OCR) was reduced within 5 minutes exposure

to FLT. Statistics were calculated with a one way ANOVA with Dunnett’s multiple comparisons test. Error bars

indicate standard error for�2 replicates of 20 worms per�3 conditions. D: ATP level decrease by FLT and

E: paraquat were attenuated upon exposure to 100μM NAC. ATP levels were measured at 2.5 minutes

after exposure in vivo. ATP statistics were calculated with a two-way ANOVA with replication. FLT and PQ

compared to control and FLT and PQ + anti-oxidant compared to FLT or PQ alone (�3 replicates in 3

individual experiments). * = P<0.05, ** = P<0.01, *** = P<0.001. NRTI concentration = 200μM.

https://doi.org/10.1371/journal.pone.0187424.g003
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and potassium cyanide, caused a similar decline in ATP production (S2 Fig). FLT caused a

prompt and significant decrease in oxygen consumption rate (OCR) (Fig 3C). Paraquat and

H2O2 did not induce changes in OCR (S3 Fig). Taken together, these results suggest that expo-

sure to NRTIs caused immediate MRC dysfunction and that this mechanism may precede the

swift rise in ROS levels and mtDNA copy number fluctuations.

Supplementation of antioxidants attenuates the FLT induced ATP

decrease

In order to assess whether ROS has an immediate effect on ATP levels we exposed worms to

paraquat and H2O2. Similar to antiretroviral drugs, paraquat and H2O2 rapidly decreased ATP

levels (Fig 3B). It is therefore unclear if NRTIs directly inhibit the MRC or that the production

of ROS upon their addition causes MRC inhibition. NAC significantly rescued the ATP level

decrease caused by FLT (Fig 3D) and showed a trend towards the rescue of paraquat induced

MRC dysfunction (Fig 3E). 500μM NAC did not change ATP levels (S4 Fig). Collectively these

results indicate that the prompt decline in MRC function caused by FLT may be instigated by

ROS production, although it remains unclear where the origin of these ROS lies.

NRTIs induce changes in life-history traits

Increased mitochondrial ROS has been found to trigger adaptive responses, culminating in

stress resistance and increased longevity in a process known as mitohormesis [35]. We there-

fore investigated whether the NRTI induced increase in ROS causes a mitohormetic like

response and alters life-history traits. The benchmark NRTI, AZT, showed a biphasic dose

response confirming mitohormetic effects of NRTIs in C. elegans (S5 Fig). Exposure of animals

from the L1 larval stage to NRTIs significantly extended both mean and maximal lifespan

(Table 2). As has been demonstrated before [36], paraquat extended mean lifespan of nema-

todes exposed from the larval L1 stage (Table 2). Exposure of L4 animals to selected thymidine

analogue NRTIs also caused significant mean and maximal lifespan extension. Furthermore,

we verified that the NRTI induced lifespan extension is not dependent on caloric restriction

(S6 Fig).

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. NRTI concentration = 200μM. All animals are N2 at 20˚C, mean and maximum refer to the amount of days after L1 (A), and L4 (B). 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 con-

trols. 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

https://doi.org/10.1371/journal.pone.0187424.t002
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Besides lifespan, fitness is an important determinant of ageing and as a potential proxy of

fitness, thrashing rates can be easily measured in C. elegans [37]. AZT and FLT decreased the

thrashing rate at all time points. d4T decreased thrashing rate at 24h but not at later time

points. 100μM paraquat also significantly decreased thrashing rates at 24 and 48hrs, yet

showed increased thrashing rates at 72hrs (Table 3). With the exception of FLT, all NRTIs

slightly yet significantly reduced body length when exposed to L1 or L4 animals. FLT increased

body length when exposed to L1 animals and decreased body length when exposed to L4 ani-

mals (Table 4).

Mitohormetic effects of NRTIs

We reasoned that the NRTI induced increase in ROS would trigger adaptive responses culmi-

nating in increased protection to additional stress [20,24]. Exposure of NRTI pre-treated nem-

atodes to 4mM paraquat resulted in increased survival for ddC, ddI and FLT compared to

control animals, whereas AZT and d4T showed no change (S7 Fig), indicating a mitohormetic

response. Supporting that ROS are driving the mitohormetic response, NAC showed rescue of

the FLT induced decrease in fitness after 48h (Table 5). NAC alone did not change thrashing

rates (S1 Table). The increase in average lifespan caused by FLT exposure from the larval L4

stage was also mitigated upon co-administration of NAC (Table 6), suggesting that FLT

induced ROS production is necessary for lifespan extension.

Table 3. NRTIs reduced the number of thrashes per worm per minute. NRTI concentration = 200μM. Statistics were calculated by a two way ANOVA

with Dunnett’s multiple comparisons test, compared to the control of that same time point, of 10 worms per treatment condition over�3 independent trials. * =

P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not significant.

Control AZT d4T FLT 100μM PQ

24h 134.7 (±13.8) 113.9 (±21.7) *** 118.6 (±14.6) *** 119.5 (±13.9) *** 122.5 (±16.2)**

48h 125.9 (±15.0) 106.9 (±18.3) *** 123.7 (±17.9) n.s. 103.7 (±15.5) *** 109.5 (±11.6)***

72h 111.8 (±13.1) 95.6 (±11.5) *** 109.3 (±12.1) n.s. 89.2 (±108.1) *** 119.6 (±11.8)*

https://doi.org/10.1371/journal.pone.0187424.t003

Table 4. NRTIs reduced nematode body length. Relative body length was measured after 48hrs NRTI

exposure of L1 and 96h exposure of L4 animals (30 worms in�2 individual experiments). NRTI

concentration = 200μM. Statistics were calculated with a two-way ANOVA with replication, compared to con-

trols. *** = P<0.001.

Control AZT d4T FLT

L1 100 (±13) 87 (±13) *** 92 (±9) *** 106 (±12) ***

L4 100 (±11) 95 (±16) *** 93 (±16) *** 95 (±11) ***

https://doi.org/10.1371/journal.pone.0187424.t004

Table 5. Anti-oxidant NAC 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

concentration = 100μM. Statistics were calculated with a two way ANOVA with Turkey’s multiple comparisons

test from 10 worms per treatment condition over�3 independent trials. FLT compared to control of that same

time point. FLT + NAC compared to FLT of that same time point. * = P<0.05, ** = P<0.01, *** = P<0.001, n.

s. = not significant.

Control FLT FLT + NAC

24h 129.4 (±13.7) 119.5 (±13.9) *** 119.7 (±16.4) n.s.

48h 119.5 (±17) 103.7 (±15.5) *** 121 (±9.2) ***

72h 107.7 (±16.3) 89.2 (±108.1) *** 108.2 (±17.3) ***

https://doi.org/10.1371/journal.pone.0187424.t005
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Thymidine analogues induce longevity signalling pathways

NRTI induced MRC inhibition and increased ROS production likely lead to mitohormetic

responses that cause lifespan extension similar to the modes of action shown to cause pro-

longed longevity in C. elegans mitochondrial (mit) mutants [38,39]. It has been suggested that

mit mutants, which have a dysfunctional MRC, acquire their longevity via an increased pro-

duction of ROS as a substantial amount of genes are similarly regulated in both mit mutants

and nematodes exposed to a low dose of paraquat [38]. Besides increased mitochondrial ROS

levels and an increase in lifespan, most mit mutants show a decrease in fitness and body length

[39] similar to nematodes exposed to NRTIs. To attest this hypothesis we performed transcrip-

tome analysis using RNAseq and mapped thymidine analogue differentially expressed genes

(DEGs) to pathways which have previously been proposed to be responsible for the lifespan

extension seen in mit mutants.

The extended lifespan of clk-1 (ubiquinone production) and isp-1 (complex III) mutants

has been proposed to depend on the hypoxia-inducible transcription factor HIF-1, which is

activated by a mild increase in ROS [40]. In this way, HIF-1 links respiratory stress in the mito-

chondria to a nuclear transcriptional response that promotes longevity [41]. d4T expression

profiles had significant overlap with HIF-1 regulated genes at both 24h and 72h (Tables 7 & 8).

The C. elegans p53 homolog, CEP-1, is also known to modulate longevity in mit mutants [39].

All thymidine analogues at 24h and 72h induce CEP-1 regulated genes (Tables 7 & 8). This

considerable overlap may suggest that CEP-1 longevity signals regulate the life span extension

seen in nematodes exposed to thymidine analogues.

Oxidative stress responses are frequently governed by the redox sensitive transcription fac-

tor SKN-1. SKN-1 also acts in multiple longevity pathways [39,42,43]. At 24h, all NRTIs

showed expression profiles that overlap with SKN-1 up-regulated genes, suggesting a role for

ROS in the longevity response (Table 7). At 72h the overlap remained for AZT, but was absent

for d4T. FLT at 72h showed a small yet significant overlap with SKN-1 down-regulated genes

(Table 8). Taken together, our observations suggest that NRTI induced MRC inhibition and

Table 6. NAC can mitigate the average lifespan increase caused by FLT. All animals are N2 exposed from L4 at 20˚C. Statistics were conducted com-

pared to the DMSO control. FLT concentration = 200μM, NAC concentration = 100μM.

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

https://doi.org/10.1371/journal.pone.0187424.t006

Table 7. Overlap of thymidine analogue induced DEGs with genes known to be regulated by HIF-1, CEP-1 and SKN-1 after 24h exposure. The

expression direction (Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 24h, are compared to respectively Up or Down regulated

genes from the different conditions taken from [44–46]. The numbers of genes that overlap per condition at each time point are given with their representative

percentage of thymidine analogue regulated genes between brackets. Over-represented P-value: * = P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not signifi-

cant. n.a. = not applicable.

24h

AZT d4T FLT

Condition Expression direction Down Up Down Up Down Up

HIF-1 n.a. 2 (0.3%) 1 (0.2%) 3 (0.1%) 20 (0.6%) *** 4 (0.3%) 5 (0.7%)

CEP-1 Down 130 (16.7%) ** 28 (6.6%) 415 (17.1%) *** 112 (3.5%) 225 (18.8%) *** 28 (3.8%)

Up 5 (0.6%) 69 (16.3%) *** 59 (2.4%) 616 (19.4%) *** 26 (2.2%) 229 (30.7%) ***

SKN-1 (ALL) Down 1 (0.1%) 2 (0.5%) 9 (0.4%) 16 (0.5%) 4 (0.3%) 5 (0.7%)

Up 5 (0.6%) 18 (4.2%) *** 21 (0.9%) 71 (2.2%) *** 5 (0.4%) 31 (4.2%) ***

https://doi.org/10.1371/journal.pone.0187424.t007
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increased ROS production in C. elegans lead to mitohormetic responses that signal lifespan

extension.

Discussion

In this study we show that exposure of C. elegans to NRTIs can rapidly change mtDNA copy

number, decrease ATP levels and increase the production of ROS, all within a time frame too

short for the causality of events as proposed in the polymerase-γ theory to take place. The abil-

ity of paraquat or H2O2 to induce similar effects in both mtDNA copy numbers and MRC

inhibition, suggests that increased ROS production is leading in these changes. Supporting

this, the antioxidant NAC attenuated the short-term decrease in mtDNA copy number and

ATP levels caused by FLT. Furthermore we show that the FLT induced reduction in fitness

and increase in lifespan can be attenuated by NAC, suggesting that oxidative stress is an

important driver behind NRTI induced adverse events. Signalling pathways governed by CEP-

1 and HIF-1 are likely induced upon MRC perturbation and SKN-1 likely responds to the

upsurge in ROS, collectively leading to mitohormetic events (Fig 4).

NRTIs induce immediate mitochondrial toxicity

NRTI induced mitochondrial toxicity is commonly discussed in the context of chronic expo-

sure. We discovered that NRTIs cause rapid and unexpected changes in mtDNA copy num-

bers. The prompt rise in mtDNA copy number induced by AZT was particularly surprising

and may be caused by complex I inhibition [31–33]. This is supported by the discovery that

inhibition of complex I by rotenone significantly increased mtDNA levels [47]. The d4T

induced rise in mtDNA copy number may also be caused by inhibition of complex I, which

has been observed after chronic exposure [31]. MtDNA copy number fluctuations may occur

due to the NRTI induced increase in ROS production as mild oxidative stress is known to

prompt mitochondrial biogenesis [48].

The sharp decrease in mtDNA copy number upon exposure to paraquat and the partial res-

cue of FLT decreased mtDNA copy number upon supplementation with NAC suggest, how-

ever, that ROS production can also restrain mtDNA replication. Polymerase-γ activity can be

reduced due to oxidative damage [16]. Taken together, we conclude that the rapid fluctuations

in mtDNA copy number upon exposure to NRTIs are strongly affected by the generation of

ROS. However, the findings that NAC supplementation does not completely rescue the FLT-

induced mtDNA copy number decline suggests that there are other mechanisms at play. For

instance, NRTI metabolism and pharmacokinetics likely interfere with normal nucleoside

Table 8. Overlap of thymidine analogue induced DEGs with genes known to be regulated by HIF-1, CEP-1 and SKN-1 after 72h exposure. The

expression direction (Up or Down) of thymidine analogue DEGs, with an adjusted P-value <0.01, at 72h, are compared to respectively Up or Down regulated

genes from the different conditions taken from [44–46]. The numbers of genes that overlap per condition at each time point are given with their representative

percentage of thymidine analogue regulated genes between brackets. Over-represented P-value: * = P<0.05, ** = P<0.01, *** = P<0.001, n.s. = not signifi-

cant. n.a. = not applicable.

72h

AZT d4T FLT

Condition Expression direction Down Up Down Up Down Up

HIF-1 n.a. 5 (0.2%) 12 (0.3%) 4 (1.2%) * 2 (0.5%) 2 (0.4%) 5 (0.9%) *

CEP-1 Down 618 (20.4%) *** 116 (3.4%) 41 (12.1%) 10 (2.3%) 97 (20.3%) *** 16 (2.7%)

Up 50 (1.7%) 604 (17.6%) *** 25 (7.4%) 72 (16.6) *** 20 (4.2%) 74 (12.7%) *

SKN-1 (ALL) Down 11 (0.4%) 9 (0.3%) 3 (0.9%) 1 (0.2%) 5 (1%) * 3 (0.5%)

Up 13 (0.4%) 86 (2.5%) *** 7 (2.1%) 8 (1.8%) 11 (2.3%) 7 (1.2%)

https://doi.org/10.1371/journal.pone.0187424.t008
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Fig 4. Schematic representation of short-term NRTI induced events which lead to 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 culminating in increased lifespan (red dashed arrow). Based on our results, likely signalling pathway include CEP-

1, SKN-1 and HIF-1. NRTI induced ROS also prompts gst-4 expression. Black solid arrows indicate results from this study. Grey

dashed arrows indicate hypothetical pathways.

https://doi.org/10.1371/journal.pone.0187424.g004
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homeostasis and function [12], and NRTIs can also directly inhibit mitochondrial enzymes

besides polymerase-γ [13] (for a comprehensive review see [4]).

Rapid NRTI induced inhibition of MRC function

ROS can be generated via MRC inhibition [49]. NRTIs, in particular AZT, have been suggested

to directly inhibit the mitochondrial respiratory chain [33,50]. Inhibition of complex I by AZT

has been proposed to increase NADH derived electrons which are consequently diverted from

the MRC to alternate electron acceptors such as oxygen, thus stimulating free radical genera-

tion [31,32]. ddC has been shown to directly inhibit complex I through phosphorylation of

complex I at Q-module subunits [32]. It is therefore expected that AZT and ddC cause direct

MRC dysfunction and consequently increase ROS production.

ROS are also known to rapidly inhibit MRC complexes and decrease ATP levels [51,52].

We suggest, however, that FLTs reduction in MRC function is probably first caused by direct

MRC inhibition as NAC supplementation did not unequivocally rescue the diminished ATP

levels. This may indeed be the case for all NRTIs, as it is unclear how they can so quickly cause

ROS production without first inhibiting the MRC. Moreover, our observations that NAC read-

ily rescues the decreased ATP levels caused by paraquat, which is not known to directly inhibit

MRC complex function at the concentrations used in this study supports this proposed chro-

nology of events [53,54].

Paraquat is known to generate ROS in the mitochondrial matrix at the site of complex I

[53]. The inhibition of the MRC by NRTIs probably also results in generation of ROS within

the mitochondrial matrix [55] as we previously showed that all NRTIs reduced quinone redox

status [25]. On the basis of structural features alone, NRTIs likely effectively compete with the

nicotinamide adenine dinucleotide (NAD) recognition site of complex I [31]. Complex I has

many suspected nucleotide binding sites [32], 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 intol-

erance, also supports this. Moreover, mutations in the complex I NADH binding sites are

known to increase ROS production [56].

ROS likely also induce a decline in ATP levels through inhibition of the adenine nucleotide

translocase which has been observed to be the protein in mitochondrial membranes most sen-

sitive to oxidative damage and consequent decline in activity [52]. Superoxide has also been

found to rapidly decrease ATP levels by reducing mitochondrial membrane potential (ΔCmt)

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 pro-

duction [57]. We therefore propose that NRTIs directly inhibit the MRC and cause an initial

rise in ROS which rapidly inhibits MRC function further. More research is, however, necessary

to unravel the sites where NRTIs might inhibit MRC complexes.

NRTIs induce a mitohormetic lifespan extension in C. elegans

A retarded development and reduced body length in C. elegans is often related to an increase

in lifespan. C. elegans long-lived mit mutants, for instance, display a spectrum of phenotypes

that are typically unified by reduced rates of development, ageing and behaviour [39], similar

to the phenotypes witnessed here with NRTIs. In line with this, disruption of almost any sub-

unit of the MRC, regulators of its assembly, and its co-factors, can lead to lifespan extension in

C. elegans [58]. Low doses of mitochondrial toxins, such as rotenone for instance, are known

to increase longevity [39]. Interestingly, impaired respiration as seen in mit mutants was
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associated with an increase in mtDNA copy numbers, similar to our observations for NRTIs

(Fig 1A). We propose that in C. elegans, NRTI induced MRC inhibition and ROS production

prompt mitohormetic signalling pathways similar to those seen in long-lived mit mutants. It

has been suggested that C. elegans mit mutants acquire their longevity via an increased produc-

tion of ROS as a substantial amount of genes are similarly regulated in both mit mutants and

nematodes exposed to a low dose of paraquat [38]. GST-4 has been shown to be directly

involved in resistance to oxidative stress [26] and increased gst-4 expression has been found in

mit mutants as part of the ROS induced ‘retrograde response’ [59]. In agreement, our observed

up-regulation of gst-4 suggests that a defence response is induced by ROS upon exposure to

NRTIs. Additionally, we show that pre-exposure to NRTIs protects animals from paraquat

stress and extends lifespan; both consequences of mitohormesis. Finally, the extended lifespan

of clk-1 and isp-1 mutants, and RNAi knock-down of many MRC components, depends on

CEP-1, HIF-1 and SKN-1 [40,58], which showed significant overlap with DEGs induced by

NRTI exposure.

One protective strategy to limit mitochondrial oxidative damage and consequent cellular

injury is the use of antioxidants [60,61]. Indeed, this strategy has been tested both in vitro
[62,63] and in vivo [62,64,65] as a means to protect mitochondrial function, alleviate HAART

or HIV-1 induced adverse events, and boost the patient’s immune system [65–70]. NAC has

even been supported in becoming a standard complementary treatment to antiretroviral ther-

apy [71]. The inability of NAC to completely rescue FLT reduced fitness and mtDNA deple-

tion shows that besides MRC dysfunction and ROS production, NRTI induced mtDNA

replication stalling by polymerase-γ inhibition may also influence the observed changes in life-

history traits. This is especially the case for FLT that showed severely decreased mtDNA copy

number. This effect, however, is probably small for the other NRTIs as a 55% reduction in

mtDNA copy number in C. elegans has recently been shown to have limited influence on life

history traits [72].

Drug concentrations and exposure

We selected a NRTI concentration range of 100–200μM on the basis of their ability to cause

robust effects on mitochondrial function in C. elegans [25]. In HIV-1 patients, the plasma con-

centration of the antiretroviral drugs used in this study is generally between 4–16μmol/L [73].

However, plasma concentrations of 50μM have been observed for AZT in the clinic [32]. In
vitro experiments commonly use concentrations between 10–200μM [11,74,75]. Drugs can be

exposed to nematodes on solid media, by either mixing them in with the bacterial lawn or add-

ing them directly to the agar plates [76,77]. We found both methods to be effective, yet pre-

ferred 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 inges-

tion 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 pharmacolo-

gicals that do penetrate the cuticle often fail to accumulate to effective concentrations within

tissues which may explain the rapid adaptation of the GST-4 expression in C. elegans [78]. It is

therefore not uncommon for polar drugs to be applied to C. elegans in a concentration 1000

fold higher than their predicted affinity for the target [79]. More research is however needed as

although the drug concentrations used in this study have been chosen with care, their ability to

cause similar effects in patients needs to be verified. Of particular interest is that NRTI-

induced adverse events are known to be dependent on the NRTIs phosphorylation state

[80,81]. The detection of NRTI-TPs, however, in patients is difficult and has limited
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pharmacological research into the pharmacokinetics of NRTIs [82]. 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.

Conclusions

Taken together, this study shows that ROS production in the initial stages of NRTI treatment

may strongly influence the progression of disease and that palliative measures to reduce ROS

early on may prove effective in reducing the occurrence NRTI adverse events. During chronic

exposure to NRTIs, the increased production of ROS together with the sustained inhibition of

polymerase-γ may tip the balance in the favour of mitochondrial toxicity, predisposing the

patient to the onset of adverse events. It is therefore perhaps not surprising that there is a high

occurrence of ROS related inflammation and metabolic syndromes amongst the HIV-1

infected being treated with NRTIs [17].

Materials & methods

Nematode culture and drug exposure

Nematodes were cultured on NGM plates and fed OP50 Escherichia coli lawn at 20˚C unless

mentioned otherwise. The N2 Bristol (wild type) and MJCU017 strains were provided by the

Caenorhabditis Genetics Center (CGC) and PE255 animals were a generous gift from C.

Lagido. Gst-4 expression measurements were performed using ‘JMET69’ (Is[gst-4(1491 bp)::

gfp;unc119(+)];Is[unc-54pro::mCherry;unc119(+)]), which was generated using MJCU017

[83].

Antiretroviral drugs (Sigma-Aldrich Co.) were dissolved in dimethyl sulfoxide (DMSO)

(AZT, FLT, d4T & ddI = 300mM; ddC = 100mM). Antioxidant (Sigma-Aldrich Co.) N-acetyl-

cysteine (NAC) was dissolved to a stock solution of 500mM in ddH2O.

RNA extraction, library construction and sequencing

In biological triplicates, synchronized L1 larvae were placed on NGM plates with an OP50 bac-

terial lawn until L4, and transferred to plates containing the drug of interest for 24 or 72 hours.

A final concentration of 100μM was added to the NGM media before pouring. Besides unex-

posed nematodes, a representative DMSO concentration (0,033%) was used as a control. Bac-

teria and eggs were removed from the culture using a 31μM pore mesh before immediately

freezing the samples at -80˚C until RNA extraction. 72 hour cultures were moved to fresh

plates every day after meshing. 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.

RNAseq 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 qual-

ity. The sequence reads were trimmed using Trimmomatic v0.32 [84]. The trimmed reads

were aligned against the C. elegans genome (Ensembl, WBcel235.75) using TopHat (v2.0.8)

[85]/Bowtie (v2.1.0) [86]. HTseq [87] was used to quantify gene expression. Statistical analysis
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was performed in R/Bioconductor, and the DESeq package [88] was applied for differential

gene expression analysis.

Paraquat stress assays

Paraquat sensitivity was tested as described previously [89,90]. 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 20˚C, at which time the number of sur-

viving worms was calculated. Paraquat sensitivity from L4 animals was tested by exposing syn-

chronized animals to NRTIs from the L1 larval stage until L4. These were then transferred to

NGM plates containing 4mM paraquat, kept at 20˚C and the number of surviving worms was

counted approximately every other day. Results were combined from at least two independent

experiments.

ROS measurements

GFP expression, driven by the gst-4 promoter, was measured after 24h culture of L4 JMET69

animals in the presence of NRTIs. Short-term experiments (6h) were performed on therapy

naïve animals. Synchronized worms were cultured at 25˚C to L4, transferred to FUdR plates

until day 1 of adulthood and washed from the plates with M9 buffer and filtered over a SEFAR

NITEX1 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 nor-

malized 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.

ATP measurements

ATP luminescence measurements were adapted from [91]. All measurements were performed

in CPB (pH 6.5) with a final volume of 100μL. 10μL of a 10x concentrated drug solution (in

DMSO) 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. NAC was dis-

solved in MiliQ. 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. For the NRTIs, the final

concentration of DMSO was 0.33% (all final concentrations, in CPB). Luminescence was mea-

sured continuously during 2 minutes. The average of green fluorescent protein (GFP) expres-

sion 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 ana-

lysed with a two-way ANOVA with replication with a significance value of p� 0,05. The

mean ± standard error is reported.

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,
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which were used for normalisation. Oxygen consumption was measured in at least 5 replicates.

Data was analysed using Wave 2.2.0 (Seahorse Bioscience).

Lifespan assays

Lifespan scoring was conducted at 20˚C. ~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 [92].

Thrashing assay

A single worm was placed in a drop of M9 buffer on a clean glass slide and allowed to acclima-

tize for 30 seconds. The frequency of sigmoidal body bends was counted during 30 seconds as

described previously [93]. Thrashes were averaged from 10 worms per treatment condition

over three independent trials.

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 Insti-

tutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2012). Measure-

ments were performed upon at least 30 worms from three independent experiments.

mtDNA copy number quantitative real time PCR

Quantitative real time PCR was performed as described by de Boer [25]. In short, synchro-

nized 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 per-

formed using the Taqman1 universal cycling conditions with amplified products being

detected using a Taqman1 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.

Supporting information

S1 Fig. NAC decreased mtDNA replication associated with development. NAC reduced the

normal mtDNA copy number increase during 1h exposure. 100μM NAC decrease mtDNA
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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.

(TIF)

S2 Fig. Sodium azide and potassium cyanide reduced ATP production. Complex IV inhibi-

tors, sodium azide (NaN3) and potassium cyanide (KCn), reduced ATP production. 1mM

NaN3 and 50mM KCn reduced in vivo ATP levels measured after 2 minutes of exposure.

Statistics were calculated with a two-way ANOVA with replication, compared to the control.
� = P<0.05, ��� = P<0.001.

(TIF)

S3 Fig. H2O2 and paraquat do not influence OCR. Immediate OCR rates after injection of

H2O2 and paraquat (PQ) do not change. The lack of these pro-oxidants to have an immediate

effect on OCR supports the observations that they do not directly inhibit MRC complex func-

tion at the concentrations used in this study [53,54].

(TIF)

S4 Fig. NAC does not alter ATP levels. ATP levels did not change upon exposure to 500μM

NAC. In vivo ATP levels measured after 2 minutes of exposure.

(TIF)

S5 Fig. AZT portrays a biphasic dose response in C. elegans. In accordance with mitohor-

metic events triggered by inhibited MRC function and an increase in ROS, 200μM AZT caused

significant lifespan extension in C. elegans. An increase in AZT concentration above 200μM

steadily decreased life span in L4 animals, indicating that NRTIs cause a biphasic dose

response, reconfirming hormesis [94]. 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 20˚C. 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 signifi-

cant.

(TIF)

S6 Fig. NRTIs likely did not cause lifespan extension through caloric restriction. In C. ele-
gans, 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 [95]. Although pharyngeal pumping is not a direct measure of feeding

we tested 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 lar-

val stage and counted pharyngeal pumping rates at 2, 6, and 24h. No significant change in

pumping rate was seen at time points 2, 6, and 24h. Taken together, these results suggest that

the observed extension in lifespan is likely not caused by caloric restriction. A: 2h exposure, B:

6h exposure, and C: 24h exposure to NRTIs does not alter pharyngeal pumping rates per min-

ute (ppm) per worm. NRTI concentration = 200μM. 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
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room temperature (approximately 22˚C) on NGM agar with confluent lawns of OP50 bacte-

ria.

(TIF)

S7 Fig. NRTIs pre-exposure protected against subsequent paraquat exposure. 4mM para-

quat (PQ) survival assay of NRTI exposed animals. Statistics were calculated by two sided stu-

dent’s t-test assuming unequal variance, compared to the control of that same time point (72h

of PQ exposure).

(TIF)

S1 Table. Supplementation of NAC does not affect movement. The number of sigmoidal

body bends per worm per minute can be used as a proxy for fitness. Anti-oxidant

concentration = 100μM. Statistics were calculated by two sided student’s t-test assuming

unequal variance compared to control of that same time point. n.s. = not significant.
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