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ABSTRACT 

Reactive oxygen species (ROS) are a natural byproduct of metabolism with roles in cell 

signaling and homeostasis but also generate oxidative stress. Past research demonstrates that 

ROS are a major factor in pathological conditions and the aging process in Caenorhabditis 

elegans and other organisms. Additionally, transcription factor gene daf-16 from the insulin/IGF-

1 signaling (IIS) pathway is thought to help manage oxidative stress to mitigate such 

consequences, which may be partly due to endogenous antioxidant genes downstream of it. 

Furthermore, exogenous antioxidant drugs such as N-acetylcysteine (NAC) have been found to 

extend mean and maximum survival time in C. elegans under a variety of conditions, including 

exposure to oxidative stress, high heat, and UV radiation. However, their effects on starvation 

resistance have not yet been examined. To uncover how the IIS pathway interacts with ROS and 

antioxidants in C. elegans, we performed assays for two measures of starvation resistance: 

starvation survival and growth rate following starvation, which enabled us to investigate how the 

presence and absence of ROS impacted the starvation recovery process. We demonstrated that 

NAC can significantly increase and decrease survival in wild-type worms in a dose-dependent 

manner. Additionally, NAC also increased worm length, a metric of their growth rate. In 

contrast, daf-16 mutants exposed to NAC had decreased size and survival. Moreover, mutating 

endogenous antioxidant genes downstream of daf-16 did not cause a significant decrease in 

worm survival. These complex interactions between IIS and NAC suggest that genotype may 

position worms at different baselines on a hormesis curve for antioxidants and consequently alter 

their sensitivity to ROS quenching. 
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INTRODUCTION 

There are currently multiple biological theories of aging that attribute senescence to a 

variety of different mechanisms. One earlier proposal known as the free radical theory proposes 

that superoxide and other free radicals known as reactive oxygen species (ROS) damage the 

macromolecular components of the cell, resulting in accumulated damage and gradual 

dysfunction (Gerschman et al. 1954; Harman 1956). Figure 1 provides a summary of two 

simplified predictions under this theory of aging, one that associates decreased ROS with 

increased lifespan and the other vice versa. These reactions are influenced by both genetic and 

environmental factors (Harman 1981). Consequently, the basal aging rate of an organism is 

thought to be dependent on the baseline damage accumulation rate for these macromolecules, 

which are critical for biological function (Pun et al. 2009).  

 

Figure 1: Summary of predictions under the free radical theory of aging, which postulates that ROS is a major 

component that causes aging in biological organisms. Image from Van Raamsdonk & Hekimi (2010).  
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Recent findings suggest that ROS signaling may be one of the most crucial pathways 

responsible for cell senescence and organismal aging, particularly when ROS are overproduced 

(Afanas’ev. 2010). ROS refers to a variety of reactive molecules and free radicals that are 

derived from molecular oxygen (Held 2015). They are a natural byproduct of metabolism during 

aerobic respiration that have important roles in cell signaling and homeostasis, including 

apoptosis, gene expression, and activating cell signaling cascades (Hancock et al. 2001). 

Additionally, ROS have been demonstrated to arise from a variety of stressors, including high 

temperatures (Fedyaeva et al. 2014), UV irradiation (de Jager et al. 2017), and nutrient 

deprivation (Wu et al. 2013; Roux et al. 2016). Excess accumulation of ROS has been found to 

cause oxidative stress, cellular damage, and DNA damage (Held 2015). Consequently, they are 

shown to be a major factor in promoting pathological conditions and aging in several organisms, 

including humans, mice, Drosophila, and various other invertebrate models (Van Raamsdonk & 

Hekimi 2010; Yang & Hekimi 2010). On the other hand, other experimental results have 

demonstrated an expansion of lifespan accompanying oxidative stress as well in several 

organisms, suggesting that they play a role in pro-survival signaling as well (Afanas’ev, 2010). 

Both the signaling and toxic properties of ROS have particularly significant implications in the 

aging process for nematode Caenorhabditis elegans (Desjardins et al. 2017).  

C. elegans offers a particularly robust model system to study oxidative stress and aging in 

conjunction with metabolism because of its stereotyped, rapid development and its sensitivity to 

environmental stress that leads to plastic responses. Postembryonic development in these worms 

is dictated by nutrient availability, and they are able to modify their physiology in response to 

nutrient deficiency to undergo developmental arrest at multiple stages, including dauer diapause 

(Riddle et al., 1981) and adult reproductive diapause (Angelo & Van Gilst, 2009). Of particular 
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interest is their ability to undergo L1 diapause, or L1 arrest, which occurs when first stage larvae 

hatch in the absence of food (Fig. 2).  

 

Figure 2: C. elegans are capable of undergoing developmental arrest at multiple stages of larval growth, including 

L1 arrest, which can be induced by stresses such as nutrient deprivation and reversed in more favorable conditions. 

Image from Baugh (2013). 

During L1 arrest, worms become significantly more stress resistant without undergoing a 

morphological change (Baugh 2013), unlike dauers, which form as an L3 alternative when L2s 

are subject to crowding, limited nutrition, and heat stress (Hu 2007). Once worms are allowed to 

recover on food, they resume development and ultimately retain normal adult lifespans, even 

after several days of L1 arrest (Johnson et al. 1984). One of the stresses for which L1 arrest 

confers increased resistance to is oxidative stress (Weinkove et al. 2006). L1 arrest in particular 

provides an opportunity to isolate how nutritional control governs development and consequently 

aging from various confounding environmental factors that may emerge during dauer formation 

(Baugh 2013). 

How exactly ROS affects aging in C. elegans is currently contested. For example, 

Hartman et al. (2001) found that mev-1 mutations that affect Complex II in the electron transport 
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chain in mitochondrial respiration decrease their lifespan relative to wild-type. Correspondingly, 

Ishii et al. (1990) also found that mev-1 was hypersensitive to the oxidizing effects of paraquat, 

had half of the wild-type level of superoxide dismutase (SOD) – an endogenous antioxidant 

enzyme – activity, and consequently had both smaller brood sizes in addition to shorter average 

life spans than wild-type worms. On the other hand, beneficial effects on lifespan have been 

found in organisms with antioxidant gene sod-2 knocked out while knockouts of sod-1, sod-3, 

sod-4, and sod-5 did not significantly decrease lifespan compared to wild-type (Raamsdonk & 

Hekimi 2010). This contradicts the classic free radical theory of aging that attribute increased 

levels of ROS with aging. Intriguingly, this study also determined that quintuple mutant sod-

12345 did not significantly decrease lifespan either. However, when exposing these sod mutants 

to varying concentrations of paraquat, they exhibited a dose-dependent decrease in lifespan, 

similar to that of mev-1 mutants demonstrated in other studies. Additionally, studies by Yang & 

Hekimi (2010) and Sasakura et al. (2017) have demonstrated that heightened levels of 

mitochondrial superoxide in wild-type can trigger pro-survival signals that lead to increased 

longevity, suggesting that baseline levels of sensitivity to ROS presence may be genotype 

dependent even when there appear to be no effects on lifespan in their absence.  

Regardless of these ambiguous results concerning the exact effects of ROS and oxidative 

stress on aging, antioxidants have frequently been proposed as a promising method of 

ameliorating age-dependent increases in morbidity and mortality by reducing oxidative damage 

(Pun et al. 2009). However, there have also been contradictory results regarding whether 

antioxidants extend lifespan, mirroring those that examine ROS effects (Pun et al. 2009). For 

example, Raamsdonk & Hekimi (2010) found that adding antioxidant Vitamin C to quintuple 

mutant sod-12345 increased the lifespan of C. elegans by 15-20% but had little or no impact on 
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wild-type worms. Based on their work on sod mutants and how their lifespans increase or 

decrease with antioxidants or pro-oxidants, they theorized that these findings point to a delicate 

balancing act between pro-survival signaling by ROS and ROS toxicity, suggesting the following 

model to demonstrate this phenomenon (Fig. 3).  

 

Figure 3: Superoxide is proposed to have two opposing effects on lifespan: pro-survival signaling and toxicity, 

which are dose-dependent. Image from Raamsdonk & Hekimi (2012). 

Even in cases when antioxidants are found to extend lifespan, it is unclear whether the 

mechanism involves quenching ROS and reducing oxidative stress or by some other biological 

processes that promote longevity. For example, Harrington and Harley (1988) demonstrated that 

Vitamin E extends lifespan in C. elegans, but they attribute this effect to a decrease in fecundity 

and developmental delay. Additionally, multiple studies in humans found that in vitro 

antioxidants failed to reduce markers of oxidative damage in vivo, suggesting a lack of ability to 

provide protection beyond the preexisting antioxidant defense systems (Kelly et al., 2008; 

Halliwell & Gutteridge, 2007). 
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 Given these mixed results, it is crucial to consider the biological contexts in which ROS 

and antioxidants operate to better understand the role of oxidative stress in conferring longevity. 

One of these contexts is the insulin/insulin-like growth factor (IGF-1) receptor signaling (IIS) 

pathway, which is shown to be tightly conserved throughout evolution for its role in organismal 

aging and longevity while also participating in extensive crosstalk with ROS. (Papaconstantinou 

2009). The IIS pathway is known to mediate a variety of key processes in C. elegans beyond 

aging as well (Fig. 4), including stress resistance (Baugh & Sternberg 2006), tumor suppression 

(Liu et al. 2014), metabolism (Hibshman et al. 2017), reproduction (Tissenbaum & Ruvkun 

1998), and growth (Murphy & Hu 2005). In particular, the nuclear localization and subsequent 

activation of FOXO transcription factor DAF-16 in IIS has been shown to be induced by several 

different stresses to promote stress resistance in the organism (Senchuk et al. 2018). During 

starvation, daf-16 mutants experience much more rapid deterioration than wildtype organisms 

(Baugh & Sternberg 2006). Conversely, mutating daf-2, which directly represses daf-16 when 

IGF-1 signaling is active, significantly extends the lifespan of worms because daf-16 becomes 

constitutively active (Rudner et al. 1993). 
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Figure 4: Target genes of transcription factor DAF-16 are responsible for many functions, one of which is thought to 

be conferring stress resistance and longevity. Image from Brunet (2007). 

It has been shown that in conditions of starvation, daf-16 is necessary to confer resistance 

to oxidative stress (Weinkove et al. 2006) by regulating antioxidant genes in addition to energy 

metabolism to mitigate the damage induced by oxidative stress (Fig. 5) (Yanase et al. 2002), 

implicating the IIS pathway in the regulation of oxidative stress (Zhou et al. 2011).  
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Figure 5: Transcription factor DAF-16 activates a variety of proteins that are thought to promote longevity, 

including various antioxidant enzymes. Image from Gems & McElwee (2003). 

These antioxidant proteins are located in a multitude of different subcellular compartments, 

including mitochondrial superoxide dismutases, peroxisomes, and extracellular enzymes (Klotz 

et al. 2015). Given the role of daf-16 in managing oxidative stress, daf-16 mutants may die faster 

because they fail to activate downstream antioxidant genes, resulting in excessive ROS that 

generate increased oxidative damage. Additionally, Honda and Honda (1999) found that daf-2 

mutations confer an oxidative stress resistant phenotype to redox cycling compounds such as 

paraquat or menadione in addition to potentially upregulating sod-3 mRNA, both of which were 

lost when daf-16 was mutated. This further reinforces the importance of examining how the IIS 

pathway modulates oxidative stress to confer potential benefits for organisms. On the other hand, 

this interaction between IIS and oxidative stress is not merely one-sided – ROS, like many other 

sources of stress, may modulate DAF-16 activity at multiple levels, including posttranslational 
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modifications, altering subcellular localization, and influencing protein synthesis and stability 

(Fig. 6) (Klotz et al. 2015).  

 

Figure 6: ROS modulate IIS activity at multiple points in the pathway, which consequently alters regulation of 

metabolism and antioxidant defense downstream of FoxO/DAF-16. Image from Klotz et al. (2015).  

Overall, many studies have focused on the role of antioxidants in aging and lifespan as 

well as how the IIS pathway plays a role in regulating oxidative stress. However, there is 

currently little research that examines the consequences of antioxidants, ROS, and oxidative 

stress on starvation resistance, the latter of which has been well-studied in C. elegans in the 

context of developmental arrest. Our objective was to examine how adding exogenous 

antioxidants and removing endogenous antioxidant enzymes would interact with nutrient-

deficient conditions to confer or reduce starvation resistance for worms, respectively. The chosen 

antioxidant for our experiments was N-Acetylcysteine (NAC), a sulfur-containing amino acid 

derivative that increases resistance to oxidative stress as by serving as a precursor for the 

biosynthesis of glutathione, an endogenous antioxidant enzyme (Oh et al 2015). A few studies in 

C. elegans have found that NAC appears to offer protective effects against environmental 

stressors such as heat stress, UV irradiation, and oxidative stress to extend worm lifespan, 

increase the number of progeny produced, and extend their period of gravidity (Savion et al., 

2018; Oh et al. 2015). Additionally, Yang and Hekimi (2010) note that NAC treatment becomes 
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toxic above 10 mM. A potential limitation in using NAC is that by serving as a source of 

cysteine, the antioxidant might affect acid base processes and sulfur metabolism in addition to 

the desired redox processes, which could influence starvation resistance (Desjardins et al. 2017). 

The mutants we utilized were the short-lived daf-16 and long-lived daf-2 mutants 

described previously, as well as four antioxidant mutants thought to be downstream of daf-16: 

sod-3, sod-1, gpx-6, and C35B1.5. sod-3 and sod-1 are superoxide dismutases that protect from 

oxidative damage by converting superoxide into hydrogen peroxide and are known to be 

universally present in organisms (Wang et al. 2018). gpx-6 is a glutathione peroxidase that 

reduces lipid hydroperoxides to alcohols and free hydrogen peroxide to water, with a high 

preference for the former process (Sakamoto et al. 2014). It is also involved in the glutathione-

redox cycle, part of an organism’s natural defense against pathogens that can cause oxidative 

damage (Luersen et al. 2013). Lastly, C35B1.5 is an open reading frame (ORF) thought to code a 

hypothetical thioredoxin-disulfide reductase (WormBase), which reduces thioredoxin to form 

reduced disulfide bonds in cells (Amer & Holmgren 2000). It is also implicated in cellular 

oxidant detoxification, redox signaling, and redox homeostasis, although it is not well-

characterized in worms. 

We performed two different assays to assess the interactions between oxidative stress, 

antioxidants, and starvation resistance. The first assay examined starvation survival as a 

phenotype, or how long worms can successfully recover from starvation-induced L1 arrest given 

a variety of different conditions. For the remainder of this paper, we distinguish between 

‘lifespan’ as a general term referring to aging in adults under standard conditions and ‘survival’ 

in reference to stressful conditions. We conducted a total of four different starvation survival 

experiments, for which we manipulated the dose of NAC exposure, temporality of exposure, and 
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genotypic background. Our dose response experiments utilized a wide range of doses from 0.1 

mM to 50 mM on wild-type worms to determine what dosage or dosages would be most 

effective at potentially extending survival time. Given the claim that concentrations of over 10 

mM NAC are toxic in C. elegans, we hypothesized that a dose of 10 mM or less would have the 

most significant survival-extending effect, and doses of over 10 mM would be toxic instead and 

decrease survival instead. 

Utilizing the most effective dose of 1 mM as determined by the aforementioned dose 

response experiments, we performed two follow-up experiments that investigated genotype-

condition interactions and the effects of temporally varying NAC exposure. For the former, 

which we termed the epistasis experiment, we exposed wild-type, long-lived daf-2, and short-

lived daf-16 strains to NAC and compared their survival times to their respective control 

genotypes to determine the degree to which NAC impacted each of them. Additionally, we also 

sought to uncover any dependence NAC may have on genotype for efficacy. We theorized that 

daf-16 mutants would receive the greatest relative increase to starvation survival in the presence 

of antioxidants, which would hypothetically restore some of the functionality lost by the mutant 

in managing oxidative stress. In contrast, we predicted that daf-2 worms would receive the least 

relative increase to survival time in the presence of antioxidants because of the uninhibited 

presence of daf-16 and constitutive activation of downstream antioxidant enzymes. Given the 

known interactions between IIS and ROS signaling demonstrated by the preexisting body of 

literature, we also hypothesized that there would be a significant genotype-condition interaction 

if our predictions regarding NAC’s effects on daf-16 and daf-2 mutants are realized. 

For the latter temporal experiments, we were interested in narrowing down the time at 

which NAC exposure most impacted duration of survival. We therefore exposed some worms to 
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NAC for a designated number of days at the start of starvation survival before washing out the 

antioxidant. For their counterparts, we only added NAC after a certain number of days had 

passed. Therefore, worms in each condition were exposed to NAC for different durations and at 

different points during starvation. Given previous unpublished RNA-seq data demonstrating that 

antioxidant enzymes are upregulated very early during the first few hours of starvation survival, 

we hypothesized that conditions in which NAC exposure occurred during an early window of 

time would demonstrate the most significant survival-extending effects by quenching supposedly 

high levels of ROS.  

The final starvation survival experiment involved the four aforementioned antioxidant 

mutants thought to be downstream of daf-16: sod-3, sod-1, gpx-6, and C35B1.5. Although sod 

mutants are shown in the literature to have a lifespan comparable to wild-type worms (Van 

Raamsdonk & Hekimi 2010), we assumed that the extra condition of persistent starvation over 

time may introduce some differences in results. We therefore hypothesized that the mutants 

would decrease starvation survival because of a reduction in endogenous antioxidant defense 

mechanisms and consequent uptick in harmful ROS presence. 

Lastly, we also conducted growth assays to determine how antioxidant presence would 

affect worm size during starvation recovery. These consisted of the same conditions as the 

epistasis experiment mentioned above: wild-type, daf-16 mutants, and daf-2 mutants with and 

without NAC. Our hypothesis was similar as well, predicting that daf-16 mutants would 

experience the greatest relative increase in growth and daf-2 mutants the least. While the 

starvation survival assays were crucial for examining how interactions between IIS and oxidative 

stress would affect aging, these growth assays served the purpose of investigating another metric 

of starvation resistance. Doing this would provide further insight into how these interconnected 
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processes influence development under nutritional stress more generally. By conducting all of 

these assays, we hoped to gain insight into how starvation resistance as a whole is affected by the 

increased presence or absence of antioxidants, ROS, or oxidative stress. We demonstrate that 

antioxidant NAC confers some level of starvation resistance in wild-type worms in a dose-

dependent manner and that IIS mutants may respond differently due to differences in baseline 

placement on a hormesis curve. These findings have potential implications in thinking about how 

the interaction between metabolism and oxidative stress participate in the emergence of 

metabolic diseases and the process of aging. 

MATERIALS AND METHODS 

Strains 

 A total of eight strains were used in starvation survival experiments: N2 (wild-type), 

CF1038: daf-16 (mu86), CB1370: daf-2 (e1370), GA186: sod-3, GA187: sod-1, FX02535: gpx-6 

(tm2535), and FX05546: C35B1.5 (tm5546). N2, CF1038, CB1370, GA186, and GA187 were 

obtained from the Caenorhabditis Genetics Center (CGC), and the remainder were obtained from 

the Mitani Lab of Tokyo Women’s Medical University. All strains were maintained at 20°C on 

NGM agar plates seeded with OP50 E. coli and were passaged biweekly, with the exception of 

CB1370, which was passaged weekly for its slow growth. 

Bleach and Antioxidant Protocol 

 The following procedure was used to induce L1 starvation in synchronized worms for 

each strain as preparation for each replicate of the assays. Gravid worms were washed off large 

plates (10 cm diameter) using virgin S Basal and pipetted into individual conical tubes per strain. 

Tubes were centrifuged, and excess S Basal was aspirated. Bleach solution was prepared with a 

7:2:1 ratio for deionized water, bleach (sodium hypochlorite), and 5M potassium hydroxide. 3-5 
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mL of bleach solution was added to each tube depending on worm quantity, and tubes were 

vortexed afterwards for 1 minute to dissolve the bodies of the gravid worms while leaving their 

eggs intact. The tubes were centrifuged again, and excess bleach was removed via aspiration. 

Another 3-5 mL of bleach solution was added, and the subsequent steps outlined above repeated. 

Afterwards, each of the tubes were washed with 10 mL of S Basal twice, with centrifuging and 

aspiration interspersing the two rounds. The embryos were consequently suspended in test tubes 

containing 3-5 mL of S Basal, depending on the quantity of eggs, at a density of 1 embryo per 

µL. After suspension, NAC solution was added to tubes of N2 (wild-type), CF1038 (daf-16), and 

e1370 (daf-2) strains designated to have antioxidant exposure. NAC stock solution was made 

from powdered NAC at a concentration of 100 mM and distributed into 500 µL aliquots for each 

replicate, which were consequently frozen and kept at -20°C to slow any oxidation taking place.  

For earlier experiments, we did not take into consideration the natural oxidizing process 

that NAC might undergo, so NAC solution was kept at 4°C in liquid form, and the same stock 

tube was utilized for all replicates. For starvation survival, this applied to 6 out of 14 of the 

replicates for the dose response experiment, 4 out of 8 of the replicates for the epistasis 

experiment, and all of the 4 replicates for the temporal experiment. The remainder of the 

replicates for starvation survival and the entire growth assay series of replicates all utilized more 

stringently stored and fresh NAC. For N2 (wild-type), NAC was added at the following 

concentrations: 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, and 50.0 mM. For CF1038 (daf-16) and 

CB1370 (daf-2), NAC was added only at a concentration of 1.0 mM.  

Starvation Survival Assays 

 24 hours after embryos had been suspended in tubes and arrested as L1s, approximately 

50-100 worms from each strain were plated onto small seeded OP50 plates. 48 hours afterwards, 
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worms that successfully recovered on the food were scored as either dead or alive based on 

perceptions of movement, transparency, and subjective analysis of sickliness. The rate of live 

worms scored to worms initially plated was then calculated. For the majority of starvation 

survival assays, this plating and scoring procedure was completed on day 1 after bleaching, as 

indicated above, and every two to three days afterwards until all worms were determined to be 

dead. For CB1370 (daf-2), this procedure was completed every three to four days because of its 

long-lived nature. A set of partial starvation survival assays undertaken simultaneously with the 

growth assays below were plated and scored in alignment with the days of interest for that assay: 

day 1, day 3, day 8, and day 12. These data were incorporated into the dose response and 

epistasis experiments. 

Dose response experiment  

 This experiment consisted of N2 (wild-type) paired with doses of 0, 0.1, 0.2, 0.5, 1.0, 2.0, 

5.0, 10.0, 20.0, and 50.0 mM NAC. 0 mM was set as the negative control condition. 14 total 

replicates were conducted in total for these experiments.  

IIS-antioxidant interaction (epistasis) experiment 

 Conditions for this experiment consisted of N2 (wild-type), CF1038 (daf-16), and 

CB1370 (daf-2) strains paired with either 1.0 mM NAC or no antioxidant. The NAC-positive 

conditions for each genotype was compared to the NAC-negative conditions for their respective 

controls. 8 total replicates were conducted. 

Temporal experiment 

 For this set of starvation survival assays, there were a total of eight conditions to 

determine at what time during starvation survival and L1 arrest NAC acts to extend survival 

time. For three conditions, 1 mM NAC was either added to solution post-bleaching for one day, 
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three days, or six days, after which the worms underwent a thorough washing process to 

eliminate NAC from their solution. For another three, NAC was added to solution only after one 

day, three days, or six days had passed. The last two conditions of N2 (wild-type) and N2 with 

NAC with no further addition or removal of the antioxidant served as negative and positive 

controls, respectively, for the prior six conditions. In sum, the eight conditions were 

consequently labelled: N2 (wild-type), N2+, 1+/- (NAC for 1 day), 1-/+ (NAC after 1 day), 3+/-, 

3-/+, 6+/-, and 6-/+. 4 total replicates were conducted. 

Antioxidant mutant experiment 

 This last experiment for starvation survival had the following conditions: N2 (wild-type), 

CF1038 (daf-16), GA186 (sod-3), GA187 (sod-1), FX02535 (gpx-6), and FX05546 (C35B1.5). 

N2 (wild-type) served as the negative control, and CF1038 (daf-16) served as the positive 

control. 7 total replicates were conducted. 

Growth Assays 

 24 hours after embryos had been suspended in tubes and arrested as L1s, 750-1000 µL of 

worms in culture were plated onto large seeded OP50 plates. 48 hours afterwards, worms were 

washed into conical tubes using S Basal, centrifuged, and the tubes were aspirated down to 0.5 

mL. Tubes were filled up to 10 mL with S Basal for an additional wash, centrifuged, and 

aspirated. Glass pipettes were used to transfer the worm pallets onto unseeded OP50 plates. After 

the plates dried sufficiently, Zeiss ZEN software was used to take pictures of the worms at 

varying magnitudes based on their size. Only the following conditions were subject to this assay: 

N2 (wild-type) with and without 1.0 mM of NAC; CF1038 (daf-16) with and without 1.0 mM 

NAC; and CB1370 (daf-2) with and without 1.0 mM NAC. This entire procedure was completed 

at day 1 and repeated for days 3, 8, and 12 for N2 (WT) and N2 with 1.0 mM of NAC. For 
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CB1370 (daf-2) +/- NAC, the assay was completed on days 1, 8, and 12. For CF1038 (daf-16) 

+/- NAC, the assay was completed on days 1 and 3. The following is a table that demonstrates 

the combination of conditions and days present in this assay (Table 1). The concurrent partial 

starvation survival assays mentioned previously also ensued on these specified days. 

 Day 1 Day 3 Day 8 Day 12 

N2 x x x x 

N2 + 1.0 x x x x 

CF1038 x x   

CF1038 + 1.0 x x   

e1370 x  x x 

e1370 + 1.0 x  x x 
Table 1: Combinations of conditions and days for growth assay 

After images were collected, they were processed and analyzed via Fiji/ImageJ software. To 

analyze the size of worms and determine their growth during starvation recovery, the WormSizer 

plugin developed by Moore et al. (2013) was used. This assay and the starvation survival assay 

are summarized in Figure 7 below. 
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Figure 7: Summary of methods. Images used in figure adapted from Hibshman et al. (2016) and Webster et al. 

(2018). 

Statistical Analysis and Data Visualization 

 RStudio and Microsoft Excel were used to both analyze and visualize data. Two-sided, 

unpaired t-tests were used to test significance for starvation survival assay data between 

conditions with and without NAC. For the epistasis experiments examining the effects of 

genotype on NAC response, two-factor ANOVA tests were also utilized to investigate 

interactions between these variables. Growth assay results were modeled with a linear mixed 

effects model to determine significance of variables and any interactions between them, 

particularly condition and day.  

RESULTS 

Starvation Survival Assay 
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Dose response experiment 

 For the dose response experiment, we found that high doses of NAC negatively affect 

survival on day 1 for wild-type worms (Fig. 8a). To compensate for early lethality and other 

potential factors independent of starvation, we consequently normalized the data during analysis 

to better portray the actual effects of starvation over time for each condition. 

 

Figure 8a: Average recovery rates for each NAC dose condition, demonstrating day 1 lethality in doses beyond 10 

mM for wild-type worms. Error bars refer to standard deviation of averages across all replicates for each condition. 

After running the data through two-sided, unpaired t-tests, we found that 1.0 mM NAC 

significantly increased the median survival time for wild-type worms during recovery, while 

doses of 5.0 mM and higher significantly decreased median survival time instead (Table 2). The 

following time series portray how the starvation survival curves for the lowest doses at 0.1 and 

0.2 mM NAC qualitatively remain similar to the control dose of 0 mM before shifting noticeably 

to the right for doses 0.5 and 1.0 mM (Fig 8b). A dosage of 2.0 mM shifts the curve back to 

around baseline with a flatter and longer-tailed curve, and 5.0 mM dramatically shifts the curve 

leftwards. Doses of 10, 20, and 50 mM were not included in visualization for parsimony, but 
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their starvation survival curves lie either on top of (10 and 20 mM) or farther to the left (50 mM) 

of 5.0 mM.  

NAC Dose (mM) p-value 

0.1 0.296 

0.2 0.618 

0.5 0.151 

1.0 0.015 * 

2.0 0.928 

5.0 5.984e-04 *** 

10.0 4.870e-04 *** 

20.0 0.0101 * 

50.0 2.455e-03 *** 

Table 2: Results of two-sided, unpaired t-tests for dose response experiment, using condition 0 mM NAC as the 

control. Conditions of 1.0 and 20.0 mM were significant, and 5.0, 10.0, and 50.0 mM highly significant. 
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Figure 8b: Time series for starvation survival normalized to 100% day 1 recovery with varying doses of NAC paired 

with wild-type. Best-fit curves were superimposed onto data points for each condition. Points indicate the rate of 

recovery for a single condition for a single replicate on a particular day. 14 replicates in total. 

Based on this qualitative observation of the starvation survival curves in conjunction with the 

results of the t-test for each condition, we interpreted these findings to indicate hormesis, which 

broadly refers to the beneficial effects of a particular treatment which become toxic at higher 

intensities or dosages (Gems & Partridge 2008). We then plotted a dose response curve across all 

dose conditions to demonstrate this phenomenon (Fig. 8c). Though worms subject to a dose of 

0.5 mM NAC appeared to equal 1.0 mM in their median survival time (approximately 12 days) 

and were observed to have a starvation survival curve close to that of 1.0 mM, this dose was 

nonsignificant. Additionally, when comparing the median survival times of worms subject to 5.0 
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and 10.0 mM of NAC with their respective day 1 recovery rates, we found that their adverse 

effects on starvation survival only emerge after a period of time has passed and can not be 

detected from the onset of the experiment. Additionally, the dose response curve also indicates a 

plateau in median survival time for doses of 5.0 to 20.0 mM NAC. 

 

Figure 8c: Dose response curve for NAC in wild-type. Error bars refer to standard deviation of median survival 

times across all replicates for each condition. 1.0 mM significantly extends survival time, and 5.0, 10.0, 20.0, and 

50.0 mM significantly reduces survival time. Error bars refer to standard deviation of averages across all replicates 

for each condition. * represent degree of significance, with * = less than 0.05, *** = less than 0.001 

IIS-antioxidant interactions (epistasis) 

For the epistasis experiment, the data was normalized to compensate for lower levels of 

NAC-positive daf-16 worms from day 1 and other potential confounding factors. Contrary to the 

dose response experiments, the output for two-sided, unpaired t-tests demonstrated that NAC did 

not significantly increase starvation survival for wild-type worms (Table 3). However, the 

starvation survival curves for the WT and WT+ conditions still demonstrate a clear shift to the 

right, indicating an extension of survival time (Figure 9a). We also found that NAC caused a 

near-significant (p = 0.0738) decrease in survival for daf-16 mutants when exposed to 1.0 mM 

NAC compared to nonexposed mutants. This was clearly demonstrated by the starvation survival 
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curves as well, in which the curve for daf-16+ worms has a demonstrable shift to the left. In 

contrast, addition of 1.0 mM NAC to daf-2 mutants had no significant effect in improving their 

survival compared to non-exposed mutants. However, the starvation survival curves exhibit a 

rightwards shift with the addition of NAC to daf-2 mutants, implying the existence of some 

beneficial effect, though nonsignificant.  

  Average T-half 

Time (Days) 

Median Standard 

Deviation 

p-value 

WT 10.909 10.289 

  

3.276 

  

Control 

WT+ 12.799 

  

13.261 

  

3.268 

  

0.453 

daf-16 3.951 

  

4.091 

  

0.412 

  

Control 

daf-16+ 2.417 

  

2.192 

  

1.315 

  

0.0738 

daf-2 24.434 

  

25.007 

  

6.570 

  

Control 

daf-2+ 26.252 

  

25.288 

  

6.430 

  

0.585 

Table 3: Summary of starvation survival data for epistasis experiment, including results of two-sided, unpaired t-

tests. Control conditions are noted in the table for each respective genotype. No conditions were found to be 

significant. Corresponds with Figure 9a. 
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Figure 9a: Time series for starvation survival normalized to 100% day 1 recovery demonstrating the effects of 1.0 

mM NAC paired with wild-type, daf-16, and daf-2. Best-fit curves were superimposed onto data points for each 

condition. Points indicate the rate of recovery for a single condition for a single replicate on a particular day. 8 

replicates in total. Corresponds with Table 3. 

Because we were interested in investigating any interactions between genotype and NAC 

exposure in this experiment, 2-factor ANOVA tests were run to reveal any dependent 

relationships between the two variables. The ANOVA analysis resulted in nonsignificant p-

values when comparing between both WT vs. daf-2 (p = 0.862) and WT vs. daf-16 (p = 0.104) 

(Fig. 9b and 9c). This is demonstrated by their visual output as well, in which the slopes between 

the median survival time for each genotype pair with and without NAC appear to be comparable. 
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Figure 9b: Interactions between genotype and presence of NAC for WT and daf-2. P-value = 0.862 from 2-factor 

ANOVA. 

Figure 9c: Interactions between genotype and presence of NAC for WT and daf-16. P-value = 0.104 

Temporality of antioxidant action 

For the temporal experiment, two-sided, unpaired t-tests indicated that the presence of 

NAC solely before or after a specified time point during starvation does not significantly impact 

worm survival rate compared to wild-type, and all worms in this experiment had comparable 

median survival times (Table 4). Starvation survival data were normalized to account for any 

external factors outside from starvation and the variables of interest in affecting survival time. 

When comparing between pairs categorized by temporality, there were still no significant 

differences in survival time. 6+/- and 6-/+ could not be tested for significance because only one 

replicate was run with those conditions. Although there appears to be no quantitative 

significance, we assessed the shape of the starvation survival curves qualitatively and found that 

more NAC exposure appeared to result in less steep curves with longer tails (Fig. 10). This effect 

is most prominent when comparing conditions 1+/- and 1-/+ and appears to diminish noticeably 

for 6+/- and 6-/+, which have the most evenly balanced time of NAC exposure out of all of the 

conditions. Therefore, more NAC exposure seems to flatten and lengthen curves. 
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  Average T-half 

Time (Days) 

Median Standard 

Deviation 

p-value p-value 

WT 11.060 10.525 

  

3.279 Control Control 

WT+ 12.806 

  

13.286 3.272 0.395 0.395 

1+/- 9.587 10.885 3.634 0.637 

  

Control 

1-/+ 10.430 

  

10.878 

  

3.128 0.787 0.836 

3+/- 10.027 

  

10.443 3.781 0.700 Control 

3-/+ 10.865 12.004 

  

3.045 

  

0.828 0.575 

6+/- 8.561 

  

8.561 N/A 0.978 N/A 

6-/+ 8.573 8.573 

  

N/A 0.639 N/A 

Table 4: Summary of starvation survival for temporal experiment, including results of two-sided, unpaired t-tests. 

Wild-type was utilized as an initial control conditions, as indicated by the second to last column on the right. For 

comparing between pairs organized by temporality, controls are denoted in the rightmost column. No conditions 

were found to be significant, and both average and median survival times are comparable. Corresponds with Figure 

10. 
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Figure 10: Time series for starvation survival normalized to 100% day 1 recovery demonstrating the effects of 1.0 

mM NAC exposure at different time points and for different durations of time in wild-type. Best-fit curves were 

superimposed onto data points for each condition. Points indicate the rate of recovery for a single condition for a 

single replicate on a particular day. 4 replicates in total. Corresponds with Table 4. 

Antioxidant Mutants 

Two-sided, unpaired t-tests found that none of the antioxidant mutants thought to be 

downstream of daf-16 significantly decreased survival on their own compared to wild-type 

(Table 5). The starvation survival curves also demonstrated that the shape and placement of each 

mutant curve did not qualitatively appear to be much different from that of wild-type, with the 

exception of daf-16, which was shifted to the far left (Fig. 11). Using daf-16 mutants as a 

positive control to indicate significantly decreased survival, none of the other mutants came 

remotely close to the displaying the same survival-reducing effects. 
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Average T-half 

Time (Days) 

Median Standard 

Deviation 

p-value 

WT 9.031 9.077 

 

1.484 Control 

daf-16 2.961 

 

3.094 0.621 6.541e-07 

sod-3 8.497 8.566 0.760 0.981 

 

sod-1 9.183 

 

9.044 

 

1.884 0.726 

gpx-6 7.551 

 

7.817 2.010 0.396 

C35B1.5 7.605 7.744 

 

0.977 

 

0.159 

Table 5: Summary of starvation survival data for the antioxidant mutant experiment, including results of two-sided, 

unpaired t-tests using wild-type as control. No genotypes were found to significantly affect starvation survival time. 

Corresponds with Figure 11. 
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Figure 11: Time series for starvation survival normalized to 100% day 1 recovery demonstrating the effects of 

antioxidant mutants downstream of daf-16 on starvation survival time, using wild-type as the control and daf-16 as a 

positive control. Best-fit curves were superimposed onto data points for each condition. Points indicate the rate of 

recovery for a single condition for a single replicate on a particular day. 7 replicates in total. Corresponds with Table 

5. 

Growth Assay 

Throughout the previous starvation survival experiments, wild-type worms were 

qualitatively observed to grow to a larger size in the presence of NAC after a certain period of 

starvation. We consequently decided to quantify this observed difference in size during 

starvation recovery with a growth assay, which consisted of 4 replicates total. After fitting a 

linear mixed model to all growth data subset by genotype, we found that the presence of 1.0 mM 

NAC significantly affected the size of wild-type, daf-16, and daf-2 worms alike with regard to 
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length (Table 6), although in different directions, as indicated by the ggplot below (Fig. 12a). For 

wild-type, NAC contributed to an increase in size at every single time point. Though wild-type 

alone followed the expected downwards curvature representing a decrease in size over longer 

periods of starvation, wild-type with NAC experienced an increase in size for day 3 before 

dipping down again for day 8. For daf-16 mutants, NAC significantly decreased their size, which 

is easily observed on Figure 12 for the stark difference in trends between days 1 and 3 for each 

condition – daf-16 mutants with NAC experienced a decrease in size by day 3, while daf-16 

mutants alone experienced an unexpected increase in size instead. For daf-2 mutants, NAC was 

shown to decrease their size, contrary to starvation survival results in which they appeared to 

extend their survival time, although not significantly. daf-2 mutants alone experienced an 

increase in size between days 1 and 8 that decreased again by day 12, whereas daf-2 mutants 

with NAC exhibited a mostly downwards trend throughout. Additionally, according to the linear 

mixed model output, there was a significant interaction between condition and day for worms 

with a mutant daf-16 and daf-2 background but not for wild-type (Table 6). 

 

Condition p-value p-value for 

condition:day 

interaction 

WT / WT+ 0 0.911 

daf-16 / daf-16+ 0 0 

daf-2 / daf-2+ 0 0 

Table 6: Results of fitting a linear mixed model to all growth data assay data. NAC-positive conditions were 

compared to NAC-negative conditions as controls for each respective genotype. NAC significantly improved growth 

rate for all genotypes, and its effects were dependent on duration of starvation for daf-16 and daf-2 worms, as 

indicated by the rightmost column. Corresponds with Figure 12a. 
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Figure 12a: ggplot visualization for all growth assay data, demonstrating the effects of 1.0 mM NAC paired with 

wild-type, daf-16, and daf-2. Each point represents the length of a single worm for a particular condition and 

replicate on a certain day. The jitter function in R Studio was utilized to distribute points across more space to 

improve visuals, which consequently rendered the exact time points at which they are located slightly inaccurate. 

The mean across all replicates for a given day and condition is denoted by large points, which are connected by lines 

for each subsection of the figure. 4 replicates in total. Corresponds with Table 6. 

Because of the presence of several outliers and noise in the data, some of which were 

mentioned above, endpoint analysis was also conducted for each of the genotypes by fitting 

linear mixed models to data subset by both days and genotypes (Fig. 12b and 12c). These models 

indicated that the presence of NAC still significantly decreases the size of daf-16 mutants as 

expected (Table 7), since the data did not change. However, NAC does not significantly enhance 

worm size for wild-type between days 1 and 3 despite the opposing trends of the two conditions 
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of WT and WT+, as indicated by the p-value of 0.412 shown in Table 7 and in Figure 12b. On 

the other hand, between days 1 and 12, NAC does significantly increase worm size for wild-type 

(p = 0) but does not for daf-2 mutants (p = 0.248). The models fit to these subset data focusing 

on endpoints found a significant interaction between condition and day for every genotype. This 

contrasts with the model for all of the data in aggregate, which found condition-day interactions 

in wild-type worms to be nonsignificant. 

 

Figure 12b: ggplot visualization of growth assay data for WT and daf-16 on selected endpoints of days 1 and 3. Each 

point represents the length of a single worm for a particular condition and replicate on a certain day. The mean 

across all replicates for a given day and condition is denoted by large points, which are connected by lines for each 

subsection of the figure. 4 replicates in total. Corresponds with Table 7. 
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Figure 12c: ggplot visualization of growth assay data for WT and daf-2 on selected endpoints of days 1 and 12. Each 

point represents the length of a single worm for a particular condition and replicate on a certain day. The mean 

across all replicates for a given day and condition is denoted by large points, which are connected by lines for each 

subsection of the figure. 4 replicates in total. Corresponds with Table 7. 

Day Condition p-value p-value for 

condition:day 

interaction 

3 WT / WT+ 0.412 0 

3 daf-16 / daf-16+ 0 0 

12 WT / WT+ 0 4e-04 

12 daf-2 / daf-2+ 0.248 0 

3, 12 WT / WT+ 0 0.002 

Table 7: Results of fitting a linear mixed model to selective growth assay data. NAC-positive conditions were 

compared to NAC-negative conditions as controls for each respective genotype. NAC significantly improved growth 

rate for all genotypes, and its effects were dependent on duration of starvation for daf-16 and daf-2 worms, as 

indicated by the rightmost column. The bottom row incorporated data on both days 3 and 12 for wild-type when 

comparing to day 1 sizes. Corresponds with Figures 12b and 12c. 
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DISCUSSION 

 Based on the results shown above, we have demonstrated that NAC interacts with worms 

undergoing nutrient deprivation in complex and variable ways. In our dose response experiment, 

we demonstrated that NAC does significantly extend survival time up to a dose of 1 mM for 

wild-type worms (Table 2). However, for the epistasis and temporal experiments, NAC was 

found to be nonsignificant for wild-type even though worms qualitatively appeared to replicate 

the dose response findings (Tables 3 and 4). This discrepancy may be attributed to a wide variety 

of factors. On a technical level, many or all of the replicates for latter two experiments used older 

antioxidant solution which may have naturally oxidized significantly more over time and 

consequently caused a less robust response due to lower potency. Additionally, these 

experiments were also lacking in power and replication in comparison with the dose response 

experiments, which spanned around 14 replicates in total for conditions of 1 mM and lower. 

Aside from technical differences, this discrepancy may also indicate that although NAC does 

appear to extend starvation survival, the degree to which it does may be conditional and subject 

to variation. Regardless, the dose response experiment results, which were the most replicated 

and highly powered, align with our hypothesis that NAC exposure increases survival time during 

starvation for wild-type worms. 

On the other hand, after doses of 5 mM NAC and higher, NAC may transition to having a 

more pathological effect, as indicated by the significantly decreased survival times of worms 

exposed to such doses, even at day 1 (Fig. 8a). Smith et al. (2017) indicate that NAC is toxic to 

worms above 10 mM, but we observed prominent effects at the lower dose of 5 mM (Fig. 8c), 

which could indicate that NAC has significantly pathological effects at different doses for 

depending on these presence or absence of stress. However, by looking at dose effects on day 1 
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lethality (Fig. 8a), there does not appear to be an early drop in survival rate until after 10 mM, 

aligning with the literature. This might imply a later onset of NAC’s effects, which interestingly 

contrasts with the very early onset of antioxidant enzyme activity during starvation from our 

expression data. Given this assumption, we might have expected our temporal experiment to 

demonstrate an increase in survival time for conditions that are exposed to NAC later in life, but 

those expectations were not met (Table 4), likely in part from lack of power in the experiment’s 

data. Perhaps this discrepancy between the temporality of perceived exogeneous antioxidant 

activity and endogenous enzyme activity can be attributed to different mechanisms, sites of 

actions, and/or effects on the organism. 

Because NAC provides a dose-dependent effect that can both extend or diminish survival 

time, worms appear to exhibit a biphasic, hormetic response (Fig. 13) when exposed to 

increasing doses of NAC in which the doses appear to be potentially beneficial up to a point. 

After that point, the benefits begin to decrease back to baseline, which is represented in the data 

by the lack of significance 2 mM of NAC has in extending survival time (Table 2). Once 

baseline is reached, subsequently higher doses cause the organism to experience toxic effects 

instead. However, there appears to be some variability in the degree to which these higher effects 

are toxic at different points during survival based on our dose response data (Fig. 8c). Rather 

than following a model hormesis curve, in which increasing doses after baseline correspondingly 

cause more deleterious effects, there appears to be a plateau in lifespan-decreasing effects 

between doses of 5 mM and 20 mM before dropping once again at 50 mM. With all of this in 

mind, we were correct in our predictions that the survival-extending effects of NAC would be 

contingent on dose, but we did not anticipate that these effects would peak so early at 1 mM and 

devolve into toxicity so early as well at 5 mM rather than doses beyond 10 mM. These effects 
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may demonstrate a leftwards shift in the hormesis curve towards lower doses in general between 

NAC exposure during nutrient deprivation and NAC exposure in non-stressful conditions. If true, 

this would indicate a higher sensitivity to NAC during starvation. 

 

Figure 12: Hormetic response curve demonstrating a dosage window within which beneficial effects occur from exposure to the 

drug or molecule. With too much exposure, adverse responses emerge, leading up to death at the highest levels of deficiency or 

toxicity from excess. Image from Hulst (2009). 

 The results from the IIS-antioxidant interaction experiments partially aligns with our 

hypothesis in that daf-2 mutants exposed to NAC do not experience a significant extension of 

their survival time, which we attributed to their excess and uninhibited daf-16 activation, which 

would consequently also activate the multitude of potentially downstream antioxidant genes. 

However, exposure to NAC almost significantly decreased survival time in daf-16 mutants, 

demonstrating a toxic effect that was not present in wildtype worms until they were exposed to 

higher levels of NAC. Different doses seem to also vary in their toxicity for worms of different 

genotypes, similar to prior speculation that different doses of NAC may be more or less toxic 

depending on the presence or absence of stress. Perhaps the entire dose response curve for daf-16 
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mutants is shifted dramatically to the left so that they are hyper-sensitive to the presence of 

antioxidants and require much smaller doses to experience beneficial effects. Or perhaps given 

the lack of antioxidant enzymes downstream of daf-16, the mutant attempts to compensate by 

upregulating other antioxidant defense mechanisms, and adding additional NAC quenches too 

much vital ROS signaling to the point of toxicity.  

The opposite may be true of daf-2 mutants, which might have a dose response curve 

shifted to the right such that they are more insensitive to antioxidants and require more to 

experience significant survival-extending effects. On the other hand, because daf-2 theoretically 

already has an abundance of endogenous antioxidants, perhaps there are no significant effects 

until a certain dosage is reached, at which point, deleterious effects to survival are actually 

experienced instead because of excessive quenching of ROS within the organism. This is similar 

to the speculative statement above for daf-16 mutants as well regarding excessive ROS 

quenching, and this reasoning could also apply to the higher doses of NAC that we exposed 

wild-type worms to. The potential of excess quenching emphasizes a point made by several 

studies that there is a perpetual balancing act taking place between pro-survival signaling by 

ROS and ROS toxicity (Van Raamsdonk & Hekimi 2010; Yang & Hekimi 2010), and adding 

exogenous antioxidants and/or mutating enzymes critical for antioxidant function disrupts this 

balance.  

Contrary to our expectations, there were no significant interactions between genotype and 

condition (Figure 9b and 9c), implying that the addition of NAC did not alter the degree to which 

worms with different genotypes survived for longer or shorter periods of time. This could be 

attributed to a lack of statistical power, especially because much of the data came from partial 

starvation survival assays for which worms were plated and scored on only two or three days 
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total. Half of the replicates for this experiment also utilized older NAC, as mentioned previously, 

which could be another confounding factor that produced additional variance in the results. 

The temporal experiment was also lacking in power and replication, with two conditions 

(6+/- and 6-/+) only having one replicate, which may have resulted in a lack of significance for 

the addition of NAC to wild-type and possibly other conditions as well. Additionally, one major 

complication for this experiment were the several rounds of washing that took place for the +/- 

conditions to remove NAC after a certain time point. Several worms were always lost from the 

washing procedure, decreasing the consequent density of the worms in solution for the remainder 

of the replicates and also making it much more difficult to plate for subsequent time points. 

Additionally, this experiment used older NAC as well, possibly reducing the potency of the drug. 

Regardless, results for this experiment implicate the potential of further examining how the 

length of exposure to antioxidants alters the point in time at which starvation resistance is 

conferred in worms. We previously pointed out the potential later onset of NAC’s effects during 

starvation survival, and this is somewhat demonstrated by the longer tails of the starvation 

survival curves for worms that were exposed to NAC for longer periods of time (Fig. 10), 

specifically throughout the end of their lives rather than the at the beginning (e.g. conditions 1-

/+, 3-/+, and 6-/+). Longer tails indicate that they are dying off slower, despite their comparable 

median survival times (Table 4). Although these were purely qualitative observations, the 

Kolmogorov–Smirnov (KS) test could be utilized to quantify the differences in curve shape and 

confirm or deny the validity of these qualitative speculations. 

Moreover, we found that single mutants for antioxidant genes potentially downstream of 

daf-16 do not significantly decrease survival time (Table 5), contrary to our hypothesis. This may 

be due to a variety of reasons. For example, because single mutants were used, we cannot 
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account for any epistatic interactions or possible compensatory mechanisms between the genes 

or even other antioxidant genes unrelated to IIS. It might have been interesting to conduct RNA-

seq or RT-PCR to investigate RNA expression levels in these mutants during starvation to 

observe if other any other genes were upregulated to compensate. The nature of the mutations 

was also unknown, so they may have been merely partial loss-of-function and not null mutants, 

which could still provide enough function to mitigate any significant deficiencies. The assay may 

also not have been sensitive enough to detect any effects, especially because when scoring 

worms at the 48-hour mark after plating, observations were recorded as binary options – dead or 

alive – despite many ambiguous worms that were not obviously one or the other at first or even 

after multiple rounds of observation. Additionally, though these mutants did not significantly 

decrease survival time relative to wild-type, this does not indicate that they are phenotypically 

identical in regard to antioxidant sensitivity and/or stress resistance. For example, Van 

Raamsdonk & Hekimi (2010) found that their sod mutants similarly did not decrease worm 

lifespan relative to wild-type. Instead, these mutants were more sensitive to environmental stress 

and pro-oxidant agents while also experiencing greater lifespan-extending effects than wild-type 

in the presence of exogeneous antioxidant. Perhaps if antioxidant were paired with these mutants 

for starvation survival, we might witness a similar effect. Contrarily, they might also exhibit a 

similar response as daf-16 mutants, which have decreased survival time instead. 

Lastly, the results of the growth assay indicate that NAC may have the potential to 

protect against additional deficits induced by starvation aside from survival time in wild-type 

worms (Tables 6 and 7), providing benefits in both the long term and in the short term. We 

demonstrated that applying a linear mixed effects model to the growth assay data across all time 

points produces significance for every genotype, although the effects increase size for wild-type 
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during starvation recovery while decreasing size for daf-16 and daf-2 (Table 6). This aligns with 

our hypothesis that NAC would increase growth in wild-type worms but contradicts our 

predictions that it would enhance growth for daf-16. On the other hand, the latter finding 

parallels how NAC also appears to reduce starvation survival time for daf-16 mutants, providing 

further evidence for its toxicity at 1 mM for that particular genotype. The significant size 

reduction that NAC caused for daf-2 mutants similarly challenges our expectations that daf-2 

would be resistant to NAC’s effects. In addition to this, there were significant interactions 

between condition and time for both daf-2 and daf-16 (Table 6), indicating that longer starvation 

times affected how each genotype would grow during subsequent periods of recovery. This was 

nonsignificant for wild-type, implying that NAC increases worm size during starvation recovery 

regardless of how long it had been starved. This contradicts our theory that NAC’s effects may 

have a late onset as observed in starvation survival assays, but perhaps the effects on growth 

emerge earlier through different mechanisms and pathways.  

Unfortunately, along with providing an abundance of significant results, this assay also 

revealed several complications and potential confounders throughout the process of completing 

it. For example, data visualization indicates that the data contain much noise, likely due to the 

higher sensitivity of the assay and complications with the WormSizer program used to analyze 

the data (Fig. 12a). The worms were imaged around the 48-hour mark plus or minus 4 hours on 

either end, leading to an 8-hour range that possibly introduced some degree of variability into the 

data, especially when considering that worms molt around this time period. Additionally, when 

utilizing WormSizer to analyze images, the algorithm frequently struggled to correctly read daf-2 

and daf-2+ worms in their entirety, which not only limited us to working with a smaller set of 

data to work with for these worms but also became an additional source of error for subsequent 
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data analysis. Additionally, the stark difference in daf-16 and daf-16+ worm lengths at day 3 

may also be partially attributed to the inability for WormSizer to recognize smaller, sicklier, and 

paler worms, which made up a significantly higher proportion of daf-16+ worms than daf-16. 

This may also explain the unexpected result that daf-16 worms are larger when recovering after 3 

days of survival than 1. Because the algorithm more easily detects larger, healthier worms, the 

presence of these worms skews the data upwards, whereas the many smaller worms are passed 

over. For daf-16+, the presence of such larger worms was rarer, so the data set was mostly 

restricted to smaller worms, resulting in the expected downwards trend in length over time. This 

favoring of larger, healthier worms in the WormSizer algorithm potentially also resulted in the 

abundance of outliers for other conditions as well. 

Because of these limitations, we decided to conduct an endpoint analysis focusing on 

differences between days 1-3 for wild-type and daf-16 and days 1-12 for wild-type and daf-2 

(Table 7; Figures 12b and 12c). daf-16 results were the same while daf-2 results changed from 

significant to nonsignificant, aligning with our hypothesis regarding the mutant’s lack of 

sensitivity to antioxidants as well as previous starvation survival results from the epistasis 

experiment. This also points to day 8 as a potential determining factor in skewing results for the 

abundance of outliers observed for daf-2 at that time point (Fig. 12a). Perhaps most interestingly, 

however, we found that NAC does not significantly increase the size of wild-type worms from 

day 1 to day 3 but does from day 1 to day 12 (Table 7), implying that there may be some level of 

condition-time interaction, contrary to the nonsignificant p-value displayed in Table 5. Indeed, 

with consideration to days 1, 3, and 12 for wild-type, interactions between condition and time 

had a significance of 0.0017, demonstrating a late onset effect of NAC that requires a period of 

starvation to occur before improving growth rate.  
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With all of this in consideration, the results for this growth assay should be interpreted 

with critical consideration for the limitations and restrictions of its methodology. When 

examined in conjunction with the starvation survival data, we posit that NAC induces hormesis 

in wild-type worms, and speculatively, daf-16 and daf-2 mutants may be positioned at different 

baselines on this hormesis curve, endowing them with distinct levels of sensitivity to 

antioxidants that differs from wild-type. In light of these varying antioxidant effects in worms 

with different genotypic backgrounds, the interactions between IIS and NAC appear to be 

complex, perhaps implicating important signaling effects by ROS in the IIS pathway that are 

disrupted in the presence of exogenous antioxidant. Additionally, for wild-type worms, there 

may be a late onset effect of NAC in particular during starvation, which may be valuable to 

examine with more focus and detail to illuminate the mechanisms by which NAC is interacting 

with the IIS and other metabolic pathways.  

Given the abundance of literature proposing either caloric restriction or antioxidant 

treatment as ways to slow or postpone aging in a variety of organisms, expanding upon these 

starvation survival and growth results may provide important insight into the combinatorial 

effects of both conditions simultaneously. Future research could utilize full dose response assays 

to examine how different doses of NAC may interact with daf-2 and daf-16 mutants to further 

test the extent to which their sensitivity to NAC may be shifted right or left, respectively. 

Because NAC is only one of many existing antioxidants being used to examine potential benefits 

in organisms, antioxidants such as vitamin C could be incorporated into the same or similar 

assays to determine whether and how they might also protect from the consequences of 

starvation. On the other hand, pro-oxidant agents such as paraquat were not utilized in these 

assays at all and may be worthy of examination in the context of starvation survival to gain more 
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insight into the production of ROS rather than the quenching of it, as we prioritized for our 

experiments. Additionally, there are a variety of other phenotypes, such as ROS levels, that could 

also be observed using other types of assays and further illustrate the effects and roles of 

oxidative stress during starvation. These experiments can be translated to other model organisms 

as well to better understand how these effects might or might not ultimately affect humans in 

similar ways. As an example, the popularity of antioxidant supplements and antioxidant-rich 

foods as well as diets incorporating fasting, e.g. intermittent fasting, is currently rapidly growing 

in society. Further research investigating the intersection and crosstalk between ROS 

signaling/toxicity and the IIS pathway in nutrient-restricted contexts could provide additional 

insight into the actual efficacy, risks, and potential synergies of combining such lifestyle 

practices. Furthermore, by investigating the fundamental mechanisms and pathways underlying 

starvation resistance and oxidative stress, we gain valuable knowledge that lays the groundwork 

for how antioxidants and ROS may play a part in future treatments of metabolic disorders and 

biological symptoms of aging. 

 

 

 

 

 

 

 

 

 



44 
 

Works Cited and Referenced 

Afanas'ev, I. (2010). Signaling and damaging functions of free radicals in aging-free radical 

theory, hormesis, and TOR. Aging and Disease, 1(2), 75-88. 

Arnér, E. S. J., & Holmgren, A. (2000). Physiological functions of thioredoxin and thioredoxin 

reductase. European Journal of Biochemistry, 267(20), 6102-6109. doi:10.1046/j.1432-

1327 

Angelo, G., & Marc R. Van Gilst. (2009). Starvation protects germline stem cells and extends 

reproductive longevity in C. elegans. Science, 326(5955), 954-958.  

Baugh, L. R., & Sternberg, P. W. (2006). DAF-16/FOXO regulates transcription of cki-

1/Cip/Kip and repression of lin-4 during C. elegans L1 arrest. Current Biology, 16(8), 

780-785.  

Baugh, L. R. (2013). To grow or not to grow: Nutritional control of development during 

Caenorhabditis elegans L1 arrest. Genetics, 194(3), 539-555.  

Brunet, A. (2007). Aging and cancer: Killing two birds with one worm. Nature Genetics, 39(11), 

1306-1307.  

C35B1.5 (gene) - WormBase : Nematode Information Resource. (2018, November 6). Retrieved 

from https://wormbase.org/species/c_elegans/gene/WBGene00016435#0d-9ge-3 

Desjardins, D., Cacho‐ Valadez, B., Liu, J., Wang, Y., Yee, C., Bernard, K., . . . Hekimi, S. 

(2017). Antioxidants reveal an inverted U‐ shaped dose‐ response relationship between 

reactive oxygen species levels and the rate of aging in Caenorhabditis elegans. Aging 

Cell, 16(1), 104-112. 

Fedyaeva, A. V., Stepanov, A. V., Lyubushkina, I. V., Pobezhimova, T. P., & Rikhvanov, E. G. 

(2014). Heat shock induces production of reactive oxygen species and increases inner 



45 
 

mitochondrial membrane potential in winter wheat cells. Biochemistry (Moscow), 79(11), 

1202-1210. 

Gems, D. & McElwee, J. J. (2003). Ageing: Microarraying mortality. Nature, 424(6946), 259-

261. 

Gems, D., & Partridge, L. (2013). Genetics of longevity in model organisms: Debates and 

paradigm shifts. Annual Review of Physiology, 75(1), 621-644. 

Gerschman, R., Gilbert, D., Nye, S. W., Dwyer, P., & Fenn, W. O. (2001). Oxygen poisoning 

and X-irradiation: A mechanism in common. 1954. Nutrition (Burbank, Los Angeles 

County, Calif.), 17(2), 162-162. 

Guzman, R. (2017). Insights into the genetic basis of early-life starvation-induced germline 

abnormalities in C. elegans. (Undergraduate honors thesis). Duke University, Durham, 

North Carolina. 

Halliwell, B., & Gutteridge, J. M. C. (2007). Free radicals in biology and medicine (4th ed.). 

New York;Oxford;: Oxford University Press. 

Hancock, J. T., Desikan, R., & Neill, S. J. (2001). Role of reactive oxygen species in cell 

signalling pathways. Biochemical Society Transactions, 29(2), 345-350. 

Harman, D. (1956). Aging: A theory based on free radical and radiation chemistry. Journal of 

Gerontology, 11(3), 298-300. 

Harman, D. (1981). The aging process. PNAS USA, 78(11), 7124-7128. 

Harrington, L. A., & Harley, C. B. (1988). Effect of vitamin E on lifespan and reproduction in 

Caenorhabditis elegans. Mechanisms of Ageing and Development, 43(1), 71-78.  



46 
 

Hartman, P. S., Ishii, N., Kayser, E., Morgan, P. G., & Sedensky, M. M. (2001). Mitochondrial 

mutations differentially affect aging, mutability and anesthetic sensitivity in 

caenorhabditis elegans. Mechanisms of Ageing and Development, 122(11), 1187-1201. 

Hayes, D. P. (2007). Nutritional hormesis. European Journal of Clinical Nutrition, 61, 147-159.  

Held, P. (2015). An introduction to reactive oxygen species: measurement of ROS in cells. 

BioTek Instruments, Inc. 

Hibshman, J. D., Hung, A., & Baugh, L. R. (2016). Maternal diet and insulin-like signaling 

control intergenerational plasticity of progeny size and starvation resistance. PLoS 

Genetics, 12(10), e1006396. 

Hibshman, J., Doan, A., Moore, B., Kaplan, R., Hung, A., Webster, A., . . . Baugh, L. (2017). 

daf-16/FoxO promotes gluconeogenesis and trehalose synthesis during starvation to 

support survival. Elife, 6 

Honda, Y., & Honda, S. (1999). The daf-2 gene network for longevity regulates oxidative stress 

resistance and Mn-superoxide dismutase gene expression in Caenorhabditis elegans. 

FASEB Journal, 13(11), 1385-1393. 

Hu, P. J. (2007). Dauer. WormBook: The Online Review of C. elegans Biology, 1-19.  

Hulst, V. (2009). Hormesis in plants, rather a rule than exception. (Unpublished undergraduate 

thesis). University of Groningen, Groningen, Netherlands. 

Ishii, N., Takahashi, K., Tomita, S., Keino, T., Honda, S., Yoshino, K., & Suzuki, K. (1990). A 

methyl viologen-sensitive mutant of the nematode Caenorhabditis elegans. Mutation 

Research DNAging, 237(3), 165-171. 

de Jager, T. L., Cockrell, A. E., & Du Plessis, S. S. (2017). Ultraviolet light induced generation 

of reactive oxygen species. Advances in Experimental Medicine and Biology, 996, 15-23. 



47 
 

Johnson, T. E., Mitchell, D. H., Kline, S., Kemal, R., & Foy, J. (1984). Arresting development 

arrests aging in the nematode Caenorhabditis elegans. Mechanisms of Ageing and 

Development, 28(1), 23-40. 

Kelly, R. P., Poo Yeo, K., Isaac, H. B., Lee, C. J., Huang, S. H., Teng, L., . . . Wise, S. D. (2008). 

Lack of effect of acute oral ingestion of vitamin C on oxidative stress, arterial stiffness or 

blood pressure in healthy subjects. Free Radical Research, 42(5), 514-522.  

Kenyon, C., & Pinkston-Gosse, J. (2007). DAF-16/FOXO targets genes that regulate tumor 

growth in caenorhabditis elegans. Nature Genetics, 39(11), 1403-1409.  

Klotz, L., Sánchez-Ramos, C., Prieto-Arroyo, I., Urbánek, P., Steinbrenner, H., & Monsalve, M. 

(2015). Redox regulation of FoxO transcription factors. Redox Biology, 6, 51-72.  

Liu, J., Visser-Grieve, S., Boudreau, J., Yeung, B., Lo, S., Chamberlain, G., . . . Chin-Sang, I. 

(2014). Insulin activates the insulin receptor to downregulate the PTEN tumour 

suppressor. Oncogene, 33(29), 3878-3885. 

Lüersen, K., Stegehake, D., Daniel, J., Drescher, M., Ajonina, I., Ajonina, C., . . . Liebau, E. 

(2013). The glutathione reductase GSR-1 determines stress tolerance and longevity in 

Caenorhabditis elegans. Plos One, 8(4), e60731. 

Moore, B. T., Jordan, J. M., & Baugh, L. R. (2013). WormSizer: High-throughput analysis of 

nematode size and shape. Plos One, 8(2), e57142. 

Murphy, C. T., & Hu, P. J. (2013). Insulin/insulin-like growth factor signaling in C. elegans. 

WormBook : The Online Review of C. Elegans Biology, 1-43.  

Oh, S., Park, J., & Park, S. (2015). Lifespan extension and increased resistance to environmental 

stressors by N-acetyl-L-cysteine in Caenorhabditis elegans. Clinics, 70(5), 380-386. 



48 
 

Papaconstantinou, J. (2009). Insulin/IGF-1 and ROS signaling pathway cross-talk in aging and 

longevity determination. Molecular and Cellular Endocrinology, 299(1), 89-100.  

Pun, P. B. L., Gruber, J., Tang, S. Y., Schaffer, S., Ong, R. L. S., Fong, S., . . . Halliwell, B. 

(2010). Ageing in nematodes: Do antioxidants extend lifespan in Caenorhabditis 

elegans? Biogerontology, 11(1), 17-30. 

Riddle, D. L., Albert, P. S., & Swanson, M. M. (1981). Interacting genes in nematode dauer larva 

formation. Nature, 290(5808), 668-671. 

Roux, A. E., Langhans, K., Huynh, W., & Kenyon, C. (2016). Reversible age-related phenotypes 

induced during larval quiescence in C. elegans. Cell Metabolism, 23(6), 1113-1126. 

Rudner, A., Gensch, E., Chang, J., Tabtiang, R., & Kenyon, C. (1993). A C. elegans mutant that 

lives twice as long as wild type. Nature, 366(6454), 461-464. 

Sakamoto, T., Maebayashi, K., Nakagawa, Y., & Imai, H. (2014). Deletion of the four 

phospholipid hydroperoxide glutathione peroxidase genes accelerates aging in 

Caenorhabditis elegans. Genes to Cells, 19(10), 778-792. 

Sasakura, H., Moribe, H., Nakano, M., Ikemoto, K., Takeuchi, K., & Mori, I. (2017). Lifespan 

extension by peroxidase and dual oxidase-mediated ROS signaling through 

pyrroloquinoline quinone in C. elegans. Journal of Cell Science, 130(15), 2631-2643. 

Savion, N., Levine, A., Kotev-Emeth, S., Abu-Shach, U., & Broday, L. (2018). S-allylmercapto-

N-acetylcysteine protects against oxidative stress and extends lifespan in Caenorhabditis 

elegans. Plos One, 13(3), e0194780. 

Senchuk, M. M., Dues, D. J., Schaar, C. E., Johnson, B. K., Madaj, Z. B., Bowman, M. J., . . . 

Van Raamsdonk, J. M. (2018). Activation of DAF-16/FOXO by reactive oxygen species 



49 
 

contributes to longevity in long-lived mitochondrial mutants in Caenorhabditis 

elegans. PLoS Genetics, 14(3), e1007268. 

Smith, R. L., Tan, J. M. E., Jonker, M. J., Jongejan, A., Buissink, T., Veldhuijzen, S., . . . van der 

Spek, H. (2017). Beyond the polymerase-γ theory: Production of ROS as a mode of 

NRTI-induced mitochondrial toxicity. Plos One, 12(11), e0187424-e0187424.  

Tissenbaum, H. A., & Ruvkun, G. (1998). An insulin-like signaling pathway affects both 

longevity and reproduction in Caenorhabditis elegans. Genetics, 148(2), 703-717. 

Van Raamsdonk, J. M., & Hekimi, S. (2010). Reactive oxygen species and aging in 

Caenorhabditis elegans: Causal or casual relationship? Antioxidants and Redox 

Signaling, 13(12), 1911-1953. 

Van Raamsdonk, J. M. & Hekimi, S. (2012). Superoxide dismutase is dispensable for normal 

animal lifespan. Proceedings of the National Academy of Sciences of the United States of 

America, 109(15), 5785-5790. 

Wang, Y., Branicky, R., Noe, A., & Hekimi, S. (2018). Superoxide dismutases: Dual roles in 

controlling ROS damage and regulating ROS signaling. Journal of Cell Biology, 217(6), 

1915-1928. 

Webster, A., Jordan, J., Hibshman, J., Chitrakar, R., & Baugh, L. (2018). Transgenerational 

effects of extended dauer diapause on starvation survival and gene expression plasticity 

in Caenorhabditis elegans. Genetics, 210(1), 263-274. 

Weinkove, D., Halstead, J. R., Gems, D., & Divecha, N. (2006). Long-term starvation and 

ageing induce AGE-1/PI 3-kinase-dependent translocation of DAF-16/FOXO to the 

cytoplasm. BMC Biology, 4(1), 1-1.  



50 
 

Wu, C., Chao, Y., Shiah, S., & Lin, W. (2013). Nutrient deprivation induces the Warburg effect 

through ROS/AMPK-dependent activation of pyruvate dehydrogenase kinase. BBA - 

Molecular Cell Research, 1833(5), 1147-1156.  

Yanase, S., Yasuda, K., & Ishii, N. (2002). Adaptive responses to oxidative damage in three 

mutants of Caenorhabditis elegans (age-1, mev-1 and daf-16) that affect life span. 

Mechanisms of Ageing and Development, 123(12), 1579-1587. 

Yang, W., & Hekimi, S. (2010). A mitochondrial superoxide signal triggers increased longevity 

in caenorhabditis elegans. PLoS Biology, 8(12), e1000556. 

Zhou, K. I., Pincus, Z., & Slack, F. J. (2011). Longevity and stress in Caenorhabditis elegans. 

Aging, 3(8), 733-753. 

 

 

 


