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INTRODUCTION 
 

Age-associated health deterioration results in increased 

prevalence of numerous diseases [1], and reduced 

muscle function [2], movement [3], and stress resistance 
[4]. Aging is also a principal risk factor for mortality, 

with hazard rates increasing throughout adulthood. 

Retarding the fundamental biology of aging has been 
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ABSTRACT 
 

Aging is characterized by declining health that results in decreased cellular resilience and neuromuscular function. 
The relationship between lifespan and health, and the influence of genetic background on that relationship, has 
important implications in the development of pharmacological anti-aging interventions. Here we assessed 
swimming performance as well as survival under thermal and oxidative stress across a nematode genetic diversity 
test panel to evaluate health effects for three compounds previously studied in the Caenorhabditis Intervention 
Testing Program and thought to promote longevity in different ways – NP1 (nitrophenyl piperazine‐containing 
compound 1), propyl gallate, and resveratrol. Overall, we find the relationships among median lifespan, oxidative 
stress resistance, thermotolerance, and mobility vigor to be complex. We show that oxidative stress resistance and 
thermotolerance vary with compound intervention, genetic background, and age. The effects of tested compounds 
on swimming locomotion, in contrast, are largely species-specific. In this study, thermotolerance, but not oxidative 
stress or swimming ability, correlates with lifespan. Notably, some compounds exert strong impact on some health 
measures without an equally strong impact on lifespan. Our results demonstrate the importance of assessing 
health and lifespan across genetic backgrounds in the effort to identify reproducible anti-aging interventions, with 
data underscoring how personalized treatments might be required to optimize health benefits. 
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suggested as a remedy to improve health in old age [5]. 

However, how health (often measured by a range of 

metrics) relates to longevity remains surprisingly 

unclear; how pharmacological interventions perturb this 

relationship adds another layer of complexity, and how 

genetic diversity interfaces with chemical interventions 

aimed at health and longevity introduces an additional 

dimension that complicates understanding in both the 

basic biology and anti-aging treatment arenas.  

 

One challenge in dissecting the relationships among 

longevity, health, and genetic background is the 

difficulty in defining health in model systems. For 

human health, integrative approaches using physical, 

cognitive, or physiological performance are used as a 

proxy for health state. These approaches include the 

Short Physical Performance Battery (an assessment of 

gait speed, chair stand, and balance in the elderly  

[6–8]), Frailty Index (assessed by presence of disease, 

physical disability, and cognitive decline [9, 10]), and 

the Healthy Aging [11], Successful Aging [12], and 

Cognitive Frailty indices [13]. Parallel approaches  

have been suggested for invertebrate models (e.g., 

Drosophila locomotion [14] vs. human treadmill 

testing) in which genetics can be controlled, thus 

facilitating study of both the relationship between health 

and lifespan, and the influence of genetic background. 

 

Caenorhabditis elegans is a widely used research model 

that experiences age-dependent declines in a variety of 

physiological processes [15, 16]. A number of health 

assays have been employed in C. elegans to quantify 

functional declines. Among the most commonly used 

health-related phenotypes are stress resistance and body 

movement [15–22] (measures that broadly align with 

health and intrinsic capacity [13, 23]), pharyngeal 

pumping [24, 25], and accumulation of autofluorescent 

granules [22, 26]. These measures have been used to 

probe the relationship between health and lifespan [20, 

27, 28]. For example, measures of physiological 

function like thermotolerance and oxidative stress 

resistance can positively correlate with longevity [20, 

29, 30]. Motility, a measure of neuromuscular function, 

is positively correlated with lifespan in some, but not 

all, studies [3, 16, 17]. 

 

How, and if, lifespan and health measures are related 

thus remains hotly debated. There are a number of 

definitions of healthspan, with healthspan generally 

defined as the length of time before a precipitous loss in 

stress resistance and physiological function. Previous 

studies have shown that compound interventions that 

improve healthspan do not necessarily impact lifespan 
[31–33]. Recent work that used a definition of 

healthspan based on population maximum lifespans 

suggests that in a number of long-lived mutants, 

including well-characterized IIS/IGF signaling pathway 

mutants, healthspan can be largely uncoupled from 

lifespan [18]. Subsequent work and revisited analyses 

have contradicted these results, finding that healthspan, 

at least in long-lived daf-2 mutants, is maintained 

proportionally with lifespan, even as other long-lived 

mutants exhibit attenuated health outcomes [17].  

 

On top of these complications, the influence of genetic 

background remains a relatively unexplored variable in 

aging biology because studies have largely been 

constrained to a single isogenic line, namely C. elegans 

laboratory strain N2. However, genetic background 

plays a critical role in determining the effects of 

different pharmacological interventions on lifespan 

[34], and compounds may affect health in species- and 

even population-specific ways. The Caenorhabditis 

Intervention Testing Program (CITP) is anchored in a 

collaborative approach to address the complexities 

inherent in testing pharmaceutical impact on longevity 

and health across genetic backgrounds by exploiting  

the diversity of the Caenorhabditis genus. Using 

representatives of three Caenorhabditis species that 

encompass genetic variation similar to that between 

mice and humans [35–37], the CITP implements 

identical protocols at three independent sites to screen 

for small molecule lifespan and healthspan effects, with 

the goal of minimizing lab-to-lab variability to generate 

high quality, reproducible results. CITP published data 

demonstrate the efficacy of this approach: in an initial 

screen of 12 compounds for longevity effects, we 

identified 6 that reproducibly promote lifespan in at 

least one of the tested species [34].  

 

Here we set out to apply CITP protocols to answer three 

questions for compounds with potential anti-aging 

effects: (1) When a compound extends lifespan, does it 

do so by fundamentally slowing the aging process, 

resulting in broad health benefits? (2) Do compound 

interventions promote health benefits in genetic 

backgrounds that do not exhibit lifespan extension? and 

(3) What is the relationship between health measures 

and lifespan, and which health measures are most 

reproducible and informative for future CITP compound 

evaluation? To answer these questions, we determined 

health effects for three pro-longevity compounds tested 

in previous CITP screens [34, 38]: candidate dietary 

restriction mimetic NP1, oxidative stress pathway-

implicated propyl gallate, and red wine component 

resveratrol. We assessed health by measuring survival 

under heat stress, survival under oxidative stress, and 

swimming performance. We find that swimming ability 

and oxidative stress resistance are highly reproducible 
across labs, but that compound intervention effects on 

oxidative stress and swimming ability do not correlate 

with lifespan effects across genetic backgrounds. In 
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contrast, compound interventions do intersect with 

thermotolerance in a manner that correlates with 

longevity. Our results demonstrate the value of 

assessing health declines across genetically diverse test 

sets in the search for reproducible anti-aging 

interventions.  

 

RESULTS 
 

Aging is marked by a progressive decline in 

physiological function and an increase in hazard rate 

[39]. An anti-aging intervention treating the root 

cause(s) of aging would slow those progressive 

changes, resulting in larger relative improvements late 

in life, rather than simply being stimulatory at all ages. 

Anti-aging interventions therefore alter the slope of a 

measure over time and are detectible statistically as an 

age-by-compound interaction. An advantage to this 

slope-based evaluation approach to traditional 

healthspan metrics is that it enables us to identify and 

remove intervention hits that are merely general 

stimulants. Anti-aging compounds may have different 

effects on lifespan and health if: (1) lifespan and health 

are separable phenotypes, (2) there are multiple causes 

of aging, or (3) the intervention acts on a symptom of 

aging instead of on the underlying cause. A compound’s 

effects on health and aging can therefore be classified 

along two axes and into four different categories 

(Figure 1). The first category (upper right-hand 

quadrant), represents both lifespan extension and a 

reduced rate of health decline, resulting in a healthy 

lifespan extension. The second category (lower right-

hand quadrant) represents health preservation at the cost 

of lifespan. The third category (lower left-hand 

quadrant) represents general toxicity, with a decrease in 

lifespan and an increase in the rate of health decline. 

Interventions that fall into the final category extend 

lifespan while accelerating health decline (upper left-

hand quadrant), which results in a relative extension of 

the gerospan [18]. Evaluation of data within this 

conceptual framework enables us to assess a 

compound’s effect on both lifespan and multiple 

healthspan parameters as measured across a variety of 

diverse genetic backgrounds. 

 

To evaluate compound effects in this framework we 

selected three compounds (NP1, resveratrol, and propyl 

gallate) previously shown by the CITP to have a 

positive impact on lifespan in three distinct C. elegans 
test strains (NP1 29% median lifespan increase, 

resveratrol 24% median lifespan increase, and propyl 

gallate 22% median lifespan increase; all lifespan 

increases averaged across the three C. elegans strains), 

although not in C. briggsae [34]. NP1, a drug-like 

chemical, is thought to prolong lifespan by acting as a 

dietary restriction mimetic [40]. Red wine sirtuin 

potentiator resveratrol, which has garnered particular 

interest in the aging field, may extend lifespan via a 

dietary restriction mechanism different than for NP1 

[41]. Propyl gallate was initially tested for lifespan 

effects in C. elegans N2 based on its antioxidant 

properties [42] and acts through a wholly distinct 

longevity mechanism. We tested health metrics here 

using the same chemical lots and frozen strain siblings 

to the published longevity outcomes [34], with CITP 

standards for reproducibility across test sites [43].  

 

Oxidative stress response varies in a compound-, 

strain-, and age-specific manner 

 

Reactive oxygen species can serve as critical signaling 

molecules that promote healthy biology, but when ROS 

production and/or defenses become imbalanced with 

age, ROS can promote aging [44, 45]. Cells experience 

oxidative stress due to metabolic activity and 

environmental stressors. The ability to resist oxidative 

stress is fundamental to the maintenance of cellular 

function [46], and therefore oxidative stress resistance is 

commonly used measure of animal health. Of note, C. 

elegans N2 lifespan has been linked to oxidative stress 

resistance, with long-lived C. elegans insulin pathway 

mutants demonstrating increased survival under 

oxidative stress [27]. We sought to assess whether NP1, 

resveratrol, and propyl gallate, compounds that showed 

species- and strain-specific effects on lifespan, would 

exhibit the same pattern of effects on oxidative stress 

resistance, and if NP1, propyl gallate or resveratrol 

could confer health effects in strains that did not 

respond to those compounds with lifespan increases. 

We tested oxidative stress resistance in the presence of 

superoxide generator paraquat at two ages: early mid-

life (adult day 6 for C. elegans, adult day 8 for  

C. briggsae; time points selected based on our 

previously detailed survival analyses in these 

genetically diverse backgrounds). We also tested older 

ages for the C. briggsae strains (adult day 16 for  
C. briggsae vs. adult day 12 for C. elegans, as C. 

briggsae display a later age of senescent decline [34]) to 

investigate whether compound effects on oxidative 

stress resistance were age dependent. Specifically, the 

different time assays enable us to assess if longevity-

promoting compounds ameliorate age-related declines 

in oxidative stress resistance, rather than merely 

increasing oxidative stress resistance overall.  

 

We found the effects of DR mimetic NP1 on oxidative 

stress resistance to vary in tested strains across both 

elegans and briggsae species (Figure 2A; 

Supplementary Figure 1). In particular, the strong 
species-specific effect that we previously reported for 

lifespan with NP1 treatment [34] was not evident for 

oxidative stress resistance. More specifically, one strain, 
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C. briggsae AF16, showed a small age-related increase 

in oxidative stress resistance (no significant effect at 

early mid-life; 15% increase in median survival at late 

mid-life, p = 0.0288). A second strain, C. elegans 

MY16, demonstrated an age-by-compound interaction, 

with a moderately negative oxidative stress response at 

early mid-life (25% decrease in median survival, p = 

0.00135), but a robust positive response at late mid-life 

age (61% increase in median survival, p = 0.00477).  

C. briggsae HK104 had an overall robust decrease in 

oxidative stress resistance at both ages (33–35% 

decrease in median survival, p < 0.001; we note that this 

mirrors the decreased lifespan previously seen with 

HK104 NP1 treatment [34]). The three remaining 

strains C. elegans N2 and JU775, and C. briggsae 

JU1348, showed no significant effect of NP1 treatment 

on oxidative stress resistance. We conclude that NP1 

treatment in genetically diverse backgrounds induces a 

range of oxidative stress resistance responses. 

Importantly, for NP1, oxidative stress response does not 

correlate well with previously reported longevity 

benefits across strains [34].  

 

Our previously published lifespan results showed that 

the antioxidant propyl gallate had a weak but positive 

effect on lifespan in C. elegans, and no effect on 

lifespan in C. briggsae [34]. Much like NP1, we found 

that in most cases propyl gallate did not lead to 

increased oxidative stress resistance (five of the six 

strains tested, Figure 2B). Only one strain, C. elegans 

N2, showed an overall increase in oxidative stress 

resistance, which was more robust in early mid-life 

(36% increase in median survival at early mid-life, p = 

0.00128; 24% increase at late mid-life, p = 0.00323). 

 

Finally, we tested the effect of resveratrol on oxidative 

stress resistance, another compound that we showed 

confers a species-specific lifespan response [34]. Unlike 

NP1 and propyl gallate, resveratrol had a widespread 

effect, and increased oxidative stress resistance to 

statistical significance in three of the six strains tested 

(Figure 2C). C. elegans N2 exhibited an increase in 

oxidative stress resistance at both ages (27% increase in 

median survival at early mid-life, p = 0.01061; 17% 

increase at late mid-life, p = 0.00688), while C. elegans 

JU775 exhibited increased survival in an age-dependent 

manner (no significant effect at early mid-life; 13% 

increase in median survival at late mid-life, p = 

0.001988). C. elegans MY16, along with C. briggsae 

AF16 and HK104 trended towards a general increase in 

oxidative stress resistance, although not all effects were 

significant. The remaining strain, C. briggsae JU1348, 

showed no significant change in oxidative stress 

resistance with resveratrol treatment.  

 

Overall, NP1 and propyl gallate, compounds that CITP 

previously observed to increase lifespan [34] have little 

to no effect on the oxidative stress resistance healthspan 

metric; resveratrol, however, exerted a positive effect on 

oxidative stress resistance in a species- specific manner. 

 

 

 
Figure 1. Potential effects of compounds on lifespan and health. A qualitative diagram of possible outcomes for compound effects 

on lifespan and on healthspan. Lifespan is represented as a change in median survival, while healthspan is represented in the relative rate 
of decline as compared to the control. The black lines show control, while the blue lines depict slowed aging, and the red lines depict 
accelerated aging. For health measures, the black dashed line shows the effects of an intervention that is generally stimulatory but does 
not alter the aging process. Depending on the effect size and direction, each healthspan, compound, and strain combination will fall into 
one quadrant: lifespan and healthspan extending, healthspan extending, gerospan extending, or toxic. The solid lines between the 
quadrants indicate no change from the control for a given measure. 
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Figure 2. Compound effects on oxidative stress resistance. The effect of adult exposure to (A) NP1, (B) propyl gallate, and 

(C) resveratrol on median survival under oxidative stress conditions, beginning at day 6 and 12 (C. elegans), or day 8 and 16 (C. briggsae) of 
adulthood. Three strains were tested from each species: C. elegans strains N2, MY16, and JU775 (black text), and C. briggsae AF16, ED3092, 
and HK104 (gray text). Each point represents the median survival on 40 mM paraquat of an individual trial plate (technical replicate), 
control (vehicle only – gray) or compound treated (color). The bars represent the mean +/− the standard error of the mean. Biological 
replicates were completed at the three CITP testing sites (square – Buck Institute, circle – Oregon, and diamond – Rutgers). Asterisks 
represent p-values from the CPH model such that ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. 
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We conclude that resistance to paraquat toxicity-

associated oxidative stress does not correlate strongly 

with CITP longevity outcomes for select compounds 

NP1, propyl gallate or resveratrol.  

 

Thermotolerance varies in a compound-, species-, 

strain-, and age-specific manner 

 

Thermotolerance has been implicated as a reasonably 

close correlate of increased longevity [20, 47], with 

long-lived C. elegans mutants being relatively 

thermotolerant (physiological temperatures for wild-

type N2 C. elegans range from 15–25C; 

thermotolerance is typically described as increased 

survival after transient exposure to noxious 

temperatures (above 26C to at least 36C)) [48]. To 

determine the thermotolerance effects of NP1, propyl 

gallate and resveratrol, we aged animals at 20°C in the 

presence of the compound and then subsequently 

measured survival after shifting culture to 32°C on 

compound-free plates (see Supplementary Figure 2 for 

Kaplan-Meier survival curves). 

 

We found that NP1 ameliorated age-related thermo-

tolerance decline in two of the six Caenorhabditis 

strains tested (Figure 3A), C. elegans N2 and MY16 (no 

significant change at early mid-life; 42–53% increase in 

median survival at late mid-life; p = 0.00611- N2; p < 

0.0001 – MY16). Conversely, we found that C. 

briggsae HK104 + NP1 exhibited accelerated loss of 

thermotolerance late in life (no effect at early mid-life; 

28% decrease in median survival at late mid-life, p < 

0.001).  

 

Propyl gallate treatment conferred a moderate positive 

late life increase in thermotolerance in all three  

C. elegans strains tested (Figure 3B; no significant 

effect at early mid-life; 9–34% increase in median 

survival at late mid-life, p < 0.0001 – N2, p = 0.00138 – 

JU775, p = 0.00238 – MY16). Within this group, the 

effect size varied in a strain-specific manner. In 

contrast, thermotolerance in the C. briggsae strains 

tested was not affected by propyl gallate treatment.  

 

Finally, resveratrol caused a significant increase in 

thermotolerance in both species and five of the six 

strains (Figure 3C). More precisely, we saw a 

compound-by-age interaction in four of the six strains 

tested. These strains exhibited an increase in ability to 

withstand thermal stress in an age-dependent manner 

(no effect at early mid-life; 12–51% increase in median 

survival at late mid-life, p < 0.0001 for all C. elegans 

strains, p < 0.05 for C. briggsae HK104). C. briggsae 
AF16 was positively affected overall by resveratrol 

treatment, with an increase in survival at both ages 

tested (34% increase in median survival at early mid-

life, p = 0.00186; 17% increase at late mid-life,  

p = 0.03046), although the size of the effect decreased 

with age. The remaining strain, C. briggsae JU1348, 

showed no change in thermotolerance with resveratrol 

treatment. 
 

Overall, we find the heat resistance associated with 

lifespan-extending compounds varies with compounds 

for tests of NP1, propyl gallate, and resveratrol in a 

genetically diverse test set. NP1 treatment conferred 

strain- and age-dependent thermotolerance, while 

propyl gallate elicited generally species- and age-

specific responses. We found that resveratrol conferred 

the most robust and widespread thermotolerance, 

increasing heat stress survival in nearly every strain, 

with most strains exhibiting age-dependent effects, and 

the effect at the younger ages being non-significant but 

trending towards an increase. Notably, however, 

thermotolerance outcomes do not correlate with 

oxidative stress outcomes. We conclude that distinct 

measures of stress response can be differentially 

regulated by the compound interventions we tested.  

 

The effect of compounds on locomotory health is 

largely species- specific 

 

Previous work has shown that motility decreases in 

aging C. elegans [3, 16, 21, 49]. As locomotory 

ability is used in human clinical health assessment 

assays, we investigated whether lifespan-extending 

compounds would improve C. elegans motility, 

particularly later in life. To measure locomotion 

features, we used the CeleST platform [49, 50] to 

acquire eight measures of swimming ability at days 5, 

9, and 12 of adulthood, respectively (the selected 

timepoints showed age-dependent differences in 

baseline measurements, i.e., are associated with 

detectable aging between the timepoints); see 

Supplementary Figure 3 for results with the eight 

measures of movement; swimming features measured 

by CeleST are improved in long-lived C. elegans 

mutants [49]. While the eight measures provide a 

broad range of information on the swimming of each 

of the strains, it was not clear which measures best 

capture the decline of locomotion with age across our 

genetic diversity panel. We therefore combined the 

information from all eight measures for each strain 

into a single multivariate composite measure using a 

linear discriminate analysis to weight and combine 

the individual measurements (Materials and Methods, 

Supplementary File, and Online Materials [51] 

provide an in-depth description of methodology). 

This approach accounts for interdependency among 

measures and the unique movement properties of the 

different strains. We used a strain-specific composite 

score in our analyses.  
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We found that NP1 had the most robust and widespread 

effect on swimming ability, improving locomotion in all 

six strains tested (Figure 4). In C. elegans, the effect of 

NP1 was age-dependent, with NP1 treatment slowing 

the rate of decline in swimming ability in all strains. We 

observed the largest effect in C. elegans N2 (17%

 

 
 

Figure 3. Compound effects on thermotolerance. The effect of adult exposure to (A) NP1, (B) propyl gallate, or (C) resveratrol on 

thermotolerance, specifically median survival at 32°C. Thermotolerance assays were run beginning on day 6 and 12 (C. elegans) or day 8 
and 16 (C. briggsae) of adulthood. Three strains were tested from each species: C. elegans strains N2, MY16, and JU775 (black text), and 
C. briggsae AF16, ED3092, and HK104 (gray text). Each point represents the median survival at 32°C of an individual trial plate (technical 
replicate), either control (vehicle only – gray), or compound treated (color). The bars represent the mean +/− the standard error of the 
mean. Biological replicates were completed at the three CITP testing sites (square – Buck Institute, circle – Oregon, and diamond – Rutgers). 
Asterisks represent p-values from the CPH model such that ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. 
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increase in mean swimming score at day 12, p < 

0.0001), while C. elegans JU775 and MY16 exhibited 

small but significant improvements (2–5% increase 

with age, p < 0.05 – JU775; 3% increase at adult  

day 9, p = 0.0085 – MY16). Interestingly, the effect 

of NP1 on swimming ability in C. briggsae was 

strikingly robust. JU1348 showed a reduction in age-

related locomotory decline (12–16% increase in mean 

swimming score at adult days 9 and 12, p < 0.0001), 

while both AF16 and HK104 had an overall increase 

in swimming ability at all ages (9–14% increase in 

mean swimming score, p < 0.0001 for all ages with 

the exception of HK104 day 9, where p = 0.0028). 

Although NP1 conferred an overall increase in the 

locomotory ability of HK104, the effect was greatest 

in young animals, meaning that NP1 increased the 

relative rate of decline in strain HK104. 

 

We found that propyl gallate treatment improved 

swimming ability in a species-specific manner, similar 

to the propyl gallate effect on lifespan (Figure 4). All 

three C. elegans strains showed an age-related 

improvement in swimming ability, with the effect size 

increasing at the older ages tested. Propyl gallate 

improved locomotory ability in N2 by 5% (p = 0.0105) 

at adult day 5, 7% (p = 0.0005) at day 9, and 21% (p < 

0.0001) at day 12. This trend was also observed in 

both JU775 and MY16 to a lesser extent (4–6% 

maximum increase in mean composite swimming 

score during adult days 9 and 12; p ≤ 0.0003 – JU775, 

p < 0.05 – MY16), indicating that propyl gallate 

reduces the rate of age-related locomotory decline in 

C. elegans. In contrast, propyl gallate treatment had no 

effect on swimming ability in any C. briggsae strain 

tested. 

 

We found the effect of resveratrol on locomotory ability 

was also species-specific (Figure 4). Specifically, 

resveratrol treatment improved swimming ability with 

age in C. elegans JU775 and N2 (5–11% increase in 

mean composite swimming score at day 9, 4–10% 

increase at day 12; p ≤ 0.0001 – N2, p ≤ 0.0015 – 

JU775), slowing the age-related decline in locomotion 

in both strains. This effect, however, is dependent on

 

 
 

Figure 4. Compound effects on CeleST composite swim scores. The effect of adult exposure to NP1, propyl gallate, or resveratrol on 
overall swimming ability with age in (A) three C. elegans strains (N2, JU775, MY16), and (B) three C. briggsae strains (AF16, JU1348, HK104). 
Swimming assays were run on days 5, 9, and 12 of adulthood. Bars represent the mean +/− the standard error of the mean. Adjusted 
swimming score values were normalized to the strain mean value. Two biological replicates were completed at each of the three CITP 
testing sites. Asterisks represent p-values from the linear mixed model such that ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. 
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genetic background, as swimming ability in C. elegans 

MY16 was not affected by resveratrol. Likewise, 

resveratrol treatment had no effect on swimming in any 

C. briggsae strain.  

 

Overall, we found that compounds that extend lifespan 

in particular strains also improve mobility when 

administered to those same strains. It is noteworthy, 

however, that we also found that NP1, which did not 

have a lifespan effect in the C. briggsae genetic 

background, could nonetheless enhance adult swimming 

ability. Thus, NP1 extends locomotory health more 

broadly than it enhances longevity in a genetically 

diverse test set.  

 

Thermotolerance, but not oxidative stress or 

swimming ability, correlates with lifespan 

 

Do health measurements correlate with lifespan, 

especially in response to a pharmacological inter-

vention? Because our health assays were terminal (for 

throughput considerations and need to minimize 

manipulation stress, we did not recover animals used in 

the swimming assays for use in parallel lifespan studies), 

we do not have health and lifespan measurements for the 

same individuals. However, we were able to correlate 

each health measure score on a combined strain, 

compound, and age basis (Supplementary Figure 4) and 

found that thermotolerance was the most predictive of 

median lifespan, particularly at days 12 (C. elegans) and 

16 (C. briggsae) of adulthood (R2 = 0.58 at early mid-

life, R2 = 0.83 at late mid-life). In contrast, neither 

oxidative stress resistance nor swimming ability 

correlated well with median lifespan, with swimming 

ability on the days assayed being a particularly poor 

predictor of the effect of a compound on longevity  

(R2 = 0.08, 0.097, 0.048, for days 5, 9, and 12 of 

adulthood, respectively). Our data suggest that despite 

experimental variability in thermotolerance outcomes, 

thermal resistance might be the best proxy for screening 

for longevity promoting drugs, an idea that remains to be 

tested more extensively. 

 

Swimming ability and oxidative stress resistance, but 

not thermotolerance, are highly reproducible across 

labs  

 

We observed some variability within our healthspan 

datasets and statistically evaluated the sources of this 

variation (Table 1). For oxidative stress resistance, 

~34% of the total variance is attributed to genetic 

background, ~7.8% of total variance is attributed to lab-

specific effects, and ~9.8% of the total variance is a 
result of variation within labs. This distribution of 

variation is similar to the variation we observed in our 

previously published lifespan datasets [34, 38]. The 

sources of variation within the swimming dataset are 

weighted towards individual variation, with ~79.2% of 

total variance attributable to differences in individual 

swimming performance. Variability at the genetic level 

only accounts for 5.7% of the variance, with nearly half 

of that (2.4%) attributable to species differences. 

Furthermore, among-lab differences only contributed to 

~5.8% of the total variation, and within lab variance 

contributed to ~9.3% of the total variation. Both 

oxidative stress resistance and swimming are thus 

reproducible across labs.  

 

We found thermotolerance outcomes to be variable in 

comparison to longevity, locomotion and oxidative 

stress measures. For thermotolerance, ~24.4% of the 

total variation is attributed to genetic background, while 

we find ~28.5% of variation is attributable to among lab 

differences, and ~15.8% to variation within labs. 

Variability may reflect difficult-to-control environmental 

factors such as localized/fluctuating differences in 

incubator temperature (or temperature distribution), or 

humidity variation. Regardless of root cause, however, 

data reveal that even against the backdrop of variability 

in thermotolerance, the thermotolerance measure may 

serve as a plausible tool for assessing the chances that a 

given intervention might exert longevity benefit. 

 

DISCUSSION 
 

The ultimate goal of exploiting model organisms to 

screen for anti-aging interventions is to identify 

treatments that might translate to healthy lifespan 

extension in humans (Figure 1). Few people are 

interested in living to be 120 years old if longevity is 

associated with continuing health declines seen in most 

90-year-olds, but most would be happy to live to 100 

with a health state similar to 60-year-olds. Despite 

widespread application of the longevity screening 

approach, it remains somewhat unclear as to whether 

the goal of translating model organism research to 

healthy human aging is achievable, in part because the 

relationship between healthspan and lifespan varies 

based on how/when health is measured, analyzed, and 

interpreted [17, 18, 52, 53]. Using varying measures  

of health, some compound interventions exhibit 

independent effects on health and lifespan [31-33]. That 

a disconnect between phenotypes of health and 

longevity is surprising likely reflects typically unspoken 

assumptions regarding the mode of action of 

interventions, and the underlying causation of the age-

dependent phenotypes of health and lifespan.  

 

For example, compound interventions that treat the root 

cause(s) of aging would be expected to confer broad 

age-dependent health benefits, as well as reduced 

mortality. Yet, it is possible to treat symptoms of aging
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Table 1. Comparison of reproducibility of health measurements from oxidative stress, thermotolerance, and 
CeleST assays within and between labs. 

Source of variation Oxidative stress Thermo CeleST  

Genetic variation 34.0 24.4 5.7 

Among species  0.0 0.6 2.4 

Among strains w/in species  29.2 3.7 0.9 

Species × age  0.1 1.4 0.1 

Species × compound  0.0 0.0 0.8 

Species × age × compound  0.0 15.3 0.2 

Strain × age  0.0 1.0 0.7 

Strain × compound  3.8 1.9 0.1 

Strain × age × compound  0.9 0.6 0.6 

Reproducibility among labs  7.8 28.5 5.8 

Among labs  3.5 13.8 3.3 

Lab × species  0.0 7.5 0.6 

Lab × strain  3.6 0.8 1.1 

Lab × age  0.5 4.8 0.6 

Lab × compound  0.0 0.7 0.0 

Lab × age × compound  0.1 0.9 0.2 

Reproducibility within labs  9.8 15.8 9.3 

Among trials  4.1 6.8  

Among scanners w/in trials  0.0 3.6  

Among plates w/in scanners  5.8 5.4  

Among experimenters    0.8 

Among trials w/in exptrs    2.0 

Among videos w/in trials    6.5 

Individual variation  48.4 31.3 79.2 

Total 100 100 100 

Total number of observations  20,467 22,213 15,117 

 

instead of underlying causes. In those cases, if the 

symptom is only related to mortality or to a particular 

health measure, we would expect separation between 

lifespan and health effects. It is therefore generally 

beneficial when characterizing anti-aging interventions 

to ask: are there broad health benefits indicative of a 

fundamentally slowed aging process? And is that aging 

process influenced by genetic background? 

 

Genetic background can profoundly affect the 

efficacy of a tested intervention to promote survival 

or health 

 

Although many screens for longevity extension in C. 
elegans have been published [54–57], genetic 

background effects remain an unexplored variable in 

these screens as nematode studies have been largely 

confined to the canonical C. elegans N2 lab strain. The 

CITP seeks to address the issue of genetic background 

variability in compound screening by testing a panel of 

Caenorhabditis strains that represent evolutionary 

divergence similar to that found between mice and 

humans [35–37]. As we have previously published, 

genetic background is important when assessing the 

effects of pharmacological interventions on lifespan 

[34]. Here we selected three anti-aging compounds 

(NP1, propyl gallate, and resveratrol) for which we had 

previously conducted comprehensive studies of 

longevity [34] and we characterized their impact on two 

measures of physiological resilience, oxidative stress 

resistance (Figure 2) and thermotolerance (Figure 3), 

and on swimming ability (Figure 4), a primarily 

neuromuscular phenotype thought to reflect general 

health and vigor.  

 

To determine if these three compounds induced lifespan 

extension by affecting a root cause in the aging process, 

we determined whether they conferred broad health 
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benefits. We observed that if a compound extended 

lifespan in a particular strain, that compound typically 

slowed the rate of decline across the healthspan 

measures tested, with some exceptions (Figure 5). This 

raises an interesting question: if a compound modulates 

a core aging process, then why are the observed 

 

 
 

Figure 5. Relative compound effects on health vs. lifespan. Comparing the effect of (A) NP1, (B) propyl gallate, and (C) resveratrol 

on manual lifespan versus healthspan measures in two Caenorhabditis species (lifespan data from reference [34]). The lifespan effect is the 
fold change in median lifespan for a strain compared to its untreated control. For health, the relative rate of decline for each strain and 
compound is compared to the rate of decline for the control. Positive numbers would reflect either lifespan extension or slowed decline in 
the health measure, while negative numbers would reflect shortened lifespan and accelerated decline in the health measure. Each point 
represents a strain and health measure combination. Dotted line surrounds expanded box. 



www.aging-us.com 5840 AGING 

compound effects dependent on the genetic 

background? This may result from background 

differences in permeability, compound turnover, and/or 

pathway tuning that can vary with genetic background, 

or may suggest that the underlying cause(s) of aging 

varies across genetic backgrounds, or may indicate that 

the compounds are affecting symptoms of aging instead 

of causes of aging. This separation in phenotypes 

suggests that interventions that do not exhibit a benefit 

in one age-dependent measure may show benefits when 

assayed using an alternative measure. We therefore 

sought to determine if compound interventions promote 

health benefits in genetic backgrounds that do not 

exhibit lifespan extension. Interestingly, pharma-

cological interventions in the strains that saw no 

lifespan change after compound treatment had varying 

and sometimes robust effects on the rate of health 

decline, both positively and negatively. In this way, 

although health effects can vary, we observe that 

healthspan can generally be uncoupled from lifespan, 

and that anti-aging effects of compounds could be seen 

on health regardless of lifespan effects. 

 

Thermotolerance as a proxy for longevity outcomes?  

 

Given the relationship among different health measures 

and lifespan, we sought to determine which health 

measures are most reproducible and informative for 

targeted screens for anti-aging treatments. In the case of 

the three health measures that we evaluated, 

thermotolerance was the only one for which compound 

intervention effects correlated well with lifespan effects 

across genetic backgrounds (Supplementary Figure 4). 

Increased thermotolerance corresponds to increased 

longevity in many studies [20, 58–60]. The fact that 

lifespan correlates significantly with thermotolerance 

across compounds and genetic backgrounds suggests 

that the ability to maintain cellular homeostasis is a key 

factor in not just maintaining health, but also crucial in 

preventing death. Thermal stress causes unfolding of 

cellular proteins, and the induction of stress response 

pathways that induce organelle-specific molecular 

chaperone production [61, 62]. We therefore suggest the 

correlation between lifespan and thermotolerance as 

being likely attributed to compound administration 

promoting protein homeostasis, which when addressed 

could result in lifespan extension and increased 

thermotolerance.  

 

Despite the relationship of thermotolerance to lifespan, 

thermotolerance may only be used sparingly in future 

CITP compound screening for three reasons: (1) given 

the correlation between thermotolerance and lifespan, 
there may be little additional benefit for using 

thermotolerance assays given that positive hits will 

likely be identified by lifespan studies alone, (2) 

although in principle thermotolerance provides a faster 

result, the approach used here actually ended up being 

more labor intensive than standard longevity assays (see 

Methods), and (3) most importantly, among our three 

assays, thermotolerance was the least reproducible 

across labs (Table 1). 

 

Oxidative stress resistance and swimming 

locomotion reflect aging processes that are 

uncorrelated with lifespan  

 

In contrast to thermotolerance, oxidative stress 

resistance, the other physiological resilience measure 

we used in these studies, does not correlate well with 

lifespan (Supplementary Figure 4). Although oxidative 

damage has been proposed as a cause for aging [63–65], 

this may not be surprising for two reasons. First, ROS 

signaling plays a crucial role in multiple cellular 

processes [45] and certainly the positive and negative 

aspects of ROS signaling play into the outcome 

equation [44]. Indeed, it is known that antioxidant 

treatment does not guarantee increased lifespan, 

indicating that oxidative stress may not be a primary 

driver of mortality [31–33]. Secondly, “oxidative stress” 

is an umbrella term that covers a wide range of 

phenomena, with sub-cellular localization of the 

oxidative stress and differing reactive oxide species 

resulting in differing levels of cellular stress or benefit. 

In this study we only tested a severe oxidative stressor, 

paraquat, and our results may have been different had 

we used a lower concentration of paraquat, a different 

oxidative stressor, or a more physiological deleterious 

ROS source. 

 

Similar to oxidative stress, we found that swimming 

ability, a measure of neuromuscular function [66], does 

not correlate well with median lifespan across the 

different genetic backgrounds tested (Supplementary 

Figure 4). While oxidative stress resistance and 

swimming ability do not predict ultimate lifespan, these 

measures remain of particular interest when exploring 

the effect of pharmacological interventions on aging. Of 

note, the measures of oxidative stress and swimming 

prowess showed high reproducibility among labs 

(Table 1), and their separability from lifespan can 

facilitate the identification of interventions that treat 

important symptoms of aging that may not be found by 

screening lifespan alone.  

 

Here we documented that representative pharma-

cological interventions in a genetically diverse 

Caenorhabditis test set result in a complex pattern of 

health effects, with genetic background and age both 
being important for overall outcome. Assay selection 

and design is clearly a factor in evaluation of 

intervention impact. Compounds can improve health 
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measures in the absence of strong longevity outcome. 

Our results underscore that genetic background can be a 

crucial determinant in the evaluation of potential anti-

aging, pro-resilience compounds. Although the findings 

presented here are limited to three compounds relevant 

to human interventions, our findings suggest that a 

personally tailored intervention that accounts for age, 

current health state, and genetic background may 

ultimately be necessary for optimal efficacy in the 

clinic.  

 

MATERIALS AND METHODS 
 

A detailed set of standard operating procedures is 

available online [67]. Experimental details in brief are 

as follows: 

 

Strains 

 

Following standard CITP protocol, the following natural 

isolates were obtained from the Caenorhabditis Genetics 

Center (CGC) at University of Minnesota: C. elegans 

N2, MY16, JU775; C. briggsae AF16, HK104, JU1348. 

The N2 strain used was N2-PD1073, which is a clonal 

line derived from the N2 strain VC2010 used to generate 

a new N2 reference (VC2010-1.0) genome [68] that has 

been adopted by the CITP as a lab adapted control [38]. 

Animals were maintained at 20°C on 60 mm plates with 

NGM and E. coli OP50-1 and synchronized by timed 

egg-lays (for full SOP see ref. [67]). Animals were 

transferred to 35 mm NGM plates containing 51 µM 

FUdR and compound intervention (or the solvent DMSO 

in control plates) on the first, second and fifth day of 

adulthood, then once weekly when applicable, until 

healthspan measurements were initiated. 

 

Interventions 

 

The following compounds were selected to study 

impacts on health based on our previous findings for 

nematode longevity [34, 38]: NP1 (ChemBridge), 

propyl gallate (Sigma-Aldrich), and resveratrol 

(Cambridge Chemical). The same in-plate 

concentrations previously tested for lifespan effects 

from each compound were used here: 50, 200, and 100 

µM, respectively. Animals were exposed to compound 

interventions only for the duration of adulthood up until 

health measurements were performed. Lifespan data for 

C. elegans and C. briggsae strains are from Lucanic 

et al. (2017) [34]; healthspan studies were conducted on 

identical strain stocks between 2017 and 2022. 

 

Selection of ages for health assays 

 

To measure health in aging adults we selected time 

points that (1) showed age-dependent differences in the 

baseline measurements (e.g., detectable aging between 

the timepoints), and (2) were justifiable based on the 

known physiological and demographic changes in 

normally aging adults. For example, C. elegans and C. 

briggsae hermaphrodites are self-fertile, with a normal 

reproductive period in the absence of males lasting for 

the first five to eight days of adulthood [69]. We 

therefore used the end of the period of self-reproduction 

to establish an “early-mid-life” timepoint for health 

assays. We also selected a “late-mid-life” timepoint to 

correspond to approximately the 95th survivorship 

centile [70] to minimize selection biases (see 

Supplementary Figure 5). 

 

Heat stress 

 

To measure the impact of each compound on 

organismal tolerance of heat stress, we implemented the 

following augmented Lifespan Machine (LM) protocol 

[38, 71]: 70 animals each placed on 50 mm tight-lidded 

petri plates with modified NGM and E. coli OP50-1 at 

32°C humidity for a duration of four days. For each of 

two biological replicates (independent trials), we 

created two technical replicates (single plate) per strain 

and condition (age and compound or control) per lab. C. 

elegans were tested at adult days 6 and 12 while C. 

briggsae were tested at adult days 8 and 16. A full 

protocol is available online [67]. 

 

Oxidative stress 

 

To measure the impact of each compound on 

organismal resilience to exogenous oxidative stress, we 

implemented the following ALM protocol [38, 71]: 70 

animals were placed onto each 50 mm tight-lidded petri 

plate with modified NGM containing 40 mM paraquat 

(or methyl viologen dichloride, from Sigma-Aldrich), 

51 µM FUdR, and E. coli OP50-1. The duration of the 

paraquat-exposure assays was dependent on the starting 

age of the animals due to the increased rate of mortality 

with age. Specifically, C. elegans on day 6 of adulthood 

and C. briggsae on day 8 of adulthood were assayed for 

16 days, while C. elegans at 12 days of adulthood and 

C. briggsae at 16 days of adulthood were assayed for 

only 7 days. For each of two biological replicates, we 

created two technical replicates per strain and condition 

(age and compound or control) per lab. A full protocol 

is available online [67]. 

 

Heat and oxidative stress statistical analysis 

 

Statistical analyses for survival were conducted as 

previously published [34, 38]. In brief, a mixed-model 
approach within each strain was used in which 

compound and age were treated as fixed effects, and 

laboratory site, experiment date, lifespan machine, and 
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technical replicate were considered random effects. 

Effects of compounds on healthspan were tested via the 

compound-by-age interaction, with the compound or 

control specific change with age being defined as the 

“rate of decline” of that healthspan measure. We 

analyzed survival using both a general linear model 

with the lme4 (v1.1.23) [72] package and a mixed 

model Cox proportional hazard (CPH) model with the 

coxme (v2.2.16) package [73]. Each compound was 

tested as a planned comparison against its appropriate 

control using the multcomp (v1.4.13) package [74]. 

Analyses were conducted in the R statistical language. 

All relevant data, R-scripts, and output files are 

available online [75]. 

 

C. elegans swim test 

 

To measure the impact of lifespan-enhancing 

compounds on the age-associated decline in agility or 

neuromuscular function, we implemented the C. elegans 

Swim Test (CeleST [49]). Briefly, animals were 

exposed to compound intervention during adulthood as 

described above until CeleST measurements were 

collected at adult ages day 5, 9, and 12. For two 

biological replicates at each of the three CITP sites, 40 

animals were tested per condition (age and compound 

or control) per strain. For full experimental protocols 

see our online protocol [67]. The CeleST software was 

used to measure eight different parameters (Wave 

initiation rate, Body wave number, Asymmetry, Stretch, 

Curling, Travel speed, Brush stroke, and Activity index) 

[49, 50]. To facilitate comparisons between strains and 

compound treatments we generated a single composite 

swimming score. 

 

CeleST composite score 

 

CeleST provides video-based analysis of eight separate 

features of locomotion, from bending rate to travel 

speed50. However, we do not necessarily have an a 

priori expectation as to how each variable might change 

with age, or how strains may differ in age-dependent 

changes among the eight measures. To maximize the 

differences between ages across all the measurements, 

we used linear discriminant analysis (LDA), with the 

eight original measurements in each record serving as 

the predictor variables and age-dependent decline being 

the primary discriminator (see Supplementary File) to 

reduce the number of dimensions from eight to one. 

Projecting the eight predictor variables onto a single 

axis creates the first linear discriminant function. This 

first linear discriminant function minimizes within-age 

variance, maximizes between-age variance, and 
maximizes the separability of the means of the ages 

[76]. While it cannot capture all the information 

provided by each original measurement, it captures as 

much as possible. Because it maximizes the differences 

between group levels (ages in our case), linear 

discriminant analysis is often used to predict group 

membership after a training dataset is used. To avoid 

confounding strain specific differences in swimming, 

our LDA was performed on the untreated control data 

independently for each strain to generate first linear 

discriminant functions for each strain. This function 

provides the composite movement score that best 

captures the decline in movement with age. We then 

used the coefficients for each of the original eight 

predictor variables in the strain specific first linear 

discriminant functions as strain specific weightings of 

the eight measures to generate composite scores that 

maximized the ability to separate the animals in the 

control set by age. Those strain specific weightings 

were then used to generate a composite score of treated 

animals to analyze for compound and age effects (see 

Supplementary File for in depth methodology). While 

the main text presents an analysis of swimming using 

the composite score, analyses of the individual CeleST 

measurements are available in the Supplementary 

Materials (Supplementary Figure 3). All relevant R-

scripts and raw output are available online [51, 67]. To 

analyze changes in swimming behavior with age, the 

composite score was used as the dependent in mixed 

effects general linear models built for each strain in R 

using the lme4 package (v1.1.27.1) [72], with 

compound and age as fixed effects and laboratory site, 

research technician, experiment date, and video as 

nested random effects. Significant age by compound 

interactions, as determined using the R car package 

(v3.0.11) [77], were used to determine the effect of the 

compound on the rate of decline of swimming with age. 

 

AUTHOR CONTRIBUTIONS 
 

Conceptualization: MD, GJL, PCP, MG, SAB. 

Methodology: CH, EC, DH. Formal analysis: EGJ, 

CAS, PCP.  Data curation: EGJ, CAS. Funding 

acquisition: MG, VIP, GJL, MD, PCP. Conducted 

experiments: CAS, EJ, ACH, DH, BO, TG, PH, DI, 

MM, GH, SG, JX, AK. Visualization: CAS, SAB. 

Wrote the paper: SAB, CAS, EJ, ACH. Reviewed, 

edited, and approved the paper: BO, MD and all 

authors. 

 

ACKNOWLEDGMENTS 
 

We acknowledge all of the members of the Lithgow, 

Driscoll and Phillips labs for helpful discussions and 

superb team communication. We thank the CITP 

Steering Committee and Ronald Kohanski (National 
Institute on Aging) for extensive discussion. We thank 

Asher Cutter, Marie-Anne Félix, and Christian Braendle 

for providing strains that they had directly collected. 



www.aging-us.com 5843 AGING 

Additional strains were provided by the CGC, which is 

funded by NIH Office of Research Infrastructure 

Programs (P40 OD010440). 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

FUNDING 
 

This work was supported by funding from National 

Institutes of Health grants (U01 AG045844, U01 

AG045864, U01 AG045829, U24 AG056052). 

 

REFERENCES 
 
1. Niccoli T, Partridge L. Ageing as a risk factor for 

disease. Curr Biol. 2012; 22:R741–52. 
https://doi.org/10.1016/j.cub.2012.07.024 
PMID:22975005 

2. Glenn CF, Chow DK, David L, Cooke CA, Gami MS, 
Iser WB, Hanselman KB, Goldberg IG, Wolkow CA. 
Behavioral deficits during early stages of aging in 
Caenorhabditis elegans result from locomotory 
deficits possibly linked to muscle frailty. J Gerontol A 
Biol Sci Med Sci. 2004; 59:1251–60. 
https://doi.org/10.1093/gerona/59.12.1251 
PMID:15699524 

3. Bolanowski MA, Russell RL, Jacobson LA. Quantitative 
measures of aging in the nematode Caenorhabditis 
elegans. I. Population and longitudinal studies of two 
behavioral parameters. Mech Ageing Dev. 1981; 
15:279–95. 
https://doi.org/10.1016/0047-6374(81)90136-6 
PMID:7253717 

4. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. 
Frailty in elderly people. Lancet. 2013; 381:752–62. 
https://doi.org/10.1016/S0140-6736(12)62167-9 
PMID:23395245 

5. Sierra F, Kohanski R. Geroscience and the trans-NIH 
Geroscience Interest Group, GSIG. Geroscience. 2017; 
39:1–5. 
https://doi.org/10.1007/s11357-016-9954-6 
PMID:28299635 

6. Studenski S, Perera S, Wallace D, Chandler JM, 
Duncan PW, Rooney E, Fox M, Guralnik JM. Physical 
performance measures in the clinical setting. J Am 
Geriatr Soc. 2003; 51:314–22. 
https://doi.org/10.1046/j.1532-5415.2003.51104.x 
PMID:12588574 

7. Volpato S, Cavalieri M, Sioulis F, Guerra G, Maraldi C, 
Zuliani G, Fellin R, Guralnik JM. Predictive value of the 

Short Physical Performance Battery following 
hospitalization in older patients. J Gerontol A Biol Sci 
Med Sci. 2011; 66:89–96. 
https://doi.org/10.1093/gerona/glq167 
PMID:20861145 

 8. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, 
Berkman LF, Blazer DG, Scherr PA, Wallace RB. A 
short physical performance battery assessing lower 
extremity function: association with self-reported 
disability and prediction of mortality and nursing 
home admission. J Gerontol. 1994; 49:M85–94. 
https://doi.org/10.1093/geronj/49.2.m85 
PMID:8126356 

 9. Peña FG, Theou O, Wallace L, Brothers TD, Gill TM, 
Gahbauer EA, Kirkland S, Mitnitski A, Rockwood K. 
Comparison of alternate scoring of variables on the 
performance of the frailty index. BMC Geriatr. 2014; 
14:25. 
https://doi.org/10.1186/1471-2318-14-25 
PMID:24559204 

10. Rockwood K, Song X, MacKnight C, Bergman H, Hogan 
DB, McDowell I, Mitnitski A. A global clinical measure 
of fitness and frailty in elderly people. CMAJ. 2005; 
173:489–95. 
https://doi.org/10.1503/cmaj.050051 
PMID:16129869 

11. Sanders JL, Minster RL, Barmada MM, Matteini AM, 
Boudreau RM, Christensen K, Mayeux R, Borecki IB, 
Zhang Q, Perls T, Newman AB. Heritability of and 
mortality prediction with a longevity phenotype: the 
healthy aging index. J Gerontol A Biol Sci Med Sci. 
2014; 69:479–85. 
https://doi.org/10.1093/gerona/glt117 
PMID:23913930 

12. Cosco TD, Stephan BC, Brayne C. Validation of an 
a priori, index model of successful aging in a 
population-based cohort study: the successful aging 
index. Int Psychogeriatr. 2015; 27:1971–7. 
https://doi.org/10.1017/S1041610215000708 
PMID:25990513 

13. Cesari M, Araujo de Carvalho I, Amuthavalli 
Thiyagarajan J, Cooper C, Martin FC, Reginster JY, 
Vellas B, Beard JR. Evidence for the Domains 
Supporting the Construct of Intrinsic Capacity. 
J Gerontol A Biol Sci Med Sci. 2018; 73:1653–60. 
https://doi.org/10.1093/gerona/gly011 
PMID:29408961 

14. Jones MA, Grotewiel M. Drosophila as a model for 
age-related impairment in locomotor and other 
behaviors. Exp Gerontol. 2011; 46:320–5. 
https://doi.org/10.1016/j.exger.2010.08.012 
PMID:20800672 

https://doi.org/10.1016/j.cub.2012.07.024
https://pubmed.ncbi.nlm.nih.gov/22975005
https://doi.org/10.1093/gerona/59.12.1251
https://pubmed.ncbi.nlm.nih.gov/15699524
https://doi.org/10.1016/0047-6374(81)90136-6
https://pubmed.ncbi.nlm.nih.gov/7253717
https://doi.org/10.1016/S0140-6736(12)62167-9
https://pubmed.ncbi.nlm.nih.gov/23395245
https://doi.org/10.1007/s11357-016-9954-6
https://pubmed.ncbi.nlm.nih.gov/28299635
https://doi.org/10.1046/j.1532-5415.2003.51104.x
https://pubmed.ncbi.nlm.nih.gov/12588574
https://doi.org/10.1093/gerona/glq167
https://pubmed.ncbi.nlm.nih.gov/20861145
https://doi.org/10.1093/geronj/49.2.m85
https://pubmed.ncbi.nlm.nih.gov/8126356
https://doi.org/10.1186/1471-2318-14-25
https://pubmed.ncbi.nlm.nih.gov/24559204
https://doi.org/10.1503/cmaj.050051
https://pubmed.ncbi.nlm.nih.gov/16129869
https://doi.org/10.1093/gerona/glt117
https://pubmed.ncbi.nlm.nih.gov/23913930
https://doi.org/10.1017/S1041610215000708
https://pubmed.ncbi.nlm.nih.gov/25990513
https://doi.org/10.1093/gerona/gly011
https://pubmed.ncbi.nlm.nih.gov/29408961
https://doi.org/10.1016/j.exger.2010.08.012
https://pubmed.ncbi.nlm.nih.gov/20800672


www.aging-us.com 5844 AGING 

15. Herndon LA, Schmeissner PJ, Dudaronek JM, Brown 
PA, Listner KM, Sakano Y, Paupard MC, Hall DH, 
Driscoll M. Stochastic and genetic factors influence 
tissue-specific decline in ageing C. elegans. Nature. 
2002; 419:808–14. 
https://doi.org/10.1038/nature01135 
PMID:12397350 

16. Huang C, Xiong C, Kornfeld K. Measurements of age-
related changes of physiological processes that 
predict lifespan of Caenorhabditis elegans. Proc Natl 
Acad Sci U S A. 2004; 101:8084–9. 
https://doi.org/10.1073/pnas.0400848101 
PMID:15141086 

17. Hahm JH, Kim S, DiLoreto R, Shi C, Lee SJ, Murphy CT, 
Nam HG. C. elegans maximum velocity correlates 
with healthspan and is maintained in worms with an 
insulin receptor mutation. Nat Commun. 2015; 
6:8919. 
https://doi.org/10.1038/ncomms9919 
PMID:26586186 

18. Bansal A, Zhu LJ, Yen K, Tissenbaum HA. Uncoupling 
lifespan and healthspan in Caenorhabditis elegans 
longevity mutants. Proc Natl Acad Sci U S A. 2015; 
112:E277–86. 
https://doi.org/10.1073/pnas.1412192112 
PMID:25561524 

19. Onken B, Driscoll M. Metformin induces a dietary 
restriction-like state and the oxidative stress response 
to extend C. elegans Healthspan via AMPK, LKB1, and 
SKN-1. PLoS One. 2010; 5:e8758. 
https://doi.org/10.1371/journal.pone.0008758 
PMID:20090912 

20. Lithgow GJ, White TM, Melov S, Johnson TE. 
Thermotolerance and extended life-span conferred 
by single-gene mutations and induced by thermal 
stress. Proc Natl Acad Sci U S A. 1995; 92:7540–4. 
https://doi.org/10.1073/pnas.92.16.7540 
PMID:7638227 

21. Collins JJ, Huang C, Hughes S, Kornfeld K. The 
measurement and analysis of age-related changes in 
Caenorhabditis elegans. WormBook. 2008; 1–21. 
https://doi.org/10.1895/wormbook.1.137.1 
PMID:18381800 

22. Iwasa H, Yu S, Xue J, Driscoll M. Novel EGF pathway 
regulators modulate C. elegans healthspan and 
lifespan via EGF receptor, PLC-gamma, and IP3R 
activation. Aging Cell. 2010; 9:490–505. 
https://doi.org/10.1111/j.1474-9726.2010.00575.x 
PMID:20497132 

23. Kritchevsky SB, Forman DE, Callahan KE, Ely EW, High 
KP, McFarland F, Pérez-Stable EJ, Schmader KE, 
Studenski SA, Williams J, Zieman S, Guralnik JM. 

Pathways, Contributors, and Correlates of Functional 
Limitation Across Specialties: Workshop Summary. 
J Gerontol A Biol Sci Med Sci. 2019; 74:534–43. 
https://doi.org/10.1093/gerona/gly093 
PMID:29697758 

24. Chow DK, Glenn CF, Johnston JL, Goldberg IG, 
Wolkow CA. Sarcopenia in the Caenorhabditis elegans 
pharynx correlates with muscle contraction rate over 
lifespan. Exp Gerontol. 2006; 41:252–60. 
https://doi.org/10.1016/j.exger.2005.12.004 
PMID:16446070 

25. Russell JC, Burnaevskiy N, Ma B, Mailig MA, Faust F, 
Crane M, Kaeberlein M, Mendenhall A. 
Electrophysiological Measures of Aging Pharynx 
Function in C. elegans Reveal Enhanced Organ 
Functionality in Older, Long-lived Mutants. J Gerontol 
A Biol Sci Med Sci. 2019; 74:1173–9. 
https://doi.org/10.1093/gerona/glx230 
PMID:29165668 

26. Gerstbrein B, Stamatas G, Kollias N, Driscoll M. In 
vivo spectrofluorimetry reveals endogenous 
biomarkers that report healthspan and dietary 
restriction in Caenorhabditis elegans. Aging Cell. 
2005; 4:127–37. 
https://doi.org/10.1111/j.1474-9726.2005.00153.x 
PMID:15924569 

27. Honda Y, Honda S. Oxidative stress and life span 
determination in the nematode Caenorhabditis 
elegans. Ann N Y Acad Sci. 2002; 959:466–74. 
https://doi.org/10.1111/j.1749-6632.2002.tb02117.x 
PMID:11976220 

28. Braeckman BP, Houthoofd K, Vanfleteren JR. Insulin-
like signaling, metabolism, stress resistance and aging 
in Caenorhabditis elegans. Mech Ageing Dev. 2001; 
122:673–93. 
https://doi.org/10.1016/s0047-6374(01)00222-6 
PMID:11322992 

29. Walker GA, Walker DW, Lithgow GJ. A relationship 
between thermotolerance and longevity in 
Caenorhabditis elegans. J Investig Dermatol Symp 
Proc. 1998; 3:6–10. 
PMID:9732049 

30. Zhou KI, Pincus Z, Slack FJ. Longevity and stress in 
Caenorhabditis elegans. Aging (Albany NY). 2011; 
3:733–53. 
https://doi.org/10.18632/aging.100367 
PMID:21937765 

31. Brunetti G, Di Rosa G, Scuto M, Leri M, Stefani M, 
Schmitz-Linneweber C, Calabrese V, Saul N. Healthspan 
Maintenance and Prevention of Parkinson's-like 
Phenotypes with Hydroxytyrosol and Oleuropein 
Aglycone in C. elegans. Int J Mol Sci. 2020; 21:2588. 

https://doi.org/10.1038/nature01135
https://pubmed.ncbi.nlm.nih.gov/12397350
https://doi.org/10.1073/pnas.0400848101
https://pubmed.ncbi.nlm.nih.gov/15141086
https://doi.org/10.1038/ncomms9919
https://pubmed.ncbi.nlm.nih.gov/26586186
https://doi.org/10.1073/pnas.1412192112
https://pubmed.ncbi.nlm.nih.gov/25561524
https://doi.org/10.1371/journal.pone.0008758
https://pubmed.ncbi.nlm.nih.gov/20090912
https://doi.org/10.1073/pnas.92.16.7540
https://pubmed.ncbi.nlm.nih.gov/7638227
https://doi.org/10.1895/wormbook.1.137.1
https://pubmed.ncbi.nlm.nih.gov/18381800
https://doi.org/10.1111/j.1474-9726.2010.00575.x
https://pubmed.ncbi.nlm.nih.gov/20497132
https://doi.org/10.1093/gerona/gly093
https://pubmed.ncbi.nlm.nih.gov/29697758
https://doi.org/10.1016/j.exger.2005.12.004
https://pubmed.ncbi.nlm.nih.gov/16446070
https://doi.org/10.1093/gerona/glx230
https://pubmed.ncbi.nlm.nih.gov/29165668
https://doi.org/10.1111/j.1474-9726.2005.00153.x
https://pubmed.ncbi.nlm.nih.gov/15924569
https://doi.org/10.1111/j.1749-6632.2002.tb02117.x
https://pubmed.ncbi.nlm.nih.gov/11976220
https://doi.org/10.1016/s0047-6374(01)00222-6
https://pubmed.ncbi.nlm.nih.gov/11322992
https://pubmed.ncbi.nlm.nih.gov/9732049
https://doi.org/10.18632/aging.100367
https://pubmed.ncbi.nlm.nih.gov/21937765


www.aging-us.com 5845 AGING 

https://doi.org/10.3390/ijms21072588 
PMID:32276415 

32. Brown MK, Evans JL, Luo Y. Beneficial effects of 
natural antioxidants EGCG and alpha-lipoic acid on 
life span and age-dependent behavioral declines in 
Caenorhabditis elegans. Pharmacol Biochem Behav. 
2006; 85:620–8. 
https://doi.org/10.1016/j.pbb.2006.10.017 
PMID:17156833 

33. Zhang L, Jie G, Zhang J, Zhao B. Significant longevity-
extending effects of EGCG on Caenorhabditis 
elegans under stress. Free Radic Biol Med. 2009; 
46:414–21. 
https://doi.org/10.1016/j.freeradbiomed.2008.10.041 
PMID:19061950 

34. Lucanic M, Plummer WT, Chen E, Harke J, Foulger AC, 
Onken B, Coleman-Hulbert AL, Dumas KJ, Guo S, 
Johnson E, Bhaumik D, Xue J, Crist AB, et al. Impact of 
genetic background and experimental reproducibility 
on identifying chemical compounds with robust 
longevity effects. Nat Commun. 2017; 8:14256. 
https://doi.org/10.1038/ncomms14256 
PMID:28220799 

35. Kiontke K, Fitch DH. The phylogenetic relationships of 
Caenorhabditis and other rhabditids. WormBook. 
2005; 1–11. 
https://doi.org/10.1895/wormbook.1.11.1 
PMID:18050394 

36. Kiontke KC, Félix MA, Ailion M, Rockman MV, 
Braendle C, Pénigault JB, Fitch DH. A phylogeny and 
molecular barcodes for Caenorhabditis, with 
numerous new species from rotting fruits. BMC Evol 
Biol. 2011; 11:339. 
https://doi.org/10.1186/1471-2148-11-339 
PMID:22103856 

37. Teterina AA, Coleman-Hulbert AL, Banse SA, Willis JH, 
Perez VI, Lithgow GJ, Driscoll M, Phillips PC. Genetic 
diversity estimates for the Caenorhabditis 
Intervention Testing Program screening panel. 
MicroPubl Biol. 2022; 2022. 
https://doi.org/10.17912/micropub.biology.000518 
PMID:35098051 

38. Banse SA, Lucanic M, Sedore CA, Coleman-Hulbert AL, 
Plummer WT, Chen E, Kish JL, Hall D, Onken B, Presley 
MP, Jones EG, Blue BW, Garrett T, et al. Automated 
lifespan determination across Caenorhabditis strains 
and species reveals assay-specific effects of chemical 
interventions. Geroscience. 2019; 41:945–60. 
https://doi.org/10.1007/s11357-019-00108-9 
PMID:31820364 

39. Gavrilov LA, Gavrilova NS. Mortality Measurement at 
Advanced Ages: A Study of the Social Security 

Administration Death Master File. N Am Actuar J. 
2011; 15:432–47. 
https://doi.org/10.1080/10920277.2011.10597629 
PMID:22308064 

40. Lucanic M, Garrett T, Yu I, Calahorro F, Asadi 
Shahmirzadi A, Miller A, Gill MS, Hughes RE, Holden-
Dye L, Lithgow GJ. Chemical activation of a food 
deprivation signal extends lifespan. Aging Cell. 2016; 
15:832–41. 
https://doi.org/10.1111/acel.12492 
PMID:27220516 

41. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL, 
Tatar M, Sinclair D. Sirtuin activators mimic caloric 
restriction and delay ageing in metazoans. Nature. 
2004; 430:686–9. 
https://doi.org/10.1038/nature02789 
PMID:15254550 

42. Benedetti MG, Foster AL, Vantipalli MC, White MP, 
Sampayo JN, Gill MS, Olsen A, Lithgow GJ. 
Compounds that confer thermal stress resistance and 
extended lifespan. Exp Gerontol. 2008; 43:882–91. 
https://doi.org/10.1016/j.exger.2008.08.049 
PMID:18755260 

43. Lithgow GJ, Driscoll M, Phillips P. A long journey to 
reproducible results. Nature. 2017; 548:387–8. 
https://doi.org/10.1038/548387a 
PMID:28836615 

44. Hekimi S, Lapointe J, Wen Y. Taking a "good" look at 
free radicals in the aging process. Trends Cell Biol. 
2011; 21:569–76. 
https://doi.org/10.1016/j.tcb.2011.06.008 
PMID:21824781 

45. de Magalhães JP, Church GM. Cells discover fire: 
employing reactive oxygen species in development 
and consequences for aging. Exp Gerontol. 2006; 
41:1–10. 
https://doi.org/10.1016/j.exger.2005.09.002 
PMID:16226003 

46. Martindale JL, Holbrook NJ. Cellular response to 
oxidative stress: signaling for suicide and survival. J 
Cell Physiol. 2002; 192:1–15. 
https://doi.org/10.1002/jcp.10119 
PMID:12115731 

47. Walker GA, Lithgow GJ. Lifespan extension in C. 
elegans by a molecular chaperone dependent upon 
insulin-like signals. Aging Cell. 2003; 2:131–9. 
https://doi.org/10.1046/j.1474-9728.2003.00045.x 
PMID:12882326 

48. Kyriakou E, Taouktsi E, Syntichaki P. The Thermal 
Stress Coping Network of the Nematode 
Caenorhabditis elegans. Int J Mol Sci. 2022; 
23:14907. 

https://doi.org/10.3390/ijms21072588
https://pubmed.ncbi.nlm.nih.gov/32276415
https://doi.org/10.1016/j.pbb.2006.10.017
https://pubmed.ncbi.nlm.nih.gov/17156833
https://doi.org/10.1016/j.freeradbiomed.2008.10.041
https://pubmed.ncbi.nlm.nih.gov/19061950
https://doi.org/10.1038/ncomms14256
https://pubmed.ncbi.nlm.nih.gov/28220799
https://doi.org/10.1895/wormbook.1.11.1
https://pubmed.ncbi.nlm.nih.gov/18050394
https://doi.org/10.1186/1471-2148-11-339
https://pubmed.ncbi.nlm.nih.gov/22103856
https://doi.org/10.17912/micropub.biology.000518
https://pubmed.ncbi.nlm.nih.gov/35098051
https://doi.org/10.1007/s11357-019-00108-9
https://pubmed.ncbi.nlm.nih.gov/31820364
https://doi.org/10.1080/10920277.2011.10597629
https://pubmed.ncbi.nlm.nih.gov/22308064
https://doi.org/10.1111/acel.12492
https://pubmed.ncbi.nlm.nih.gov/27220516
https://doi.org/10.1038/nature02789
https://pubmed.ncbi.nlm.nih.gov/15254550
https://doi.org/10.1016/j.exger.2008.08.049
https://pubmed.ncbi.nlm.nih.gov/18755260
https://doi.org/10.1038/548387a
https://pubmed.ncbi.nlm.nih.gov/28836615
https://doi.org/10.1016/j.tcb.2011.06.008
https://pubmed.ncbi.nlm.nih.gov/21824781
https://doi.org/10.1016/j.exger.2005.09.002
https://pubmed.ncbi.nlm.nih.gov/16226003
https://doi.org/10.1002/jcp.10119
https://pubmed.ncbi.nlm.nih.gov/12115731
https://doi.org/10.1046/j.1474-9728.2003.00045.x
https://pubmed.ncbi.nlm.nih.gov/12882326


www.aging-us.com 5846 AGING 

https://doi.org/10.3390/ijms232314907 
PMID:36499234 

49. Restif C, Ibáñez-Ventoso C, Vora MM, Guo S, Metaxas 
D, Driscoll M. CeleST: computer vision software for 
quantitative analysis of C. elegans swim behavior 
reveals novel features of locomotion. PLoS Comput 
Biol. 2014; 10:e1003702. 
https://doi.org/10.1371/journal.pcbi.1003702 
PMID:25033081 

50. Ibáñez-Ventoso C, Herrera C, Chen E, Motto D, Driscoll 
M. Automated Analysis of C. elegans Swim Behavior 
Using CeleST Software. J Vis Exp. 2016; 54359. 
https://doi.org/10.3791/54359 
PMID:28060275 

51. Caenorhabditis Intervention Testing Program. 
Caenorhabditis Intervention Testing Program: CeleST 
Data and Composite Score. Figshare. 2021. 
https://doi.org/10.6084/m9.figshare.c.5126579.v1  

52. Dues DJ, Andrews EK, Senchuk MM, Van Raamsdonk 
JM. Resistance to Stress Can Be Experimentally 
Dissociated From Longevity. J Gerontol A Biol Sci Med 
Sci. 2019; 74:1206–14. 
https://doi.org/10.1093/gerona/gly213 
PMID:30247515 

53. Murakami H, Bessinger K, Hellmann J, Murakami S. 
Aging-dependent and -independent modulation of 
associative learning behavior by insulin/insulin-like 
growth factor-1 signal in Caenorhabditis elegans. 
J Neurosci. 2005; 25:10894–904. 
https://doi.org/10.1523/JNEUROSCI.3600-04.2005 
PMID:16306402 

54. Maglioni S, Arsalan N, Ventura N. C. elegans screening 
strategies to identify pro-longevity interventions. 
Mech Ageing Dev. 2016; 157:60–9. 
https://doi.org/10.1016/j.mad.2016.07.010 
PMID:27473404 

55. Hansen M, Hsu AL, Dillin A, Kenyon C. New genes tied 
to endocrine, metabolic, and dietary regulation of 
lifespan from a Caenorhabditis elegans genomic RNAi 
screen. PLoS Genet. 2005; 1:119–28. 
https://doi.org/10.1371/journal.pgen.0010017 
PMID:16103914 

56. Janssens GE, Lin XX, Millan-Ariño L, Kavšek A, Sen I, 
Seinstra RI, Stroustrup N, Nollen EAA, Riedel CG. 
Transcriptomics-Based Screening Identifies 
Pharmacological Inhibition of Hsp90 as a Means to 
Defer Aging. Cell Rep. 2019; 27:467–80.e6. 
https://doi.org/10.1016/j.celrep.2019.03.044 
PMID:30970250 

57. Lucanic M, Garrett T, Gill MS, Lithgow GJ. A Simple 
Method for High Throughput Chemical Screening in 
Caenorhabditis Elegans. J Vis Exp. 2018; 133:56892. 

https://doi.org/10.3791/56892 
PMID:29630057 

58. Muñoz MJ, Riddle DL. Positive selection of 
Caenorhabditis elegans mutants with increased 
stress resistance and longevity. Genetics. 2003; 
163:171–80. 
https://doi.org/10.1093/genetics/163.1.171 
PMID:12586705 

59. Rea SL, Wu D, Cypser JR, Vaupel JW, Johnson TE. A 
stress-sensitive reporter predicts longevity in isogenic 
populations of Caenorhabditis elegans. Nat Genet. 
2005; 37:894–8. 
https://doi.org/10.1038/ng1608 
PMID:16041374 

60. Wilson MA, Shukitt-Hale B, Kalt W, Ingram DK, Joseph 
JA, Wolkow CA. Blueberry polyphenols increase 
lifespan and thermotolerance in Caenorhabditis 
elegans. Aging Cell. 2006; 5:59–68. 
https://doi.org/10.1111/j.1474-9726.2006.00192.x 
PMID:16441844 

61. Alavez S, Vantipalli MC, Zucker DJ, Klang IM, Lithgow 
GJ. Amyloid-binding compounds maintain protein 
homeostasis during ageing and extend lifespan. 
Nature. 2011; 472:226–9. 
https://doi.org/10.1038/nature09873 
PMID:21451522 

62. Olsen A, Vantipalli MC, Lithgow GJ. Lifespan extension 
of Caenorhabditis elegans following repeated mild 
hormetic heat treatments. Biogerontology. 2006; 
7:221–30. 
https://doi.org/10.1007/s10522-006-9018-x 
PMID:16826446 

63. HARMAN D. Aging: a theory based on free radical 
and radiation chemistry. J Gerontol. 1956; 11:298–
300. 
https://doi.org/10.1093/geronj/11.3.298 
PMID:13332224 

64. Beckman KB, Ames BN. The free radical theory of 
aging matures. Physiol Rev. 1998; 78:547–81. 
https://doi.org/10.1152/physrev.1998.78.2.547 
PMID:9562038 

65. Liguori I, Russo G, Curcio F, Bulli G, Aran L, Della-
Morte D, Gargiulo G, Testa G, Cacciatore F, Bonaduce 
D, Abete P. Oxidative stress, aging, and diseases. Clin 
Interv Aging. 2018; 13:757–72. 
https://doi.org/10.2147/CIA.S158513 
PMID:29731617 

66. Fuellen G, Jansen L, Cohen AA, Luyten W, Gogol M, 
Simm A, Saul N, Cirulli F, Berry A, Antal P, Köhling R, 
Wouters B, Möller S. Health and Aging: Unifying 
Concepts, Scores, Biomarkers and Pathways. Aging 
Dis. 2019; 10:883–900. 

https://doi.org/10.3390/ijms232314907
https://pubmed.ncbi.nlm.nih.gov/36499234
https://doi.org/10.1371/journal.pcbi.1003702
https://pubmed.ncbi.nlm.nih.gov/25033081
https://doi.org/10.3791/54359
https://pubmed.ncbi.nlm.nih.gov/28060275
https://doi.org/10.6084/m9.figshare.c.5126579.v1
https://doi.org/10.1093/gerona/gly213
https://pubmed.ncbi.nlm.nih.gov/30247515
https://doi.org/10.1523/JNEUROSCI.3600-04.2005
https://pubmed.ncbi.nlm.nih.gov/16306402
https://doi.org/10.1016/j.mad.2016.07.010
https://pubmed.ncbi.nlm.nih.gov/27473404
https://doi.org/10.1371/journal.pgen.0010017
https://pubmed.ncbi.nlm.nih.gov/16103914
https://doi.org/10.1016/j.celrep.2019.03.044
https://pubmed.ncbi.nlm.nih.gov/30970250
https://doi.org/10.3791/56892
https://pubmed.ncbi.nlm.nih.gov/29630057
https://doi.org/10.1093/genetics/163.1.171
https://pubmed.ncbi.nlm.nih.gov/12586705
https://doi.org/10.1038/ng1608
https://pubmed.ncbi.nlm.nih.gov/16041374
https://doi.org/10.1111/j.1474-9726.2006.00192.x
https://pubmed.ncbi.nlm.nih.gov/16441844
https://doi.org/10.1038/nature09873
https://pubmed.ncbi.nlm.nih.gov/21451522
https://doi.org/10.1007/s10522-006-9018-x
https://pubmed.ncbi.nlm.nih.gov/16826446
https://doi.org/10.1093/geronj/11.3.298
https://pubmed.ncbi.nlm.nih.gov/13332224
https://doi.org/10.1152/physrev.1998.78.2.547
https://pubmed.ncbi.nlm.nih.gov/9562038
https://doi.org/10.2147/CIA.S158513
https://pubmed.ncbi.nlm.nih.gov/29731617


www.aging-us.com 5847 AGING 

https://doi.org/10.14336/AD.2018.1030 
PMID:31440392 

67. Caenorhabditis Intervention Testing Program. 
Caenorhabditis Intervention Testing Program: 
Healthspan Protocols. Figshare. 2021. 

  https://doi.org/10.6084/m9.figshare.c.5089073 

68. Yoshimura J, Ichikawa K, Shoura MJ, Artiles KL, 
Gabdank I, Wahba L, Smith CL, Edgley ML, Rougvie 
AE, Fire AZ, Morishita S, Schwarz EM. Recompleting 
the Caenorhabditis elegans genome. Genome Res. 
2019; 29:1009–22. 
https://doi.org/10.1101/gr.244830.118 
PMID:31123080 

69. Prasad A, Croydon-Sugarman MJ, Murray RL, Cutter 
AD. Temperature-dependent fecundity associates 
with latitude in Caenorhabditis briggsae. Evolution. 
2011; 65:52–63. 
https://doi.org/10.1111/j.1558-5646.2010.01110.x 
PMID:20731713 

70. Johnston J, Iser WB, Chow DK, Goldberg IG, Wolkow 
CA. Quantitative image analysis reveals distinct 
structural transitions during aging in Caenorhabditis 
elegans tissues. PLoS One. 2008; 3:e2821. 
https://doi.org/10.1371/journal.pone.0002821 
PMID:18665238 

71. Abbott M, Banse SA, Melentijevic I, Jarrett CM, Ange 
JS, Sedore CA, Falkowski R, Blue BW, Coleman-
Hulbert AL, Johnson E, Guo M, Lithgow GJ, Phillips PC, 
Driscoll M. A simplified design for the C. elegans 
lifespan machine. J Biol Methods. 2020; 7:e137. 
https://doi.org/10.14440/jbm.2020.332 
PMID:33204740 

72. Bates D, Mächler M, Bolker B, Walker S. Fitting Linear 
Mixed-Effects Models Using lme4. Journal of 
Statistical Software. 2015. 

73. Therneau T. Mixed Effects Cox Models R Foundation 
for Statistical Computing R package. 2012. 

74. Hothorn T, Bretz F, Westfall P. Simultaneous 
inference in general parametric models. Biom J. 2008; 
50:346–63. 
https://doi.org/10.1002/bimj.200810425 
PMID:18481363 

75. Caenorhabditis Intervention Testing Program. 
Caenorhabditis Intervention Testing Program: 
Healthspan Manuscript Data and Analysis. figshare 
Collection. 2022. 

76. Fisher RA. The use of multiple measurements in 
taxonomic problems. Ann Eugen. 1936; 7:179–88. 
https://doi.org/10.1111/j.1469-1809.1936.tb02137.x 

77. Fox J, Weisberg S. An R Companion to Applied 
Regression. Third Edition. 2019; c3.0.11. 

 

https://doi.org/10.14336/AD.2018.1030
https://pubmed.ncbi.nlm.nih.gov/31440392
https://doi.org/10.6084/m9.figshare.c.5089073
https://doi.org/10.1101/gr.244830.118
https://pubmed.ncbi.nlm.nih.gov/31123080
https://doi.org/10.1111/j.1558-5646.2010.01110.x
https://pubmed.ncbi.nlm.nih.gov/20731713
https://doi.org/10.1371/journal.pone.0002821
https://pubmed.ncbi.nlm.nih.gov/18665238
https://doi.org/10.14440/jbm.2020.332
https://pubmed.ncbi.nlm.nih.gov/33204740
https://doi.org/10.1002/bimj.200810425
https://pubmed.ncbi.nlm.nih.gov/18481363
https://doi.org/10.1111/j.1469-1809.1936.tb02137.x


www.aging-us.com 5848 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary File 
 

Generation of a composite CeleST score 

 

Locomotion is an important health measure for animals 

ranging from flies to humans [1–3]. For Caenorhabditis 

elegans, plate-based locomotion measures, typical mean 

and maximum velocity, are commonly used health 

measures [4, 5]. The Caenorhabditis Intervention 

Testing Program (CITP) [6] adopted the CeleST 

platform [7–9], which acquires eight measures of 

swimming ability, as a more informational deep 

locomotion assay (see Supplementary Figure 4). While 

the eight measures provide a broad range of information 

on the swimming of each of the strains, it was not clear 

which measures best capture the decline of locomotion 

with age across our genetic diversity panel [10]. We 

therefore combined the information from all measures 

for each strain into a single multivariate composite 

measure by developing an analysis program pipeline 

that creates a single composite swimming score from 

eight original swim test measurements. 

 

The data used to generate the composite score were 

generated by processing 30 second videos with the 

published CeleST software [7, 8]. The software provides 

eight measurements of mobility, like travel speed, 

asymmetry, curling, and body waves initiation, for 

individual worms. We collected the data at three days in 

adulthood (5, 9, and 12). To generate a composite score, 

we first analyzed the eight original measurements in each 

record using a linear discriminant analysis (LDA) 

approach using the eight original measurements in each 

record as the predictor variables and the age-dependent 

decline as the primary discriminator. By projecting the 

eight predictor variables onto a single axis, LDA creates 

the first linear discriminant function which maximizes 

the differences between ages across all measurements, 

while reducing the dimensionality from eight to one (see 

Visual Example). 

 

The first linear discriminant function minimizes within-

group (age in our case) variance, maximizes between-

group (age) variance, and maximizes the separability of 

the means of the groups (ages), while having a coefficient 

for each of the original eight predictor variables [11]. 

While it cannot capture all the information provided  

by the original measurements, it does maximize 

informational capture. Because this approach maximizes 

the differences between group levels, linear 

 

 
 

Visual example of LDA dimensional reduction. In this example there are two predictor variables (X1 and X2) and two levels to the 

group (red and blue). All of the information captured is in the leftmost plot of variable X1 x X2. To reduce the number of dimensions down 
to one, we would project that plot onto a single axis. If projecting to one of the original axes, e.g., the X1 axis presented in the example, all 
information from the second variable is lost and little benefit in distinguishing between levels is created. By creating a new axis to project 
onto, LD1 in the example shown, we preserve nearly all of the information from both variables while still reducing the dimension to one, 
and that new first linear discriminate function has a coefficient for each of the original predictor variables. 
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discriminant analysis is often used to predict group 

membership after a training dataset is used. Generating 

the coefficients for each of the original eight predictor 

variables in a strain specific manner enabled us to avoid 

arbitrarily determining how any of the eight measures 

vary between ages, or if they matter at all in 

differentiating ages, while avoiding the assumptions that 

the strains swim and age the same. 

 

To implement the LDA approach for analyzing 

compound interventions, LDA is first performed on the 

control dataset, independently for each strain, to retrieve 

the coefficients from the first linear discriminant 

function. The strain-specific coefficients are then used 

as weighted loadings which are multiplied by the 

corresponding measurement and divided by the control 

dataset’s measurement standard deviation. This is done 

for every worm record in the strain dataset, including 

compound and control records. Those eight weighted 

measurements are summed up within each record to 

create the composite swimming score. This composite 

score can then be used to compare compound 

interventions and ages within each strain without 

arbitrarily choosing measurements for comparison. For 

statistical comparison, we used models with compound 

treatment and age as an interaction for input into Type-

III Analysis of Variance tests for the effect of a factor, 

given that other factors are present. A significant age by 

compound interaction is of the most interest, as it 

implies that the impact size of a compound varies by 

age. The scripts used for generating the composite 

scores and analysis, and additional relevant information, 

have been made available online [12]. 

 

CeleST composite score example 

 

Because each record has eight measurements and 

belongs to a particular strain, compound, and age, we 

were presented with question: what do these measures 

mean in terms of health? Our solution is to combine the 

information provided by these measurements while 

considering (i) the relevance of each measure, (ii) the 

different units and scales, and (iii) how not all measures 

are independent. By combining the information into a 

single value using the LDA approach described above, 

we avoided arbitrary choices. Below we show an 

example for the processing of sample data. 

 

The example below is from the N2 portion of the 

dataset included in this manuscript. In this case, 

Activity Index is the most important measure across the 

board when it comes to age and will have a greater 

impact on the final score. Curling and Travel Speed are 

nearly irrelevant and will not impact the score much. 

These loadings vary by strain and can be negative or 

positive. The loadings were negated from the initial 

output, so the direction of the score goes down over 

time for any particular strain-age-compound 

combination. LDA doesn’t see each age as 

older/younger, just as distinct groups, so negating those 

loadings is the same as flipping the order of the age 

levels. 

 
8

1

n

n

n n

Loading
Measurement

DMSO SD=

=  

 

N2 

 Wave Brush Activity Travel Curling Asymmetry Stretch Body 

Loading 0.355 0.235 1.154 -0.002 -0.046 0.169 0.327 0.336 

DMSO SD 23.912 0.077 78.208 2.172 3.321 0.023 0.096 0.557 

 

Now when we look at the composite swimming score 

for each strain-age-compound combination, much of the 

relevant information from the eight original 

measurements is captured, and we can focus our 

analyses on that single new measurement. Similar to our 

work with survival/lifespan data [6], we create two 

mixed effects general linear models (GLM) for each 

strain: 

 

CompositeSwimmingScore ~ Compound × Age + 

(1|Lab/Tech/Date/Video) 

 

CompositeSwimmingScore ~ Compound_Age + 

(1|Lab/Tech/Date/Video) 

The score is the response in the same way that death 

age/time is the response with lifespan data. The fixed 

effects term has an interaction, and the random effects 

are nested instead of crossed. This means we break the 

random effects levels into a tree – with an experiment 

date at one lab is unique from the same date at a 

different lab. 

 

To look at the significance of an interaction between 

compound and age, a Type-III ANOVA is performed on 

the first GLM. This type of ANOVA tests for the effect 

of a factor, given that the other factors are present. This 

approach is best when a significant interaction effect is 

present, as the effect of that interaction is tested after 
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considering the individual factors. The presence of a 

significant interaction effects suggests the score is 

telling us something about healthspan, not just lifespan. 

A single test is run for each strain. Any breakdown of 

the sources of variance uses a similar GLM with the 

interaction term. 

 

To compare between compound and ages, the second 

GLM is used. This GLM is similar to the first, but 

instead of having an interaction term, the response 

variable combines compound and age. That way the 

control and the compound can be compared at particular 

ages. These pairwise comparisons are for the differences 

between the means of the Composite Swimming Score. 

All analyses are done within a particular strain. 
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Supplementary Figures 
 

 
 

Supplementary Figure 1. Kaplan-Meier curves showing the effect of adult exposure to NP1, propyl gallate, or resveratrol on 
survival under oxidative stress conditions (40 mM paraquat) beginning at early and late mid-life (adult days 6 and 12 for C. 
elegans, days 8 and 16 for C. briggsae). Solid lines indicate early mid-life, dashed indicate late mid-life. Each curve represents multiple 

biological and technical replicates conducted at each of the three CITP testing sites. Asterisks represent p-values from the CPH model such 
that ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05. 
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Supplementary Figure 2. Kaplan-Meier curves showing the effect of adult exposure to NP1, propyl gallate, or resveratrol on 
thermotolerance at 32°C beginning on day 6 and 12 (C. elegans) or day 8 and 16 (C. briggsae) of adulthood. Solid lines 
indicate early mid-life, dashed indicate late mid-life. Each curve represents multiple biological and technical replicates conducted at 

each of the three CITP testing sites. Asterisks represent p-values from the CPH model such that ****p < 0.0001, ***p < 0.001, **p < 0.01, and 
*p < 0.05. 
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Supplementary Figure 3. The effect of adult exposure to NP1, propyl gallate, or resveratrol on eight measures of swimming 
ability with age. Data is shown for three C. elegans strains: (A) N2, (B) JU775, and (C) MY16, and three C. briggsae strains: (D) AF16, (E) 

JU1348, and (F) HK104. Swimming assays were run at early mid-life, mid-life, and late mid-life (days 5, 9, and 12 of adulthood, respectively). 
The line represents the mean of an individual trial, bars represent the mean +/‒ the standard error of the mean, and the colors correspond 
to the compound treatment (black-control, yellow-NP1, purple-propyl gallate, red-resveratrol). Two biological replicates were completed at 
each of the three CITP testing sites. Asterisks represent p-values from the linear mixed model such that ****p < 0.0001, ***p < 0.001, **p < 
0.01, and *p < 0.05. 
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Supplementary Figure 4. Correlation between lifespan and age-specific health measures after pharmaceutical intervention. 
Health was measured at early and late mid-life for all assays, with an additional measurement at mid-life for swimming ability. Median 
values were used for composite swimming ability, while Kaplan-Meier medians were used for lifespan, (A) oxidative stress resistance, and 
(B) thermotolerance, while median values were used for (C) composite swimming ability. Kendall’s tau correlation coefficients were 
calculated using data from three C. elegans strains (N2, MY16, and JU775) and three C. briggsae strains (AF16, JU1348, and HK104) across 
multiple compound interventions (DMSO controls, NP1, propyl gallate and resveratrol). The only significant correlation with lifespan was 
for thermotolerance, with R2 = 0.39 for early mid-life, and R2= 0.62 at late mid-life (p < 0.0001). 
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Supplementary Figure 5. Kaplan-Meier lifespan curves showing overall species lifespan curves for (A) C. elegans, and (B) C. briggsae. 
Each curve consists of our previously published baseline survival data [34] from the three strains tested within a given species: N2, JU775, 
and MY16 for C. elegans, and AF16, JU1348, and HK104 for C. briggsae. Ages tested for health metrics were chosen based on the end of 
reproduction up until the (approximate) 5% quantile of survival under baseline conditions. 


