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Abstract 

Exercise is a nonpharmacological intervention that improves health during aging, and a valuable tool in 
the diagnostics of aging-related diseases. In muscle, exercise transiently alters mitochondrial functionality 
and metabolism. Mitochondrial fission and fusion are critical effectors of mitochondrial plasticity, which 
allows a fine-tuned regulation of organelle connectiveness, size and function. Here we have investigated 
the role of mitochondrial dynamics during exercise in the genetically tractable model Caenorhabditis 
elegans. We show that in body wall muscle a single exercise session induces a cycle of mitochondrial 
fragmentation followed by fusion after a recovery period, and that daily exercise sessions delay the 
mitochondrial fragmentation and fitness capacity decline that occur with aging. The plasticity of this 
mitochondrial dynamics cycle is essential for fitness capacity and its enhancement by exercise training. 
Surprisingly, among longevity-promoting mechanisms we analyzed, constitutive activation of AMPK 
uniquely preserves fitness capacity during aging. As with exercise training, this benefit of AMPK is 
abolished by impairment of mitochondrial fission or fusion. AMPK is also required for fitness capacity to 
be enhanced by exercise, with our findings together suggesting that exercise enhances muscle function 
through AMPK regulation of mitochondrial dynamics. Our results indicate that mitochondrial connectivity 
and the mitochondrial dynamics cycle are essential for maintaining fitness capacity and exercise 
responsiveness during aging, and suggest that AMPK activation may recapitulate some exercise benefits. 
Targeting mechanisms to optimize mitochondrial fission and fusion balance, as well as AMPK activation, 
may represent promising strategies for promoting muscle function during aging. 
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Significance Statement 

Exercise is a powerful anti-aging intervention. In muscle exercise remodels mitochondrial metabolism and 
connectiveness, but the role of mitochondrial dynamics in exercise responsiveness has remained poorly 
understood. Working in Caenorhabditis elegans, we find that the mitochondrial dynamics cycle of fission 
and fusion is critical for fitness capacity, that exercise delays an aging-associated decline in mitochondrial 
connectiveness and fitness capacity, and that the mitochondrial dynamics cycle is required for the latter 
benefit. AMPK, which regulates mitochondrial dynamics, is needed for exercise to maintain fitness 
capacity with age and can recapitulate this exercise benefit. Our data identify the mitochondrial dynamics 
cycle as an essential mediator of exercise responsiveness, and an entry point for interventions to 
maintain muscle function during aging. 
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Introduction 

 

Age-related disorders are a major and growing public health problem, and an epidemic of aging-related 

diseases has followed increases in both unhealthy living habits and life expectancy (1). This has made it 

critical to develop interventions that promote healthy aging, including improvements in healthspan – the 

period of life in which an individual maintains good health. 

 

Impairment of mitochondrial quality control and the consequent accumulation of fragmented and 

dysfunctional mitochondria are pivotal in the establishment and progression of chronic degenerative 

diseases (2-4). Mitochondrial fission and fusion, commonly referred as mitochondrial dynamics, are 

essential for maintaining mitochondrial function. While fission segregates mitochondria into spherical 

organelles (5, 6), fusion allows mitochondrial components to be reconstituted within a new mitochondrial 

network (7) , thereby facilitating mitochondrial metabolic remodeling and quality control. By functioning in 

a continuous cycle, these processes allow mitochondrial physiology to be maintained and fine-tuned (8). 

Indeed, genetic disruption of mitochondrial dynamics that impairs mitochondrial functions ultimately 

results in age-related disorders (9-12). 

 

Exercise has been widely employed to improve quality of life and protect against degenerative diseases. 

In humans a long-term exercise regimen reduces overall mortality (13), and fitness capacity can be a 

valuable parameter for diagnostics of age-related diseases that include sarcopenia, osteoporosis, and 

cardiovascular and neurodegenerative diseases (14). Fitness capacity is also a valuable physiological 

marker of healthy aging (15), and its impairment is associated with poor disease prognosis and 

reductions in quality of life and survival across species (16-18). The various benefits of exercise are 

conferred in part through transient increases in energy expenditure that affect mitochondrial metabolism 

and network morphology (19). In rodents exercise enhances cardiac function in heart failure by favoring 

mitochondrial fusion (20). Disruption of mitochondrial fusion reduces exercise performance (23). Similarly, 

mitochondrial fission is necessary to increase bioenergetic flux and meet the cardiac and skeletal muscle 

energetic demand of exercise (21, 22). However, the contribution of integrated mitochondrial dynamics to 

fitness capacity, exercise responsiveness, and maintenance of fitness capacity during aging remains 

largely to be determined. The dynamic nature of mitochondria may have contributed to this gap of 

knowledge, because addressing these questions requires an experimental model in which these 

questions can be explored in real time in the setting of exercise, and over the lifespan of an organism. 

 

The nematode Caenorhabditis elegans (C. elegans) is a powerful model for aging research because of its 

short lifespan, and amenability to genetic analysis and microscopy of living tissue (24). Notably, C. 

elegans also exhibits key features of the mammalian response to exercise (25-30). In these animals a 

single session of swimming leads to increased oxygen consumption, fatigue, and transcriptional changes 
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towards mitochondrial oxidative metabolism (28), and daily exercise sessions improve health parameters 

across multiple tissues and can increase stress resistance and lifespan (25-27, 29, 30). Together with 

similar findings in D. melanogaster (31, 32), these studies suggest that fundamental exercise adaptations 

are conserved from invertebrates to humans. Here, we investigated the role of mitochondrial dynamics in 

fitness capacity and the benefits of exercise in young and aging C. elegans. We also explored how 

exercise capacity and benefits are affected by established anti-aging interventions, including activation of 

the energy sensor AMPK (AMP-activated protein kinase). 

 

 

Results 

 

Effects of aging and exercise on mitochondrial connectivity and fitness capacity 

 

We first investigated how aging affects fitness capacity and mitochondrial dynamics in wild type (WT) 

worms. When we examined fitness capacity by recording animals during a swimming session, we 

observed a progressive decline in the number of body bends per second at 5, 10 and 15 days of 

adulthood compared to day 1, demonstrating that fitness capacity declines during aging (Fig. 1A). We 

also scored mitochondrial connectiveness in body wall muscle, which exhibits many similarities to 

mammalian skeletal muscle (28), based upon five classes that reflect a gradual increase in fragmentation 

and disorganization (Fig. 1B). At day 1 most muscle cells (76%) exhibited connected mitochondria (class 

1), while at days 5 and 10 there was a significant and progressive shift towards fragmented/disorganized 

mitochondria (classes 3-5) (Fig. 1B). These results align with previous studies showing reduced fitness 

capacity and increased mitochondrial fragmentation during aging across species (17, 33-36). 

 

Considering that exercise immediately triggers muscle energy imbalance (37), a major regulator of 

mitochondrial dynamics (38, 39), we investigated how the mitochondrial network is affected by a single 

cycle of exercise and recovery (Fig. 1C). Acute exercise induced a progressive increase in muscle 

mitochondrial fragmentation in young adult worms (day 1, Fig. 1D) along with a decrease in fitness 

capacity at the last hour of exercise (4h, Fig. 1E). Importantly, a 24-hour recovery period was sufficient to 

reestablish mitochondrial connectiveness (towards tubular and interconnected) (Fig. 1D) and mitigate the 

exercise-induced reduction in swimming capacity (Fig. 1E-F). Thus, our exercise regimen was within a 

physiological range that did not cause irreversible harm. Our findings also revealed that the mitochondrial 

network is remodeled during a cycle of exercise and recovery, with initial fragmentation followed by fusion 

and network reorganization that parallels the recovery in exercise performance. 

 

We also investigated how aging affects these responses to exercise. Compared to day 1 adults, adults at 

days 5 and 10 displayed a decline in performance throughout the swimming period, including more rapid 
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fatigue, but partially recovered to their respective 0h baselines (Fig. 1E-F). These older animals also 

underwent a cycle of mitochondrial fragmentation and fusion, although the extent to which this remodeling 

occurred during the cycle was reduced as the network fragmentation increased with age (Fig. 1D). Thus, 

aging animals also responded to exercise with parallel cycles of performance decline and recovery, and 

mitochondrial fragmentation and network reorganization, even as fitness capacity and network integrity 

each declined (Fig. 1G). 

 

Mitochondrial fission and fusion are required for fitness capacity and exercise benefits 

 

Our findings suggested that mitochondrial fission and fusion might be important for fitness capacity. 

Mitochondrial fission depends upon DRP-1 (dynamin related protein 1), and fusion upon FZO-1 (ortholog 

of mitofusins MFN1 and MFN2, responsible for fusing the outer membrane) and EAT-3 (ortholog of optical 

atrophy 1, which fuses the inner membrane) (Fig. 2A) (40, 41). Throughout their lifespan, worms in which 

either fission (drp-1) or fusion (fzo-1) is impaired displayed a substantial and sustained decline in fitness 

capacity compared to WT (Fig. 2B). Overexpression of these regulators also impaired fitness capacity (SI 

Appendix, Fig. S1A), and loss of their function prevented fitness capacity recovery during a cycle of 

exercise followed by rest (day 1, Fig. 2C and SI Appendix, Fig. S1B-C). Together, this suggests that 

fitness capacity depends upon optimal mitochondrial dynamics. 

 

In C. elegans, genetic inhibition of mitochondrial fission or fusion prevents some interventions from 

extending lifespan (12, 27). Remarkably, however, simultaneous disruption of fission and fusion can 

rescue these defects in some cases and even extends lifespan on its own, by preventing the 

mitochondrial fragmentation and some metabolic effects associated with aging (12). These last findings 

made it important to investigate how simultaneous prevention of fission and fusion affects fitness 

capacity. In striking contrast to its effects on lifespan, preventing mitochondrial fission and fusion (drp-

1;fzo-1 and drp-1;eat-3) failed to restore fitness capacity to WT levels, although ablation of fission 

ameliorated some effects of fusion loss (drp-1;fzo-1 vs fzo-1) (Fig. 2B-C; SI Appendix, Fig. S1B-C). We 

conclude that maintenance of dynamic mitochondrial network remodeling per se is critical for fitness 

capacity. 

 

Next, we investigated whether long-term exercise training might counteract the progressive loss of fitness 

capacity and mitochondrial connectiveness that occurs during aging, and whether mitochondrial dynamics 

is involved. We allowed WT animals to swim for one hour per day for 10 consecutive days, starting at the 

onset of adulthood (experimental day 1, Fig. 2D). This exercise regimen significantly improved fitness 

capacity at day 10, a benefit that was maintained for at least 5 days after exercise ceased (Fig. 2E), and 

mitigated the muscle mitochondrial fragmentation/disorganization seen during aging (Fig. 2F). 

Mitochondrial fragmentation and fitness capacity were also tightly and inversely correlated under these 
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conditions (Fig. 2G). Disruption of mitochondrial fission (drp-1) or fusion (fzo-1) abrogated these long-term 

exercise benefits, and long-term exercise impaired fitness capacity when both fission and fusion were 

disrupted simultaneously (drp-1;fzo-1 and drp-1;eat-3; Fig. 2H). Muscle-specific knockdown of these 

mitochondrial dynamics genes also abrogated the benefit of exercise (Fig. 2I). Taken together, our results 

indicate that exercise training delays the aging-associated decline in fitness capacity, dependent upon 

maintenance of mitochondrial fission and fusion in body-wall muscle. 

 

AMPK enhances fitness capacity through mitochondrial dynamics 

 

Given that increases in mitochondrial fusion and density are associated with increased lifespan in C. 

elegans (12, 27, 42), we tested whether interventions that extend lifespan might in general improve 

exercise capacity during aging. We assessed fitness capacity in long-lived animals that are subject to 

mild mitochondrial dysfunction (isp-1 and nuo-6) (43), reduced insulin/IGF-1 signaling (rIIS)(daf-2) (24), a 

dietary restriction (DR)-like state (eat-2)(44), or increased AMPK activity (45, 46). In the last case, we 

examined animals in which the AMPK2 catalytic subunit carrying a constitutively activating mutation is 

overexpressed transgenically (CA-AAK-2 (46)). rIIS and DR extend lifespan across metazoans and have 

been shown to improve various healthspan parameters (24, 47), and AMPK is of particular interest here 

because it is a master regulator of energy homeostasis during exercise (48) and promotes remodelling of 

mitochondrial morphology and metabolism (12, 49). 

 

Despite increasing lifespan, the isp-1, nuo-6, daf-2 and eat-2 mutations impaired fitness capacity and 

performance in an exercise-recovery cycle (Fig. 3A; SI Appendix, Fig. S2A-D). Compared to WT, isp-1, 

nuo-6, and daf-2 mutants also displayed reduced fitness capacity with aging (day 10, Fig. 3A). A long-

term exercise protocol did not slow the aging-related decline in fitness capacity in isp-1, nuo-6, daf-2 or 

eat-2 animals (SI Appendix, Fig. S2E-F), in contrast to its beneficial effect on WT worms (Fig. 2E). 

Together, the data suggest that mechanisms that extend lifespan are not necessarily sufficient to confer 

exercise-associated benefits. 

 

In striking contrast, animals expressing CA-AAK-2 exhibited improved fitness capacity and maintenance 

of exercise performance during aging (Fig. 3B-C and SI Appendix, Fig. S2G-H). Surprisingly, however, in 

CA-AAK-2 animals long-term exercise not only failed to further enhance fitness capacity during aging but 

was slightly detrimental (Fig. 3D). Thus, constitutive activation of AMPK dramatically improved fitness 

capacity with age but did not allow further benefit from exercise. 

 

We investigated whether AMPK might be required for fitness capacity and exercise benefits. Compared to 

WT, AMPK-deficient mutants (aak-2) exhibited a sustained reduction in fitness capacity during aging that 

was lost at day 15 (Fig. 4A), as well as impairment of the exercise-recovery cycle (at day 1, Fig. 4B and 
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SI Appendix, Fig. S3A-B). Finally, AMPK-deficient mutants did not benefit from long-term exercise over 

the course of their lifespan, and even exhibited reduced exercise capacity compared with non-exercised 

animals (Fig. 4C). Thus, not only does AMPK enhance fitness capacity during aging when constitutively 

activated (Fig. 3B), it is also required for normal exercise responsiveness and benefits throughout life.  

 

Our findings raise the question of whether the salutary effects of increased AMPK activity on exercise 

performance during aging might depend upon mitochondrial dynamics. Supporting this idea, impairment 

of mitochondrial fission (drp-1), fusion (fzo-1), or both processes (drp-1;fzo-1) abrogated the CA-AAK2-

induced improvements in fitness capacity during aging (Fig. 4D). In each case, the negative effects of 

fission or fusion loss on swimming performance were similar in CA-AAK-2 and WT animals (Fig. 4E and 

SI Appendix, Fig. S3C). Together, these findings indicate that mitochondrial dynamics is an essential 

effector of AMPK activity in promoting fitness capacity. 

 

Discussion  

 

Despite extensive evidence that impairment of mitochondrial fission or fusion contributes to age-related 

diseases (50, 51), the role of mitochondrial dynamics in anti-aging interventions such as exercise has 

remained uncertain. Here, by taking advantage of tools available for C. elegans we demonstrated that 

mitochondrial fission and fusion are each required for both fitness capacity and its improvement by 

exercise training, and that mitochondrial network plasticity – the capacity for re-shaping the mitochondrial 

network between fused and fragmented states, is also crucial (Fig. 4F). Moreover, the only anti-aging 

intervention we identified that enhances fitness capacity during aging, AMPK activation, depends upon 

mitochondrial dynamics and plasticity for this benefit. Given that the mechanisms that mediate 

mitochondrial dynamics are evolutionarily conserved, it seems likely that the generally critical role for 

mitochondrial dynamics and plasticity we uncovered may be broadly applicable. 

 

One important finding was that a single exercise session induces a cycle of fatigue and fitness capacity 

recovery that is paralleled by a cycle of mitochondrial fission and network rebuilding in body wall muscle. 

The extent to which these parameters change during the exercise/recovery cycle was dampened with 

age, in parallel to a decline in fitness capacity. By contrast, a regular exercise training regimen enhanced 

fitness capacity, delaying its inevitable decline during aging. Mitochondrial dynamics was critical for 

fitness capacity under each of these conditions, and its disruption by impairment of fission or fusion 

dramatically impaired fitness capacity and ablated the benefits of exercise.   

 

Critically, “freezing” the mitochondrial network by simultaneous disruption of both fission and fusion 

similarly impaired fitness capacity, demonstrating that network plasticity is essential during the 

exercise/recovery cycle. This contrasts sharply to one effect of mitochondrial dynamics on aging, because 
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simultaneous ablation of mitochondrial fission and fusion can extend lifespan, apparently by delaying the 

aging-induced degradation of the mitochondrial network and accompanying metabolic perturbations (12). 

Thus, while maintaining the mitochondrial network is sufficient to slow aging, maintaining the capacity for 

network remodeling in muscle seems to be critical for meeting the metabolic demands of exercise. This 

need for plasticity may explain why most anti-aging interventions we tested impaired fitness capacity 

during aging, because two of those interventions (rIIS and DR) maintain network structure during aging 

(12, 27). It is also consistent with our findings that simultaneous ablation of fission and fusion blocks 

lifespan extension from intermittent fasting, which like exercise induces cycles of mitochondrial network 

fission and recovery (12). 

 

It is striking that constitutive AMPK activation uniquely enhanced fitness capacity during aging, benefitting 

the animal comparably to an exercise regimen. In mammals AMPK acts as an key signaling molecule in 

regulating mitochondrial homeostasis during exercise (52-54), although its role in mediating exercise 

benefits has remained inconclusive (55). Here we demonstrated in C. elegans that AMPK is required for 

both baseline fitness capacity and exercise-induced benefits, and that AMPK activation enhances fitness 

capacity dependent upon mitochondrial dynamics. Together, our results suggest that exercise benefits 

may be conferred through a linear pathway involving AMPK regulation of mitochondrial dynamics (Fig. 

4F). Interestingly, exercise training did not improve fitness capacity in the setting of constitutive AMPK 

activation. This might indicate a maximum limit in fitness capacity, but it is also consistent with the idea 

that AMPK activation might have acted as a surrogate for exercise training in conferring these benefits. 

The anti-diabetic drug metformin has many effects on metabolism, including stimulating AMPK indirectly 

(56). It may be consistent with our results that metformin not only extends C. elegans lifespan but also 

delays the decline in swimming capacity with aging (57). 

 

An important goal of the aging field is to identify interventions that not only extend lifespan, but also 

enhance important parameters of health (1). Our approach suggests that a multipronged approach may 

be necessary, given the unique demands of fitness capacity and its maintenance through exercise. In 

aging humans, a decline in muscle function and exercise tolerance is a major concern that leads to 

substantial morbidity (58). Our data point towards AMPK and mitochondrial dynamics as potentially fruitful 

intervention points for forestalling this decline, most likely along with other aspects of aging. Considering 

the clinical implications of coordinating lifespan with healthspan, it will be of great interest to determine 

how mitochondrial network plasticity influences fitness capacity, along with longevity and aging-

associated disease, in humans. 
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Materials and Methods 

 

Strains and maintenance of C. elegans  

 

C. elegans strains used in this study are listed in SI Appendix, Table S2. Nematodes were grown and 

maintained at 20°C on standard nematode growth media (NGM) agar plates seeded with live Escherichia 

coli (E. coli). E. coli (OP50-1) was cultured overnight in LB medium containing 10 mg/L streptomycin at 

37°C. RNAi experiments were performed by using tetracycline–resistant E. coli (HT115) carrying dsRNA 

against the genes drp-1, fzo-1 and eat-3, or an empty vector control (pL4440). RNAi cultures were grown 

overnight at 37°C in LB medium containing 50 mg/mL carbenicillin and dsRNA expression was induced 

by the addition of 0.2 g/L IPTG prior to seed onto NGM agar plates containing 50 mg/mL carbenicillin and 

0.2 g/L IPTG. Synchronized populations of L1 animals were obtained by hypochlorite treatment (59), then 

allowed to develop at 20°C on seeded NGM agar plates. Whenever experiments were conducted over 

lifespan, 20 mg/L FUdR was added at the L4 stage to prevent hatching. 

 

Fitness capacity 

 

Fitness capacity was measured by calculating the body bends per second of worms in liquid environment 

as previously described (17) with minor modifications. Briefly, we transferred worms to 96-well plates 

containing M9 buffer (1 worm per well) and immediately recorded a 30-seconds video at a rate of 15 

frames per second using a stereomicroscope (Optika SMZ-4) coupled with a device camera. Recorded 

images were analyzed using the ImageJ plugin Worm-tracker (wrMTrck) (60). At least 15 animals were 

recorded per biological replicate. 

 

Mitochondrial morphology 

 

Mitochondrial network morphology was detected using strains expressing green fluorescent protein (GFP) 

targeted to the outer mitochondrial membrane specifically in the body wall muscle (zcIs14[myo-

3::GFP(mito)]). Worms were anesthetized in Tetramisole 0.2 mg.ml-1, mounted on 2% agarose pads on 

glass slides, and subsequently imaged on Zeiss Axio Imager M2 fluorescence microscope with Axiocam 

HRC camera. Muscle mitochondria were analyzed in cells midway between the pharynx and vulva, or 

vulva and tail. Qualitative assessment of mitochondrial morphology was made by scoring cells based on 

five classes as previously described by Laranjeiro et. al (29). These categories reflect a progressive 

increase in fragmentation and disorganization from class 1 (tubular and interconnected mitochondrial 

network) to class 5 (reduced number of fragmented mitochondria) (Fig. 1B). Images were taken of > 35 

muscle cells from at least 15 worms per biological replicate. All analyses were conducted by a single 

observer, blinded to animal's identity. 
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Exercise protocols 

 

Acute exercise: Acute exercise was mimicked by putting worms to swim for 4 hours. Briefly, seeded NGM 

agar plates were flooded with M9 buffer. After 4 hours, worms were washed off with M9 buffer into 15 mL 

conical tubes, centrifuged at 700 rpm for 1 min, transferred to seeded NGM agar plates and allowed to 

rest for 24 hours at 20°C (recovery period) (Fig. 1C). Because some of the swimming benefits have been 

recently attributed to food transient deprivation (30), the exercise session was performed in the presence 

of food by adding M9 buffer to NGM agar plates containing bacteria. 

Long-term exercise: Long-term exercise was performed by allowing worms to swim 1 hour per day for 10 

days, starting at the onset of adulthood (day 1) (Fig. 2D). Briefly, worm strains were divided into control 

and exercise groups and maintained at 20°C on separated 100 mm seeded NGM agar plates. Exercise 

group plates were flooded with 10 mL of M9 buffer. After 1 hour, worms were washed off with M9 buffer 

into 15 mL conical tubes, centrifuged at 700 rpm for 1 min and transferred to seeded NGM agar plates 

using a glass Pasteur pipette to minimize nematode loss. Control animals were also transferred to 

seeded NGM agar plates using the same method. This procedure was repeated daily for the next 10 

days. 

 

Statistics 

 

Data obtained in this study are presented as mean ± standard error of the mean (SEM) and are compiled 

from multiple trials. Chi-square test was used to compare the distribution of muscle mitochondrial 

morphology into multiple categories (Fig. 1B, Fig. 1D, and Fig. 2F). Linear regression was used to assess 

the association between variables in Fig. 1G and Fig. 2G. For all other assays, two-tailed Student’s t test 

was used for comparison between 2 groups. GraphPad Prism was used for statistical analyses and 

statistical significance was considered achieved when the value of p was < 0.05. Detailed statistical 

analyses, biological replicates (independent population of worms tested on a different day) and sample 

size are described in SI Appendix, Table S1. 

 

Data availability 

 

All study data are included in the article and/or SI Appendix. 
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Figures 

 

 

Figure 1. Effects of exercise and aging on mitochondrial dynamics. (A) Fitness capacity decay and 

(B) mitochondrial morphology in body wall muscle cells of WT worms during aging, with representative 

images of the 5 classes of mitochondrial network organization shown (similar to scoring in ref (29), Scale 

bar, 5 M). (C) Acute exercise protocol: worms maintained at 20°C were subjected to 4 hours of 

swimming followed by 24 hours of recovery on agar plates. (D) Mitochondrial morphology in body wall 

muscle cells, (E) fitness capacity and (F) recovery rate of WT worms that were subjected to acute 

exercise on days 1, 5 and 10 of adulthood. Recovery rate refers to the difference in body bends sec-1 

between 24h and the start of exercise (0h). (G) Correlation between fitness capacity and mitochondrial 

morphology of WT worms subjected to acute exercise, including data from d1, d5 and d10 of adulthood. 

Data are presented as mean ± SEM. *p <0.05 and **p <0.001 vs. WT (d1 or 0h); #p <0.05 and ##p 

<0.001 vs. 4h. Detailed statistical analyses, number of biological replicates and sample size are described 

in SI Appendix, Table S1.  
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Figure 2. Mitochondrial fission and fusion are required for exercise-induced benefits during aging. 

(A) Simplified model for mitochondrial fusion and fission: mitochondrial fragmentation requires recruitment 

of cytosolic DRP-1 to the organelle, which oligomerizes and constricts the mitochondria into 2 daughters. 

The outer mitochondrial membrane fuses through interaction between FZO-1 of two opposing 

mitochondria, while EAT-3 drives inner mitochondrial membrane fusion. (B) Fitness capacity decay and 

overall fitness capacity (average of d1, d5, d10 and d15) of WT compared to mitochondrial dynamics 

mutants drp-1(tm1108), fzo-1(tm1133), drp-1(tm1108);fzo-1(tm1133) and drp-1(tm1108);eat-3(ad426) 

during aging. (C) Fitness capacity of WT and mitochondrial dynamics mutants drp-1(tm1108), fzo-

1(tm1133), drp-1(tm1108);fzo-1(tm1133) and drp-1(tm1108);eat-3(ad426) submitted to acute exercise on 

day 1 of adulthood. (D) Long-term exercise: worms maintained at 20°C were submitted to 1 hour of 

exercise per day for 10 days, starting at the onset of adulthood (day 1). (E) Fitness capacity and (F) 

mitochondrial morphology in body wall muscle cells of WT worms submitted to long-term exercise. (G) 

Correlation between fitness capacity and mitochondrial morphology of control and long-term exercise-

trained worms. (H) Fitness capacity of mitochondrial dynamics mutants drp-1(tm1108), fzo-1(tm1133), 

drp-1(tm1108);fzo-1(tm1133) and drp-1(tm1108);eat-3(ad426) submitted to long-term exercise. (I) Fitness 

capacity of muscle-specific RNAi strain sid-1(qt-9);myo-3p::sid-1 fed empty vector (EV) control or drp-1, 
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fzo-1 and eat-3 RNAi from L4 stage, and submitted to long-term exercise. Data are presented as mean ± 

SEM. *p <0.05 and **p <0.001 vs. WT or Ctr. Detailed statistical analyses, numbers of biological 

replicates, and sample size are described in SI Appendix, Table S1. 
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Figure 3. AMPK activation preserves fitness capacity with aging. (A) Fitness capacity decay of WT 

and the long-lived worms isp-1(qm150), nuo-6(qm200), daf-2(e1370) and eat-2(ad1116) with aging. (B) 

Fitness capacity decay and overall fitness capacity of WT and long-lived worms expressing constitutively 

active AMPK (CA-AAK-2) during aging. (C) Fitness capacity of WT and CA-AAK-2 worms submitted to 

acute exercise on days 1, 5 and 10 of adulthood. (D) Fitness capacity of CA-AAK-2 worms submitted to 

long-term exercise. Data are presented as mean ± SEM. *p <0.05 and **p <0.001 vs. WT or Ctr. Detailed 

statistical analyses, number of biological replicates, and sample size are described in SI Appendix, Table 

S1. 
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Figure 4. The AMPK-induced improvement in fitness capacity requires mitochondrial dynamics. 

(A) Fitness capacity decay and overall fitness capacity of WT and AMPK-deficient worms (aak-2(gt33)) 

during aging. (B) Fitness capacity of WT and aak-2(gt33) day-one adults subjected to an exercise-

recovery cycle. (C) Fitness capacity of aak-2(gt33) worms subjected to long-term exercise. (D) Fitness 

capacity decay and overall fitness capacity of animals carrying the indicated mitochondrial dynamics 

mutations (drp-1(tm1108), fzo-1(tm1133) and drp-1(tm1108);fzo-1(tm1133)) in either the WT or CA-AAK-

2 background during aging. CA-AAK-2 in the WT background is presented in blue. (E) Fitness capacity 

decay of the indicated strains during aging. Data are presented as mean ± SEM. *p <0.05 and **p <0.001 

vs. WT or Ctr. #p <0.05 and ##p <0.001 vs. CA-AAK-2. (F) Working model for maintenance of exercise 

responsiveness and fitness capacity during aging: the beneficial effects of exercise are mediated through 

AMPK and mitochondrial dynamics. Detailed statistical analyses, number of biological replicates, and 

sample size are described in SI Appendix, Table S1. 
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