
Dietary Restriction and AMPK Increase Lifespan via 
Mitochondrial Network and Peroxisome Remodeling

Heather J. Weir1, Pallas Yao1, Frank K. Huynh2, Caroline C. Escoubas1, Renata L. 
Goncalves1, Kristopher Burkewitz1, Raymond Laboy1,§, Matthew D. Hirschey2, and William 
B. Mair1,*

1Department of Genetics and Complex Diseases, Harvard T. H. Chan School of Public Health, 
Boston, Massachusetts 02115, USA

2Duke Molecular Physiology Institute, Duke University Medical Center, 300 North Duke Street, 
Durham, NC 27701, USA

Summary

Mitochondrial network remodeling between fused and fragmented states facilitates mitophagy, 

interaction with other organelles and metabolic flexibility. Aging is associated with a loss of 

mitochondrial network homeostasis, but cellular processes causally linking these changes to 

organismal senescence remain unclear. Here, we show that AMP-activated protein kinase (AMPK) 

and dietary restriction (DR) promote longevity in C. elegans via maintaining mitochondrial 

network homeostasis and functional coordination with peroxisomes to increase fatty acid 

oxidation (FAO). Inhibiting fusion or fission specifically blocks AMPK- and DR-mediated 

longevity. Strikingly however, preserving mitochondrial network homeostasis during aging by co-

inhibition of fusion and fission is sufficient itself to increase lifespan, while dynamic network 

remodeling is required for intermittent fasting-mediated longevity. Finally, we show that 

increasing lifespan via maintaining mitochondrial network homeostasis requires FAO and 

peroxisomal function. Together these data demonstrate that mechanisms that promote 

mitochondrial homeostasis and plasticity can be targeted to promote healthy aging.

eTOC Blurb

Dysfunctional mitochondrial dynamics are a hallmark of aging, but the physiological 

consequences are unknown. Weir et al. show that mitochondrial network remodeling is required 

for AMPK- and dietary restriction-mediated longevity, and identify a downstream role for fatty 

acid oxidation and peroxisome function in C. elegans.
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Introduction

Dynamic remodeling of mitochondrial networks by fusion and fission promotes maintenance 

of cellular homeostasis. Dysregulation of mitochondrial dynamics and aberrant 

mitochondrial morphology are hallmarks of aging and are thought to contribute to the 

pathology of numerous age-related pathologies including Alzheimer’s and Parkinson’s 

disease (Bonda et al., 2011; Leduc-Gaudet et al., 2015; Sebastián et al., 2016). 

Mitochondrial dynamics regulate several key cellular functions, including metabolic 

plasticity, mitochondrial turnover, and inter-organelle communication (Wai and Langer, 

2016). However, how these functions are affected by deregulation of mitochondrial 

dynamics during aging, and whether alternate pro-longevity interventions require different 

mitochondrial network states and outputs remains unclear. Age-onset appearance of swollen, 

fragmented mitochondria has been reported across species (Jiang et al., 2015; Leduc-Gaudet 

et al., 2015; Sebastián et al., 2016), suggesting mitochondrial fragmentation (driven by 

fission) is pro-aging. Supporting this hypothesis, studies in yeast show inhibition of fission 

increases longevity, while unopposed fission shortens lifespan (Scheckhuber et al., 2007, 

2014). In addition, fragmentation of mitochondria has been associated with age in multiple 

studies in C. elegans (Jiang et al., 2015; Regmi et al., 2014), while maintenance of fused 

networks often correlates with lifespan extension (Chaudhari and Kipreos, 2017; 

Houtkooper et al., 2013). However, mitophagy, the process by which damaged mitochondria 

are degraded and recycled, requires fission to remove damaged mitochondria and has been 

shown to be pro-longevity in Drosophila (Rana et al., 2013; Ulgherait et al., 2014). It 

therefore remains unclear under which contexts and in which cell types specific states of the 

mitochondrial network are pro-aging or pro-longevity.

AMP-activated protein kinase (AMPK), a highly conserved regulator of energy homeostasis, 

links energetics to the rate of aging and is implicated as a modulator of lifespan extension by 

dietary restriction (DR) (Fontana and Partridge, 2015). Activating AMPK increases lifespan 
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in C. elegans and Drosophila, while pharmacological activation via metformin treatment 

promotes healthy aging in mice (Apfeld et al., 2004; Mair et al., 2011; Martin-Montalvo et 

al., 2013; Stenesen et al., 2013). Considerable interplay exists between AMPK and 

mitochondrial function; AMPK induces mitochondrial biogenesis (Reznick et al., 2007; 

Zong et al., 2002), and has emerging roles in the regulation of both mitochondrial 

metabolism and dynamics (Burkewitz et al., 2015; Kang et al., 2016; Toyama et al., 2016). 

We previously reported that AMPK increases lifespan in C. elegans via remodeling of 

systemic mitochondrial metabolism, which correlates with altered mitochondrial 

morphology in peripheral tissues (Burkewitz et al., 2015). However, the spatial requirement 

and physiological role of mitochondrial network remodeling that causally link AMPK and 

longevity is unknown.

Here, we show that AMPK and DR maintain youthful mitochondrial network morphology 

with age. We demonstrate that inhibiting fusion blocks AMPK- and DR-mediated lifespan 

extension, and that fusion is specifically required in peripheral tissues for AMPK-mediated 

longevity. However, promoting fusion directly is not sufficient to increase lifespan, and 

inhibiting fission also specifically blocks AMPK- and DR-mediated longevity. Strikingly, 

preserving mitochondrial network homeostasis with age by dual inhibition of fusion and 

fission is sufficient to increase lifespan. Finally, using targeted metabolomics and genetic 

analyses we identify a downstream role for peroxisomal function and fatty acid metabolism 

in AMPK- and DR-mediated longevity. Collectively, our data suggest that in the context of 

AMPK activation and DR, functional coordination between mitochondrial networks and 

peroxisomes causally links mitochondrial dynamics to longevity. Further, maintaining 

mitochondrial network homeostasis and plasticity may represent a novel therapeutic strategy 

to promote healthy aging.

Results

AMPK maintains youthful mitochondrial morphology and requires fusion to increase 
lifespan

To assess age-related changes to mitochondrial network morphology in vivo, we generated a 

C. elegans strain expressing GFP targeted to the outer mitochondrial membrane in body-wall 

muscle cells. In young wild-type animals, mitochondria appear tubular and exist in highly 

interconnected, well-organized networks (Figure 1A). There is a progressive loss of network 

connectivity from day 1 to day 15, indicated by a decrease in the area:perimeter ratio, as 

well as a reduction in mitochondrial content (Figure 1A and 1B). Muscle fiber organization 

does not overtly change between day 1 and day 8, confirming that decreased mitochondrial 

network connectivity is not due to age-related degeneration of muscle structure (Figure 1C). 

We hypothesized that if the observed age-related changes to mitochondrial networks 

correlate with lifespan, these would be delayed in long-lived models. To test this, we used a 

transgenic strain expressing a truncated AMPKα2 catalytic subunit (AAK-2). This 

truncation results in constitutively active (CA)-AAK-2 and extends C. elegans lifespan 

(Burkewitz et al., 2015; Mair et al., 2011). Mitochondrial networks of CA-AAK-2 animals 

resemble wild-type networks on day 1, but remain unchanged from day 1 to day 5, with no 

significant difference in either network connectivity or mitochondrial content (Figures 1D 
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and 1E). At day 7, CA-AAK-2 animals still have increased network connectivity and 

mitochondrial content compared to wild-type, but by day 9 there are no significant 

differences in either measurement (Figures 1D and 1E). Together, these data demonstrate a 

correlation between mitochondrial morphology and rate of aging, and show that AMPK 

activation delays age-dependent changes to mitochondrial networks.

Given that fragmented networks are associated with loss of AMPK-mediated longevity 

(Burkewitz et al., 2015), and that AMPK maintains fused mitochondrial morphology (Figure 

1D and 1E), we asked if mitochondrial fusion is required for AMPK-mediated lifespan 

extension. To test this we used an fzo-1(tm1133) mutant strain, which has a null mutation in 

the single C. elegans homologue of the mammalian mitofusins (Mfn) (Kanazawa et al., 

2008). FZO-1 mediates outer mitochondrial membrane fusion, and fzo-1(tm1133) mutants 

therefore have highly fragmented mitochondrial networks (Figure 1F). To determine if 

fusion is required for AMPK-mediated longevity, we tested if activating AMPK increases 

lifespan in this fusion-deficient genetic background. In a wild-type background, CA-AAK-2 

robustly increases lifespan (Figure 1G). However, in fzo-1 mutants CA-AAK-2 completely 

fails to extend lifespan (Figure 1H), indicating that fusion is indeed required for AMPK-

mediated longevity. Importantly, the lifespan of fzo-1 mutants is not significantly different 

from wild-type animals, confirming that suppression of AMPK-mediated longevity is not 

due to sickness or basal shortening of lifespan in fzo-1 mutants (Figure 1I). To further 

interrogate the role of mitochondrial fusion in AMPK-mediated longevity, we tested if 

inhibiting inner membrane fusion affects lifespan. The C. elegans gene eat-3 encodes a 

protein homologous to mammalian OPA1, which is required for inner membrane fusion 

(Kanazawa et al., 2008). RNAi of eat-3 results in fragmented mitochondria, detected using a 

transgenic strain expressing mitochondrial matrix targeted-GFP (Figure 1J). CA-AAK-2 

does not significantly increase lifespan in the presence of eat-3 RNAi (Figure 1K and L), 

indicating that both inner and outer mitochondrial membrane fusion are required for AMPK-

mediated longevity. Together, these data demonstrate that AMPK-dependent maintenance of 

mitochondrial network homeostasis is required for lifespan extension.

Fusion is required for DR-mediated longevity

Having determined that fusion is required for AMPK-mediated longevity, we tested whether 

mitochondrial network remodeling is a global modulator of other longevity pathways. 

Lifespan can be increased by mutation or knockdown of electron transport chain (ETC) 

components (Dillin et al., 2002). To determine if lifespan extension via reduced ETC 

function requires fused mitochondrial networks we performed RNAi of cco-1, which 

encodes a subunit of cytochrome c oxidase-1, in wild-type and fzo-1 mutants. cco-1 RNAi 

significantly increases lifespan in both genetic backgrounds, showing that outer membrane 

fusion is not required for reduced ETC function-mediated longevity via cco-1 RNAi. The 

percent lifespan extension is reduced in fzo-1 mutants however, suggesting that fusion may 

contribute to reduced ETC function longevity (Figure 2A and 2B, Table S1). We next tested 

whether fusion is required for reduced insulin/insulin-like growth factor signalling (rIIS) 

longevity (Kenyon et al., 1993). Suggesting outer membrane fusion is not required, rIIS via 

RNAi of the insulin/IGF receptor ortholog daf-2 significantly increases lifespan of both 

wild-type and fzo-1 mutants (Figure 2C and 2D). Finally, we examined whether network 
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remodeling occurs in response to DR, which robustly extends lifespan across the 

evolutionary spectrum (Fontana and Partridge, 2015). Examination of mitochondrial 

networks with age in eat-2(ad1116) mutants, a genetic model of DR, revealed a similar 

phenotype to that seen in CA-AAK-2 animals: age-related changes are delayed by DR, with 

eat-2 mutants displaying increased network connectivity and content at day 8 and day 15 

compared to wild-type animals (Figure 2E and 2F). Diet-restricting wild-type worms by 

feeding diluted bacteria for the first 3 days of adulthood also results in striking changes to 

mitochondrial network morphology (Figure 2G). Suggesting that the morphological changes 

are driven by fusion, fzo-1 mutant networks appear unchanged in response to DR (Figure 

2G). To determine if fusion is required for DR-mediated longevity, we assayed the lifespan 

of wild-type and fzo-1 mutants that were fed either ad libitum (AL) or DR. DR significantly 

increases the lifespan of wild-type animals (Figure 2H), but completely fails to do so in an 

fzo-1 null background (Figure 2I), demonstrating that fusion is necessary for DR-mediated 

longevity. Together our data show that, rather than being required for all longevity pathways, 

fusion is specifically required for AMPK- and DR-mediated longevity.

Fusion is required in peripheral tissues for AMPK-mediated longevity

Mitofusins are expressed ubiquitously, but tissue-specific roles are emerging for their 

functions, including their role in metabolic plasticity (Dietrich et al., 2013; Schneeberger et 

al., 2013; Schrepfer and Scorrano, 2016). Having established that fusion is required for 

AMPK longevity, we examined if fusion is required ubiquitously or only in specific tissues 

to increase lifespan. Expressing fzo-1 cDNA under the control of the ubiquitous promoter 

sur-5p rescues the fragmented mitochondrial morphology in fzo-1 mutants, confirming that 

the transgene is functional (Figure 3A). Furthermore, ubiquitous rescue of fzo-1 completely 

restores lifespan extension by CA-AAK-2 (Figure 3B). Given the importance of fusion in 

the central nervous system for regulation of whole-body energy homeostasis (Dietrich et al., 

2013), we examined whether fusion in neurons is also required for AMPK-mediated 

longevity. However, neuronal-specific expression of fzo-1 using the pan-neuronal rab-3 
promoter fails to rescue lifespan extension by AAK-2 activation (Figure 3C). Ruling out 

neurons as the key site of action, we next asked if fusion in peripheral tissues underlies 

AMPK-mediated longevity. Supporting this hypothesis, rescuing fzo-1 only in muscle cells 

(myo-3 promoter) or only in the intestine (ges-1 promoter) partially restores CA-AAK-2 

lifespan extension (Figure 3D, 3E and S1). Indicating that rescue of AMPK-mediated 

longevity is not due to fzo-1 expression level alone, global or tissue-specific rescue of fzo-1 
in fzo-1 mutants alone marginally increase lifespan, but to a lesser extent than in the 

presence of CA-AAK-2 (Figure 3F, Table S1). Given the requirement for fusion in the 

intestine as well as muscle for AMPK-mediated longevity, we investigated whether 

mitochondrial morphology also undergoes age-related changes in the intestine, as it does in 

muscle cells (Figure 1). To do this, we generated a transgenic strain expressing outer 

mitochondrial membrane targeted-GFP in the intestine. Similar to our observations in 

muscle cells, mitochondrial content and size decrease significantly between day 1 and day 8, 

although the area:perimeter ratio does not significantly change (Figure 3G and 3I). CA-

AAK-2 worms express GFP ubiquitously, precluding visualization of the mitoGFP reporter. 

Therefore, to address whether AMPK delays age-related changes to mitochondrial networks, 

we pharmacologically activated AMPK by treating worms with the biguanide phenformin, 
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an indirect agonist which increases AMPK phosphorylation at Thr172, a site in the 

activation loop associated with increased activity (Figure 3H) (Cabreiro et al., 2013). 

Strikingly, phenformin treatment maintains mitochondrial size with age, and delays the 

reduction in mitochondrial content (Figure 3G and 3I). We previously reported that 

mitochondrial fragmentation in peripheral tissues correlates with suppression of AMPK 

longevity (Burkewitz et al., 2015); these data now show that fusion in peripheral tissues is 

required for lifespan extension via AMPK activation.

Promoting fusion does not increase lifespan

Since fusion is required for both AMPK and DR-mediated longevity, we hypothesized that 

driving fusion directly might be sufficient to increase lifespan. To test this we used a 

drp-1(tm1108) mutant strain; DRP-1 is a conserved GTPase that catalyzes mitochondrial 

fission, and loss of function results in unopposed fusion of the network. This is evident in 

drp-1 mutants, which have increased mitochondrial network connectivity compared to wild-

type controls (Figure 4A–C). Contrary to our hypothesis however, drp-1 mutants are not 

long-lived, and have identical lifespan to that of wild-type animals (Figure 4D). Similarly, 

driving fusion by ubiquitous overexpression of fzo-1 has no effect on lifespan (Figures 4A 

and 4E). Since promoting fusion is not sufficient to promote longevity, we next hypothesized 

that AMPK increases lifespan not by increasing fusion, but by preserving the balance 

between fusion and fission to maintain mitochondrial network homeostasis. Supporting this 

hypothesis, CA-AAK-2 fails to extend lifespan in drp-1 mutants (Figure 4F), showing that 

inhibiting fission also blocks AMPK-mediated longevity. Furthermore, lifespan extension 

via DR is suppressed in drp-1 mutants (Figure 4G; Table S1). Confirming the specificity of 

this pathway to AMPK and DR, knockdown of daf-2 (Figure 4H and (Yang et al., 2011)) 

and cco-1 (Figure 4I) both increase lifespan in drp-1 mutants demonstrating that, like fusion, 

fission is also dispensable for these longevity pathways. These data also highlight that 

genetic manipulation of mitochondrial morphology is not universally disruptive to lifespan. 

Taken together, our results suggest that AMPK and DR increase lifespan by maintaining a 

balance between fusion and fission, thereby preserving mitochondrial network homeostasis.

Maintaining mitochondrial network homeostasis is sufficient to extend lifespan

To determine if preserving balance between fission and fusion is sufficient to promote 

longevity, we crossed drp-1 mutants with fzo-1 mutants to generate animals deficient in both 

fission and fusion. Co-deletion of fission and fusion machinery components results in 

morphologically balanced mitochondrial networks: mitochondrial morphology in 

drp-1;fzo-1 double mutant animals is comparable to that of wild-type animals on day 1 of 

adulthood, with no significant differences in mitochondrial size or network connectivity 

(Figures 5A, 5B and S1A). Wild-type, drp-1 mutants and fzo-1 mutants all exhibit age-

dependent changes to mitochondrial morphology, including a significant reduction in 

mitochondrial connectivity and content in all 3 genotypes (Figures 5A, 5B and S1B). 

Conversely however, drp-1;fzo-1 double mutants maintain both mitochondrial morphology 

and content with age, showing that mitochondrial network homeostasis is preserved as these 

animals age (Figures 5A, 5B, S2A and S2B). To determine whether preserving network 

homeostasis affects mitochondrial function with age we measured oxygen consumption in 

live, old (day 11) animals. Basal respiration is increased in drp-1;fzo-1 double mutants 
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compared to wild-type worms (Figure 5C). Maximal respiration is not different however, 

suggesting that increased basal respiration in drp-1;fzo-1 double mutants is not solely due to 

increased mitochondrial content (Figure S2C). Furthermore, the effects of co-inhibiting 

fusion and fission on respiration are conserved in mammalian cells. We knocked down Drp1 
via shRNA in Mfn2 null mouse embryonic fibroblasts (MEFs) to generate cells deficient in 

both fusion and fission, and measured oxygen consumption in the absence of glucose to 

force dependence on mitochondrial oxidative phosphorylation for respiration. Similar to 

drp-1;fzo-1 worms, Mfn2;Drp1-deficient MEFs have increased basal respiration compared 

to wild-type, while maximal respiration and spare respiratory capacity are not significantly 

different (Figures 5D and S2E–G). Next, we asked whether preserving network homeostasis 

affects lifespan. Remarkably, while individual deletion of either drp-1 or fzo-1 does not alter 

lifespan, co-deletion of drp-1 and fzo-1 increases lifespan (Figure 5E), demonstrating that 

maintaining mitochondrial network homeostasis with age is sufficient to promote longevity.

Mitochondrial network plasticity is required for intermittent fasting (IF)-mediated longevity

Fusion and fission are integral processes with many important roles for cellular and 

metabolic health. It was therefore surprising to find that drp-1;fzo-1 double mutants, which 

lack the ability to undergo these processes, are long-lived. Intrigued by this result, we 

hypothesized that morphologically balanced yet static networks may be beneficial under 

normal laboratory conditions, but that upon exposure to environmental conditions requiring 

metabolic adaptation, a lack of network plasticity would be detrimental. To test this, we 

exposed wild-type and drp-1;fzo-1 double mutant animals to a dietary regimen of IF, 

previously reported to increase lifespan in C. elegans, and confer numerous health benefits 

in mammals (Honjoh et al., 2009; Mattson et al., 2016). Animals in the IF group underwent 

cycles of AL feeding for 2 days, followed by 2 days without food. Mitochondrial networks 

in wild-type animals undergo striking remodeling in response to IF; networks cycle between 

being less connected after fasting, and more fused upon refeeding, with corresponding 

fluctuations in mitochondrial size (Figures 5F, 5G, S3A and S3B). Furthermore, whereas 

mitochondrial network connectivity, size and content decrease with age in worms fed AL, 

these parameters are maintained between day 1 and day 10 by IF. While drp-1;fzo-1 double 

mutant networks are protected from age-related changes, they are unable to adapt to IF, with 

no change in connectivity between fasted and fed states (Figures 5F and 5G). To determine 

if network remodeling in response to IF is required for IF-mediated longevity, we assayed 

lifespan in wild-type and drp-1;fzo-1 double mutants under AL and IF conditions. IF 

increases lifespan in wild-type animals, but fails to do so in drp-1;fzo-1 double mutants 

(Figures 5H and 5I). In addition, IF-mediated longevity is blocked or partially suppressed by 

inhibition of fission or fusion individually (Figures S3C-F; Table S1). These data show that 

while maintaining morphologically balanced mitochondrial networks with age is sufficient 

to increase lifespan under basal AL conditions, network plasticity is required to increase 

lifespan in response to changing nutrient availability.

Maintaining mitochondrial network homeostasis increases lifespan via FAO and 
coordination with peroxisomes

Different mitochondrial network states have been associated with longevity, but it is unclear 

what functional outputs specifically couple network state to longevity. Mitophagy, facilitated 
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by network fragmentation, was shown to be partially required for lifespan extension in 

several longevity pathways (Palikaras et al., 2015). Knockdown of mitophagy genes pink-1 
and pdr-1 (homologous to mammalian parkin) does not shorten the lifespan of drp-1;fzo-1 
animals however (Figure S4A). Similarly, pink-1 and pdr-1 RNAi do not increase wild-type 

lifespan (Figure S4B), together suggesting that altered mitochondrial turnover (either 

increased or decreased) does not underlie the longevity of drp-1;fzo-1 animals. Given recent 

studies demonstrating that mitochondrial morphology directly modulates cellular 

metabolism (Wai and Langer, 2016), we next hypothesized that maintaining mitochondrial 

network homeostasis might increase lifespan via metabolic reprogramming. To examine how 

manipulating mitochondrial network architecture affects metabolic state we performed 

targeted metabolite profiling in young adult drp-1 mutants, fzo-1 mutants and drp-1;fzo-1 
double mutants. Consistent with fused networks promoting oxidative metabolism and 

altering protein biosynthesis (Wang et al., 2015), drp-1 mutants have decreased lactate, 

increased succinate, and increased levels of most amino acids (Figures 6A and S4C). fzo-1 
mutant amino acid and acylcarnitine levels are broadly decreased and increased, 

respectively, suggesting protein and fatty acid metabolism may be perturbed by fragmented 

networks (Figures 6B and S4C–E). Interestingly, rather than directly mirroring wild-type 

animals or either of the single mutants, the metabolic profile of drp-1;fzo-1 double mutants 

appears more complex; several TCA intermediates are uniquely decreased in drp-1;fzo-1 
double mutants (Figure 6A), while amino acid levels are similar to fzo-1 mutant levels, with 

a general trend towards decreased levels compared to wild-type animals (Figure S4C). 

Suggesting that fatty acid oxidation (FAO) is altered, very long- and lo ng-chain 

acylcarnitines are markedly elevated, with a similar trend in medium- and short-chain 

acylcarnitines (Figures 6B, S4D and S4E). Increased steady state acylcarnitines could be 

indicative of either increased flux of FAs through the FAO pathway, or decreased flux 

leading to an accumulation of FAs. To explore this further, we assayed FAO capacity in 

wild-type and Mfn2;Drp1-deficient MEFs by measuring palmitate oxidation. FAO capacity 

is increased in Mfn2;Drp1-deficient cells, shown by elevated basal and maximal respiration 

(Figure 6C). Next, to test if increased FAO is required for drp-1;fzo-1 longevity, we inhibited 

FAO by treating worms with the carnitine palmitoyltransferase (CPT) inhibitor perhexiline 

(PHX) (Kennedy et al., 1996). PHX suppresses drp-1;fzo-1 longevity (Figures 6D and 6E), 

suggesting that maintaining network homeostasis increases lifespan via increased FAO.

Functional interplay exists between mitochondria and peroxisomes in the regulation of FAO, 

and oxidation of very long- and long-chain fatty acids takes place in peroxisomes (Wanders 

et al., 2015). In addition, peroxisome import and protein expression decrease with age 

(Narayan et al., 2016). We therefore asked if peroxisomes have a role in drp-1;fzo-1 
longevity. Peroxisomal dynamics and size are remodeled according to cellular metabolic 

requirements, and increased peroxisome size has been linked to elevated expression of β-

oxidation enzymes in yeast (Oeljeklaus et al., 2016; Smith et al., 2000). To determine if 

peroxisome size and morphology are altered in drp-1;fzo-1 double mutant animals we used a 

transgenic strain expressing RFP fused to a peroxisome targeting sequence driven by an 

intestinal promoter (vha-6p::mRFP-PTS1). Peroxisome morphology is more fused in 

drp-1;fzo-1 double mutant animals, and peroxisomes are significantly larger compared to 

those in wild-type animals (Figures 6F and 6G). To determine if peroxisomal function is 
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required for drp-1;fzo-1 longevity we performed RNAi of prx-5 (ortholog of mammalian 

peroxisome biogenesis factor 5 (PEX5)). PRX-5/PEX5 is involved in the import of 

peroxisomal matrix enzymes (Narayan et al., 2016). Consistent with this and as previously 

reported (Narayan et al., 2016), prx-5 RNAi blocks import into peroxisomes, resulting in the 

mRFP-PTS1 fluorescence signal appearing diffuse, compared to punctate signal 

characteristic of peroxisomes in the control (Figure S5). Demonstrating that peroxisome 

function is required for drp-1;fzo-1 longevity, prx-5 RNAi blocks the increased lifespan of 

drp-1;fzo-1 double mutant animals (Figures 6H and 6I). Moreover, RNAi of the 

peroxisomal-specific enzyme dhs-28, which catalyzes the final step in peroxisomal β-

oxidation, also suppresses drp-1;fzo-1 longevity (Table S1). Together, this suggests 

preserving mitochondrial network homeostasis increases lifespan via mitochondria-

peroxisome coordination to increase FAO.

Peroxisome function is involved in AMPK and DR-mediated longevity

The requirement for both fusion and fission suggests that AMPK increases lifespan by 

maintaining mitochondrial network homeostasis. In support of this, activation of AMPK has 

no additive effect on drp-1;fzo-1 longevity (Figures 7A and 7B; Table S1), suggesting these 

longevity interventions act in the same pathway. Therefore, we hypothesized that AMPK 

also requires FAO and peroxisome function to increase lifespan, and thus may share a 

common metabolic profile with drp-1;fzo-1 animals. We performed metabolite profiling in 

young adult drp-1, fzo-1 and drp-1;fzo-1 mutants, with and without CA-AAK-2. 

Hierarchical clustering analysis revealed that CA-AAK-2 in conjunction with either drp-1 or 

fzo-1 deletion clusters with each single mutant alone (Figure S6). Conversely, whereas 

drp-1;fzo-1 double mutants cluster with fzo-1 mutants, drp-1;fzo-1;CA-AAK-2 worms 

cluster more closely with wild-type animals (Figure S6). Despite this interaction, we did not 

detect a common metabolic signature between CA-AAK-2 worms and drp-1;fzo-1 double 

mutants. Interestingly, a recent study in C. elegans that examined the effect of age on 

metabolite profiles reported that FA levels in wild-type and aak-2 null mutants are very 

similar at day 1. However, there is an increase in wild-type FA levels at day 7 that is blunted 

in aak-2 mutants (Gao et al., 2017), which led us to hypothesize that activating AMPK might 

increase lifespan via a shift to FAO as animals age. In support of a causal role for FAO, 

treatment with PHX has no effect on wild-type animals but reduces lifespan extension by 

50% in CA-AAK-2 animals (Figures 7C and 7D; Table S1).

Next, we examined whether FAO and peroxisome function are involved in DR-mediated 

longevity. Suggesting a role for both, we recently identified KEGG pathways upregulated by 

DR (Heintz et al., 2017), and found a significant enrichment of peroxisomal genes by DR in 

young animals, and in both peroxisomal and FA metabolism genes in old animals (Figure 

S7, (Heintz et al., 2017)). DR slightly decreases peroxisome size in young adults (Figure 

7E), however whereas wild-type peroxisome content decreases with age, this is maintained 

between young adulthood and day 8 in diet-restricted worms (Figure 7F). Moreover, prx-5 
and dhs-28 RNAi reduce lifespan extension by DR (Figures 7G and 7H; Table S1), showing 

that peroxisomal function is causally involved in DR-mediated longevity. Finally, we asked 

if peroxisome function is required for AMPK-mediated longevity. Supporting a specific role 

for peroxisomes with age, CA-AAK-2 does not change peroxisome size in young adults 
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(Figure 7I), but as with DR, activating AMPK prevents the age-related decrease in 

peroxisome content (Figure 7J). Crucially, prx-5 RNAi suppresses CA-AAK-2 lifespan 

extension (Figures 7K and 7L; Table S1), demonstrating that peroxisome function is 

required for AMPK-mediated longevity. Collectively, these data suggest that AMPK and DR 

increase lifespan via maintaining mitochondrial network homeostasis and plasticity with 

age, involving altered FAO and crosstalk with peroxisomes.

Discussion

Previous studies in yeast and C. elegans implicated fused mitochondrial networks as being 

pro-longevity (Chaudhari and Kipreos, 2017; Houtkooper et al., 2013; Jiang et al., 2015; 

Scheckhuber et al., 2007). However, recent reports using C. elegans and Drosophila have 

also linked increased fission to longevity (Han et al., 2017; Rana et al., 2013), suggesting 

that specific network states are not universally pro- or anti-aging, and the relationship 

between network state and longevity is more complex. Our study demonstrates that AMPK 

and DR require both fusion and fission to increase lifespan, implying that maintaining the 

balance or capacity to remodel networks between fused and fragmented/divided states is 

vital for these longevity pathways. Further, our data shed light on the physiological 

significance of network remodeling, revealing a novel role for metabolic reprogramming and 

functional coordination between mitochondria and peroxisomes.

Supporting a model in which the requirement for different network states is context-specific, 

we find that fusion and fission are not universally required to increase lifespan, as both daf-2 
and cco-1 knockdown increase lifespan with or without fzo-1 or drp-1. Our study also shows 

that fusion is required specifically in peripheral tissues for AMPK-mediated longevity, 

suggesting that both pathway-specific and tissue-specific requirements exist for particular 

network states. In addition, DR not only fails to increase lifespan in fusion-deficient animals, 

but results in shortened lifespan compared to control animals fed AL, underscoring the 

critical importance of mitochondrial fusion for the beneficial effects of DR. Nutrient 

deprivation in cells induces fusion, likely to maintain ATP production since mitochondria in 

fused networks are thought to be more respiration-efficient and are protected from 

degradation by mitophagy (Liesa and Shirihai, 2013). It will be interesting to determine if 

these outputs of fusion are also required for DR-mediated longevity. Of note, a parallel study 

showed that eat-3 and fzo-1 RNAi suppressed or reduced daf-2(e1370) mutant longevity, 

respectively. This suggests the requirement for fusion may be dependent on precise levels of 

IIS and/or fusion, and points to a specific role for inner mitochondrial membrane fusion 

worthy of further exploration. (Chaudhari and Kipreos, 2017). Together, this highlights that 

understanding the functional consequences of mitochondrial network remodeling, as well as 

the physiological contexts in which they are required, is crucial in order to harness potential 

therapeutic benefits.

Unraveling the relative importance of mitochondrial network morphology versus network 

plasticity (i.e the capacity to remodel networks) for longevity will aid advances in the field. 

We show that maintaining mitochondrial network homeostasis by co-inhibition of fusion and 

fission is sufficient to increase lifespan, suggesting that, under basal conditions, maintaining 

youthful morphology is advantageous over a plastic network that becomes vulnerable to age-
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related fragmentation. However, active mitochondrial network remodeling between more 

and less fused states is required for IF-mediated longevity, implying that maintaining the 

capacity to remodel networks is necessary for adaptation to different conditions. Contrary to 

our C. elegans data, a study performed in yeast showed shortening of replicative lifespan 

upon co-inhibition of fusion and fission (Bernhardt et al., 2015). This apparent discrepancy, 

together with our observations that inhibiting fusion or fission individually does not affect 

lifespan in C. elegans, may indicate an evolutionary shift in the effects of altered 

mitochondrial morphology on lifespan. Furthermore, recent work performed in mice 

demonstrated that concomitant deletion of Mfn1 in Mff mutant (fission-deficient) mice 

restores mitochondrial network balance and leads to rescue of mitochondrial function and 

tissue integrity (Chen et al., 2015). Our data further show that co-inhibiting fusion and 

fission increases FAO capacity in mammalian cells, which is required for drp-1;fzo-1 
longevity. A critical next step will be to determine if the potential to promote healthy aging 

by restoring network homeostasis is conserved in mammals.

AMPK and DR delay age-related changes to mitochondrial networks, suggesting that age-

related loss of mitochondrial homeostasis can be targeted to promote longevity. Recent 

studies have demonstrated that AMPK promotes both fusion and fission under different 

conditions, via direct and indirect mechanisms (Kang et al., 2016; Toyama et al., 2016; 

Wang et al., 2017). Our data show that chronic activation of AMPK maintains mitochondrial 

network homeostasis, however under normal physiological conditions the capacity to 

activate AMPK diminishes with age (Reznick et al., 2007). Taken together, this could point 

to dysfunctional AMPK activity as an underlying cause of age-related loss of network 

homeostasis. In addition we show phenformin, which indirectly activates AMPK, also delays 

age-related changes to both mitochondria and peroxisomes. For future studies it will be 

important to determine if the impact of phenformin on mitochondria results exclusively from 

AMPK action, and whether a direct AMPK agonist such as A-769662 elicits the same 

effects (Cool et al., 2006).

Moving forward, identifying the specific mechanisms that couple mitochondrial network 

remodeling to longevity will be informative, and our data implicate FAO and mitochondria-

peroxisome crosstalk for AMPK and DR-mediated longevity. Mitochondria and 

peroxisomes function coordinately in several pathways, and share several components of the 

fission machinery including DRP1 (Rambold et al., 2015; Schrader, 2006; Sugiura et al., 

2017). Peroxisome protein expression and import were recently shown to decrease with age 

in C. elegans (Narayan et al., 2016), however until now, it was unknown whether a 

longevity-associated role existed for interplay between these organelles. Our data reveal that 

AMPK and DR specifically modulate peroxisomes with age, suggesting the functional 

requirement - perhaps involving a metabolic shift towards increased FAO - may be of 

particular importance in later life. Determining if the metabolic flexibility required for 

contexts such as IF involves coordinated regulation of mitochondria and peroxisomes will be 

an exciting area for future studies.

Collectively, our study identifies mitochondrial network remodeling involving 

communication with peroxisomes as a downstream mechanism by which DR and AMPK 

increase lifespan. Targeting mechanisms that maintain mitochondrial homeostasis and 
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plasticity in the elderly may therefore represent a novel strategy to restore metabolic 

homeostasis and promote healthy aging.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, William Mair (wmair@hsph.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—C. elegans strains CU5991 (fzo-1(tm1133) II), CU6372 (drp-1(tm1108) IV), 

RW1596 (stEx30[myo-3p::GFP + rol-6(su1006)]), VS10 (hjIs37[vha-6p::mRFP-PTS1 + 

Cbr-unc-119(+)]), VS15 (hjIs8 [ges-1p::GFP-PTS1]), DA1116 (eat-2(ad1116) II) and N2 

wild-type C. elegans strains were obtained from the Caenorhabditis Genetic Center, which is 

funded by NIH Office of Research Infrastructure Programs (P40 OD010440). The 

eat-3(tm1107) strain was a gift from Alexander van der Bliek. The mRFP mitochondrial 

reporter strain was supplied by Sean Curran/Paul Sternberg. The GFP muscle mitochondrial 

reporter strain (myo-3p::tomm-20(1-49aa)::GFP) was generated in the lab by PCR 

amplification from genomic DNA encoding amino acids 1-49 of TOMM-20. GFP was 

cloned directly downstream and the construct driven by a muscle-specific (myo-3) promoter. 

The GFP intestinal mitochondrial reporter was generated by subcloning the intestine-specific 

ges-1 promoter in place of the myo-3 promoter. Worms were grown and maintained on 

standard nematode growth media (NGM) seeded with Escherichia coli (OP50-1), and 

maintained at 20°C.

Microbe strains—E. coli (OP50-1) bacteria was cultured overnight in LB at 37°C, after 

which 100 μl of liquid culture was seeded on plates to grow for 2 days at room temperature. 

RNAi experiments were performed on E. coli (HT115) expressing dsRNA against the gene 

noted or an empty vector control. HT115 was cultured overnight in LB containing 

carbenicillin (100μg ml−1) and tetracycline (12.5μg ml−1). daf-2, cco-1 and pdr-1 RNAi 

constructs were obtained from the Vidal library. All other RNAi constructs were obtained 

from the Ahringer library.

Cell lines—Stable Mfn2;Drp1-deficient MEFs were generated from Mfn2-null MEFs 

(ATCC CRL-2993; sex unknown) transfected with DNM1L shRNA lentiviral transduction 

particles (Sigma Mission SHCLNV-NM_152816) after puromycin (5μg/mL) selection. 

Control MEFs were transfected with scrambled shRNA lentiviral transduction particles 

(Sigma Mission SHC202) and subjected to the same puromycin selection process. A 

multiplicity of infection of two was used, and five different shRNAs were tested. Cells 

generated using clone TRCN0000321169 were used as this clone gave the most efficient 

silencing.

METHOD DETAILS

Rescue constructs—fzo-1 rescue strains were generated by subcloning fzo-1 cDNA 

downstream of a 3xFLAG tag in a standard expression vector based on the Fire Lab C. 
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elegans Vector Kit. Expression was driven by the following promoters: sur-5p (ubiquitous 

expression), rab-3p (neuron-specific), myo-3p (muscle-specific), and ges-1p (intestine-

specific).

Lifespans—Lifespan experiments were performed as described previously (Burkewitz et 

al., 2015). All experiments were performed on standard NGM at 20°C. All lifespans were 

performed on OP50-1, except for RNAi experiments which were performed on HT115. 

RNAi experiments were performed from hatch in all cases, on standard NGM containing 

carbenicillin (100μg ml−1). Expression of dsRNA was induced by pipetting 100μl IPTG 

solution (100mM, containing carbenicillin (100μg ml−1) and tetracycline (12.5μg ml−1)) 

onto HT115 lawns prior to introduction of worms. Worms were synchronized by timed egg 

lays using gravid adults. When the progeny reached adulthood (~72 hr), 100–150 worms 

were transferred to fresh plates with 20 worms per plate. Worms were transferred to fresh 

plates every other day until reproduction had ceased (day 10–12). Survival was scored every 

1–2 days and a worm was deemed dead when unresponsive to 3 taps on the head and tail. 

Worms were censored due to contamination on the plate, leaving the NGM, eggs hatching 

inside the adult or loss of vulval integrity during reproduction. Lifespan analysis was 

performed using GraphPad Prism.

Plate dietary restriction assays—Solid plate-based DR assays were performed as 

described previously (Heintz et al., 2017). Plates were prepared in advance and stored at 

4°C. Ad libitum (AL) plates were prepared with a bacterial concentration of 1011 cfu/ml and 

DR plates with 108 cfu/ml bacterial concentration. 5-Fluoro-2′-deoxyuridine (FUDR) was 

added on top of the bacterial lawn (100μl; 1mg ml−1) 24 hours before worms were 

introduced to the plates on the first day of adulthood. FUDR was added on top of the 

bacterial lawn (100μl; 1mg ml−1) 24 hours before worms were introduced to the plates on 

the first day of adulthood. Worms were transferred off FUDR-containing plates once 

reproduction had ceased (7–10 days). FUDR was also used for eat-2(ad1116) lifespans.

Intermittent fasting—Synchronized populations of late L4 stage worms (100–180) were 

transferred to fresh NGM plates seeded with OP50-1 and FUDR. On day 2 of adulthood, 

worms in the IF group were transferred to NGM plates containing carbenicillin (100μg ml−1) 

and FUDR, without any bacteria. Worms in the control group were transferred to NGM 

plates seeded with OP50-1 and FUDR. On day 4 of adulthood, worms in both the IF and 

control groups were transferred to NGM plates seeded with OP50-1. Worms underwent 3 

cycles of IF, where 1 cycle = 2 days in the absence of bacteria followed by 2 days in the 

presence of bacteria. Use of FUDR was ceased at day 10 of adulthood. On day 12, all worms 

were transferred to NGM plates seeded with OP50-1 for the remainder of their lifespan.

Phenformin treatment—L4 stage worms were transferred to NGM plates containing 

4.5mM phenformin and seeded with OP50-1. FUDR was used for lifespan experiments to 

prevent excessive censoring due to internal hatching.

Immunoblotting—After 24h exposure to 0mM or 4.5mM phenformin from L4 stage, day 

1 adult worms (300–500 worms/replicate) were harvested and washed 3 times in M9, 

pelleted, and snap frozen in liquid nitrogen. Samples were resuspended in 75μL RIPA buffer 
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supplemented with protease and phosphatase inhibitors before lysis via sonication (Qsonica 

Q700). Lysates were centrifuged at 14000g, 5 min, 4°C to remove debris before measuring 

protein concentration using the BCA assay (Pierce PI23227). Lysates were adjusted to 

1μg/ml and Laemmli buffer + β-mecaptoethanol was added before boiling at 95°C, 5 min. 

20μg protein/sample was loaded on a 7.5% acrylamide gel for separation by SDS-PAGE. 

Proteins were transferred to PVDF membrane and blocked with 5% BSA before incubation 

with primary antibodies overnight at 4°C. Primary a ntibodies and dilutions: phospho-

AMPKα Thr172 (Cell signaling #2535, 1:1000); β-actin (Abcam #8226, 1:1000). After 

incubation, membranes were washed 3 times in TBS-T before incubation with HRP-

conjugated secondary antibody (anti-mouse or anti-rabbit, Cell Signaling, 1:2000) for 1h at 

RT. Bands were visualized on a Gel Doc system (Bio Rad) using ECL Western Blotting 

Detection Reagent (GE Healthcare).

Perhexiline (PHX) treatment—A stock concentration of 100mM was made by 

dissolving PHX in DMSO, which was diluted to a working concentration of 2.5mM with 

water. 100μl of 2.5mM PHX was pipetted onto OP50-1 bacterial lawns prior to transferring 

worms to plates. Worms were exposed to PHX from hatch.

Microscopy, mitochondrial and peroxisomal image analysis—Worms were 

anaesthetized for 20 min in 0.2 mg ml−1 tetramisole/M9, mounted on 2% agarose pads on 

glass slides under coverslips, and subsequently imaged on Zeiss Discovery V8 and 

ApoTome.2-equipped Imager M2 microscopes with Axiocam cameras. Mitochondrial 

network morphology was detected using strains expressing either mRFP or GFP targeted to 

the outer mitochondrial membrane. Images were taken of >10 muscle or intestine cells from 

at least 10 worms per condition, with a minimum of 2 independent experiments performed. 

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

vulva and tail. Intestinal mitochondria were analysed in the posterior intestinal cell adjacent 

to the tail. Quantification was performed with ImageJ, using a macro to measure 

mitochondrial content, size and network connectivity (Dagda et al., 2009). Peroxisomes 

were detected in worms expressing intestinal mRFP-PTS1 or GFP-PTS1. Optical sections of 

intestinal mid-sections were captured at 63x magnification. To quantify peroxisomes, images 

were thresholded using ImageJ and the “moments” method. Peroxisome size was quantified 

using the entire image and a minimum pixel area of 10 to define particles. To measure 

peroxisome density, an area of the intestine was defined between two visible intestinal 

nuclei. Peroxisome density was calculated as a percentage of pixels in the image that were 

defined as peroxisomes (minimum pixel area of 10). Peroxisomes were quantified in at least 

10 worms per condition from 2 independent experiments.

Oxygen consumption assays—Oxygen consumption was measured using a Seahorse 

XF96 analyzer (Agilent Technologies).

Worms: Worms were washed from NGM plates, washed 3 times with M9 buffer and 

transferred to a 96 well plate (10 worms/well). Basal respiration was measured 10 times 

followed by the addition of FCCP (10μM) to measure maximal respiration, which was 
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measured 6 times. Oxygen consumption rates were normalized to the number of worms in 

each well. Values were calculated from the mean of 10 wells per condition.

Cells: 24h before the assay, 20000 cells were cultured in 100μL DMEM supplemented with 

10% cosmic calf serum in a seahorse 96 well plate. 3h before the assay, cells were carefully 

washed three times in PBS and incubated in 100μL of Seahorse DMEM without glucose 

supplemented with 20mM galactose, 2mM glutamine, 4mM pyruvate and 0.3% w/v fatty-

acid free bovine serum albumin, pH 7.4, 37°C. The respiratory control and oxidative 

phosphorylation capacity was assayed by addition of 4μM oligomycin in port A, 9μM FCCP 

in port B, and 4μM rotenone plus 4μM antimycin A in port C. FCCP titration was performed 

to determine the optimal concentration to measure maximal respiration. Fatty acid oxidation 

(FAO) was measured using the XF Palmitate-BSA FAO Substrate with the XF Cell Mito 

Stress Test (Agilent Seahorse), according to manufacturer’s instructions. 3h before the assay, 

cells were incubated in FAO buffer (111mM NaCl, 4.7mM KCl, 1.25mM CaCl2, 2mM 

MgSO4, 1.2mM NaH2PO4, 5mM HEPES) supplemented with 2.5mM Glucose and 0.5mM 

carnitine, pH7.4, 37°C. 100μL FAO buffer was added to the cells 45 min before the assay. 

40μM etomoxir was added to control wells 15 mins before the assay. BSA control or 

palmitate conjugated with BSA was added to the appropriate wells immediately before the 

run. The respiratory control and the oxidative phosphorylation capacity was assayed as 

described above. FCCP was titrated under FAO assay conditions and 12μM was used to 

measure maximum respiratory capacity.

Metabolomics—Synchronized worm populations grown on NGM seeded with OP50-1 

were collected on day 1 of adulthood. Worms were washed 3 times with M9 buffer before 

resuspending pellets 1:1 with 0.6% formic acid. Pellets were lysed by sonication, diluted 1:1 

with acetonitrile and snap frozen. Metabolite profiling was performed as described 

previously (Burkewitz et al., 2015). Metabolite levels were normalized to protein 

concentration measured from an aliquot taken prior to acetonitrile addition. 5–6 biological 

replicates were used.

QUANTIFICATION AND STATISTICAL ANALYSIS

ImageJ, including the ‘Mitochondrial Morphology’ macro (Dagda et al., 2009) was used for 

quantification of images. GraphPad Prism was used for statistical analyses. Statistical details 

of experiments can be found in the figure legends. The Log-rank (Mantel-Cox) method was 

used to compare survival curves. Two-way ANOVA with Tukey’s multiple comparisons test 

was used to analyze the metabolomics data. Student’s t test or one-way ANOVA with 

Tukey’s multiple comparisons test were used to analyze all other data sets. For all 

experiments p values <0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• AMPK and DR maintain mitochondrial network homeostasis with age

• Mitochondrial fusion and fission are required for DR- and AMPK-mediated 

longevity

• Preserving mitochondrial homeostasis increases lifespan via fatty acid 

oxidation

• These longevity pathways require coordination between mitochondria and 

peroxisomes
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Figure 1. AMPK maintains youthful mitochondrial morphology with age and requires fusion to 
increase lifespan
(A) Fluorescence images of mitochondrial networks in worm body wall muscle cells on day 

1, 5, 8 and 15 of adulthood, visualized with outer mitochondrial membrane-targeted GFP 

(myo-3p::tomm20(1-49aa)::gfp). Scale bar = 20μm. (B) Quantification of (A): Mean ± SEM 

of n=21–26 muscle cells from different worms, pooled from 2 independent experiments. 

**p<0.01, ****p<0.0001 by one-way ANOVA with Tukey’s multiple comparisons test. (C) 

Body wall muscle fibers on day 1, 5 and 8, visualized with MYO-3::GFP. (D) Mitochondrial 

networks in muscle cells of wild-type worms and worms expressing CA-AAK-2 on day 1, 5, 

7 and 9, visualized with outer mitochondrial membrane-targeted RFP 

(myo-3p::tomm20::mrfp). (E) Quantification of (D): Mitochondrial network area:perimeter 

ratio (left) and mitochondrial content (right, % mitochondrial coverage of cell area). Mean ± 

SEM of n=36–56 muscle cells from 3 independent experiments. *p<0.05, 

**p<0.01,***p<0.001, ****p<0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. (F) Mitochondrial networks in muscle cells of wild-type (top) and fzo-1 
null (bottom) worms on day 1. (G) and (H) Survival curves demonstrating that CA-AAK-2 

extends lifespan in wild-type (G), but not fzo-1 mutant worms (H). (I) Survival curves of 

fzo-1 mutant and wild-type worms are not significantly different. (J) Mitochondrial 

networks from day 1 worms fed empty vector (EV) control or eat-3 RNAi. (K) and (L) 

Survival curves demonstrating that CA-AAK-2 extends lifespan on EV (K), but not eat-3 
RNAi (L). See Table S1 for lifespan statistics.
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Figure 2. Fusion is required for DR-mediated longevity
(A) and (B) cco-1 RNAi extends lifespan in wild-type (A) and fzo-1 mutants (B). (C) and 

(D) daf-2 RNAi extends lifespan in wild-type (C) and fzo-1 mutants (D). (E) Mitochondrial 

networks in wild-type and eat-2 mutant worms on day 1, 5, 8 and 15. (F) Quantification of 

(E): Mitochondrial content (left) and area:perimeter ratio (right). Mean ± SEM of n=8–13 

muscle cells from different worms. *p<0.05, **p<0.01,***p<0.001 by t test. (G) 

Mitochondrial networks in day 4 worms fed ad libitum (AL, top panels) or diet-restricted 

(DR, bottom panels). DR for the first 4 days of adulthood induces mitochondrial network 

remodeling in wild-type worms, while networks remain fragmented in fzo-1 mutants. (H) 

and (I) Survival curves demonstrating that DR extends lifespan compared to AL controls in 

wild-type (H), but not in fzo-1 mutants (I). See Table S1 for lifespan statistics.
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Figure 3. Fusion is required in peripheral tissues for AMPK-mediated longevity
(A) Mitochondrial networks in wild-type and fzo-1 mutant muscle cells on day 1. 

Ubiquitous rescue of fzo-1 (sur-5p::fzo-1) rescues the fragmented mitochondrial 

morphology in fzo-1 mutants (bottom panel). (B) Ubiquitous rescue of fzo-1 fully restores 

lifespan extension by CA-AAK-2 in fzo-1 mutants. (C)–(E) Survival curves with tissue-

specific rescue of fzo-1. Neuronal rescue of fzo-1 does not restore CA-AAK-2 lifespan 

extension (rab-3p::fzo-1, C), whereas muscle (myo-3p::fzo-1, D) or intestinal rescue 

(ges-1p::fzo-1, E) result in partial rescue. (F) Survival curves of fzo-1 mutants with 

ubiquitous or tissue-specific rescue of fzo-1. See Table S1 for lifespan statistics. (G) 

Mitochondrial networks in intestinal cells on day 1 and 8 with or without phenformin 

(4.5mM) treatment from L4 stage. Scale bar = 20μm. (H) p-AMPK levels are increased in 

wild-type worms treated with phenformin for 24h from L4. 3 biological replicates of lysates 

from 300–500 worms. (I) Quantification of (G): Mitochondrial content (left), size (middle) 

and area/perimeter ratio (right). Mean ± SEM of n=25–26 intestinal cells from 2 

independent experiments. *p<0.05, **p<0.01,****p<0.0001 by t test.
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Figure 4. Driving fusion does not increase lifespan
(A) Mitochondrial networks in muscle cells of wild-type, drp-1 mutant, and wild-type 

worms overexpressing fzo-1 (sur-5p::fzo-1) on day 1. (B) Mitochondrial networks in 

intestinal cells from wild-type and drp-1 mutants on day 1. (C) Mitochondrial area:perimeter 

ratio showing that mitochondrial networks are more connected in drp-1 mutants. Mean ± 

SEM of 8 muscle cells and 10 intestinal cells from different worms. *p<0.05, ****p<0.0001 

by t test. Driving fusion by deletion of drp-1 (D) or overexpressing fzo-1 (E) has no effect 

on lifespan. Lifespan extension by CA-AAK-2 (F) and DR (G) is suppressed in drp-1 
mutants. RNAi knockdown of daf-2 (H) and cco-1 (I) extend lifespan in drp-1 mutants. See 

Table S1 for lifespan statistics.
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Figure 5. Maintaining mitochondrial network homeostasis is sufficient to increase lifespan under 
ad libitum fed but not intermittent fasting conditions
(A) Mitochondrial networks in muscle cells of wild-type, drp-1 mutant, fzo-1 mutant, and 

drp-1;fzo-1 double mutant worms on day 1 and 8. (B) Quantification of (A): drp-1;fzo-1 
double mutants maintain connected mitochondrial networks with age. Mean ± SEM of 

n=11–18 muscle cells from different worms. **p<0.01, ****p<0.0001 by t test. See also 

Figure S2. (C) Basal oxygen consumption rate (OCR) is increased in old (day 11) 

drp-1;fzo-1 double mutant worms vs wild-type (WT). Mean ± SEM of 10 replicates, 

*p<0.05 by t test. (D) Raw averaged traces of oxygen consumption from WT and 

Mfn2;Drp1-deficient MEFs in the presence of 20mM galactose, 4mM pyruvate and 2mM 

glutamine. Mean ± SEM of n=3–5 independent experiments. See also Figure S2. (E) 

Survival curves demonstrating that drp-1;fzo-1 double mutant worms are long-lived. (F) 

Representative images showing that mitochondrial networks undergo remodeling in 

response intermittent fasting (IF) in wild-type but not drp-1;fzo-1 mutant worms. (G) 

Mitochondrial network area:perimeter ratio on day 4, 6, 8, and 10, from wild-type and 

drp-1;fzo-1 mutant worms fed ad libitum (AL) or with IF. Worms in the IF group were 
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fasted from day 2–4 and day 6–8. Mean ± SEM of n=12–26 muscle cells from 2 independent 

experiments. *p<0.05, ****p<0.0001 by one-way ANOVA with Tukey’s multiple 

comparisons test. See also Figure S3. (H) and (I) Survival curves showing that IF extends 

lifespan of wild-type but not drp-1;fzo-1 mutant worms. See Table S1 for lifespan statistics.
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Figure 6. Fatty acid oxidation and peroxisome function are required for drp-1;fzo-1-mediated 
longevity
(A) and (B) Metabolomic analyses of wild-type, drp-1 mutant, fzo-1 mutant, and drp-1;fzo-1 
double mutant worms on day 1. Levels of organic acids (A) and very long-/long-chain 

acylcarnitines (B) are expressed as log2 fold change relative to wild-type levels. Mean ± 

SEM of 5–6 biological replicates. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by two-

way ANOVA with Tukey’s multiple comparisons test. Statistics shown are relative to wild-

type levels. See also Figure S4 for amino acids, short- and medium-chain acylcarnitines. (C) 

Basal and maximal oxygen consumption during palmitate oxidation showing total fatty acid 

oxidation (FAO) capacity is increased in Mfn2;Drp1-deficient MEFs. Palmitate-specific 

oxidation was obtained by taking the rate of palmitate oxidation in the absence of etomoxir 

and subtracting the rate in the presence of etomoxir (40μM), corrected for non-mitochondrial 

respiration rates. Mean ± SEM of n=3 replicates, *p<0.05 by t test. (D) and (E) Inhibiting 

FAO with perhexiline (PHX) suppresses drp-1;fzo-1-mediated longevity. (F) Fluorescence 

images of peroxisomes in L4 wild-type and drp-1;fzo-1 mutant worms, visualized with 

vha-6p::mRFP-PTS1. (G) Quantification of (H): Peroxisomes are larger in drp-1;fzo-1 
mutant worms. Median and interquartile range of n=1261–4762 peroxisomes from 2 

independent experiments. ****p<0.0001 by t test. (I) and (J) prx-5 RNAi suppresses 

drp-1;fzo-1-mediated longevity. See Table S1 for lifespan statistics.
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Figure 7. AMPK- and DR-mediated longevity involves peroxisome function
(A) and (B) Survival curves showing that CA-AAK-2 has no additive effect on the lifespan 

of drp-1;fzo-1 double mutant worms. (C) and (D) Inhibiting fatty acid oxidation with PHX 

partially suppresses CA-AAK-2-mediated longevity. (E) Peroxisome size in YA wild-type 

and eat-2(ad1116) mutants. Median and interquartile range of n=2174–3187 peroxisomes, 

*p<0.05 by t test. (F) DR by bacterial dilution maintains peroxisome density (% cell 

coverage) with age. Mean ± SEM of n=18–25 worms. **p<0.01, ****p<0.0001 by one-way 

ANOVA with Tukey’s multiple comparisons test. (G) and (H) prx-5 RNAi reduces DR-

mediated longevity. (I) CA-AAK-2 does not alter peroxisome size in young adult (YA) stage 

worms. Median and interquartile range of n=879–918 peroxisomes. (J) Phenformin 

treatment from YA stage maintains peroxisome density between YA and day 8. Mean ± 

SEM of n=11–35 worms. ***p<0.001 by one-way ANOVA with Tukey’s multiple 

comparisons test. (K) and (L) prx-5 RNAi suppresses CA-AAK-2-mediated longevity. See 

Table S1 for lifespan statistics.
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