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SUMMARY

Diet composition is a critical determinant of lifespan and nutrient imbalance is detrimental health. 

However, how nutrients interact with genetic factors to modulate lifespan remains elusive. We 

investigated how diet composition influences mitochondrial ATP synthase subunit d (ATPsyn-d) 

in modulating lifespan in Drosophila. ATPsyn-d knockdown extended lifespan in females fed low 

carbohydrate-to-protein (C:P) diets, but not the high C:P ratio diet. This extension was associated 

with increased resistance to oxidative stress, transcriptional changes in metabolism, proteostasis 

and immune genes, reduced protein damage and aggregation, and reduced phosphorylation of S6K 

and ERK in TOR and MAPK signaling, respectively. ATPsyn-d knockdown did not extend 

lifespan in females with reduced TOR signaling induced genetically by Tsc2 overexpression or 

pharmacologically by rapamycin. Our data reveal a link among diet, mitochondria, MAPK and 

TOR signaling in aging and stresses the importance of considering genetic background and diet 

composition in implementing interventions for promoting healthy aging.
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INTRODUCTION

Dietary nutrients are among the most critical environmental factors that modulate healthspan 

and lifespan (Fontana et al., 2010). Nutrient imbalance is a major risk factor to human health 

and common among old people (Piper et al., 2011). Dietary restriction (DR), by reducing the 

amount of all or specific nutrients, is a potent non-genetic intervention that promotes 

longevity in many species (Fontana et al., 2010). In general, protein restriction is more 

effective in influencing lifespan than sugar or calorie restriction in Drosophila (Tatar, 2007). 

However, increasing evidence indicates that the composition of dietary nutrients, such as 

carbohydrate-to-protein (C:P) ratio, is more critical than individual nutrients in affecting 

health and lifespan (Lee et al., 2008; Piper et al., 2011; Skorupa et al., 2008). Optimal 

lifespan peaks at the C:P ratio 16:1 in Drosophila and 9:1 in Mexican fruit fly (Carey et al., 

2008; Lee et al., 2008). A recent study in mice shows that lifespan is primarily regulated by 

the C:P ratio in the diet and tends to be longer with higher C:P ratios (Solon-Biet et al., 

2014). Diet composition is also critical for DR to promote longevity in nonhuman primate 

rhesus monkeys (Colman et al., 2009; Mattison et al., 2012). Two major nutrient sensing 

pathways are known to modulate lifespan. One is target-of-rapamycin (TOR) signaling that 

mostly senses cellular amino acid content and the other is insulin/insulin-like signaling (IIS) 

that primarily responds to circulating glucose and energy levels (Fontana et al., 2010). 

Excessive carbohydrate and protein intake both contribute to development of insulin 

resistance and diabetes in animal models and humans (Ahima, 2009; Zoncu et al., 2011). 

Dietary macronutrients, such as sugar, protein and fat, may interact with each other to 

influence nutrient sensing pathways and consequently health outcome. It is, thus, critical to 

take into account diet composition in elucidating molecular mechanisms of aging and in 

developing effective interventions for promoting healthy aging.

Aging is associated with transcriptional and translational changes in many genes and 

proteins (Lee et al., 2000; Pletcher et al., 2002; Zahn and Kim, 2007; Zou et al., 2000). 

Some age-related changes are evolutionarily conserved and many function in nutrient 

metabolism, such as mitochondrial electron transfer chain (ETC) genes, many of which are 

down-regulated with age in worms, flies, rodents and humans (McCarroll et al., 2004; Zahn 

and Kim, 2007). Knocking-down ETC genes affects lifespan in yeast, worms and flies 

(Copeland et al., 2009; Kaeberlein et al., 2005; Lee et al., 2003; Zid et al., 2009). 

Mitochondrial genes also play a key role in numerous age-related diseases, such as 

Parkinson’s and Alzheimer’s disease (Fontana et al., 2010). However, how mitochondrial 

genes interact with nutrients to modulate lifespan and healthspan remains incompletely 

elucidated. Understanding gene-environment interactions will be a key to tackle aging and 

age-related diseases,

ATP synthase subunit d (ATPsyn-d) is a component of ATP synthase, ETC complex V 

(Wallace, 2005) and is known to modulate lifespan in C. elegans (Hansen et al., 2005). How 

ATPsyn-d modulates lifespan and whether it functions in modulating lifespan in other 

species remain to be determined. Given the importance of nutrients as environmental factors 

in modulating lifespan, here we have investigated whether and how ATPsyn-d interacts with 

dietary macronutrients to modulate lifespan in Drosophila. We have found that ATPsyn-d 

interacts with dietary macronutrients to influence accumulation of oxidative damage and 
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protein aggregates, resistance to oxidative stress and expression of numerous genes involved 

in metabolism, proteolysis and innate immune response, and more importantly to modulate 

lifespan. Moreover, ATPsyn-d affects MAP kinase (MAPK) signaling, and genetically 

interacts with TOR signaling to influence lifespan of flies in a diet composition dependent 

manner. Our study reveals the critical interaction between mitochondrial genes and 

nutritional factors and the underlying mechanisms involving TOR signaling in modulating 

lifespan.

Results

ATPsyn-d modulates lifespan

To determine the role of ATPsyn-d in modulating in lifespan, we first tested the effect of 

broad ATPsyn-d knockdown on lifespan in Drosophila by using a ubiquitously expressed 

Gal4 driver, daughterless-Gal4 (da-Gal4), and a UAS-ATPsyn-d-RNA interference (RNAi) 

line v21018. This knockdown resulted in lethality in flies before pupation, indicating that 

ATPsyn-d is essential for normal development. To bypass the lethality, we used the drug 

RU486 inducible gene switch Gal4 (GSG) system to knock down ATPsyn-d in adult flies 

(McGuire et al., 2004). This system also minimizes complications of genetic background, 

since all flies in principle have same genetic background and differ only in their exposure to 

RU486. Two different ubiquitously expressed GSG stocks, actin-GSG and daughterless-

GSG (da-GSG), and two different UAS-ATPsyn-d-RNAi stocks, v21018 and v104353, were 

used to knockdown ATPsyn-d to further minimize complications of strain background. 

ATPsyn-d knockdown by using actin-GSG and UAS-ATPsyn-d-RNAi(v21018) extended 

both mean and maximal lifespan in females but not males fed SY1:1 with an equal amount 

of sugar (S) and yeast (Y) (SY1:1) (Figure 1A, Figure S1B and Table S1). The extent of 

ATPsyn-d knockdown at the transcript level induced by RU486 was similar in females and 

males on SY1:1 (Figure S1E and F), suggesting that the gender difference in lifespan may 

not be due to the difference in ATPsyn-d knockdown, but may be due to gender-specific 

physiology and response to nutrients (Tower, 2006). Lifespan extension for female flies fed 

SY1:1 was also observed using da-GSG and another UAS-ATPsyn-d-RNAi stock (v104353) 

to knock down ATPsyn-d (Figure 1B and Table S1). RU486 treatment alone did not increase 

the lifespan of male and female flies carrying both GSG driver and UAS-GFP-RNAi under 

SY1:1 (Figure S2 and Table S2). ATPsyn-d knockdown did not alter daily food intake in 

two RNAi strains fed SY1:1 (Figure S3A and B) and RU486 by itself did not significantly 

affect food intake in the UAS control flies (UAS-ATPsyn-d-RNAi(v104353)/+) (Figure 

S3B), suggesting that lifespan extension by ATPsyn-d knockdown is not due to any 

difference in food intake. ATPsyn-d knockdown did not substantially affect locomotor 

activity of flies, either, indicating that lifespan extension induced by ATPsyn-d knockdown 

is not necessarily associated with any improvement on motility, a healthspan-related 

parameter (Figure S3C).

We next examined if ATPsyn-d overexpression with a UAS-ATPsyn-d line has any impact 

on lifespan. Feeding actin-GSG>UAS-ATPsyn-d overexpression flies with RU486 resulted 

in an increase of ATPsyn-d transcript level (Figure S1M and Q), but did not substantially 

change lifespan in both females and males fed SY1:1 relative to SY diet- and gender-
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matched no-RU486 controls (Figure S1N and R and Table S3). This suggests that ATPsyn-d 

overexpression does not have any significant impact on lifespan.

Lifespan extension by ATPsyn-d knockdown depends on diet composition

The cornmeal diet is another standard diet routinely used in fly culture and lifespan assay. 

Surprisingly, ATPsyn-d knockdown using actin-GSG>UAS-ATPsyn-d-RNAi(v21018) did 

not extend lifespan in females fed cornmeal diet (Figure S1A). Compared to SY1:1, 

cornmeal diet has higher sugar and lower protein contents (or C:P ratios) as well as different 

sugar types. Therefore, we postulated that macronutrient composition is critical in affecting 

the function of ATPsyn-d in modulating lifespan. To test this, we measured lifespan of flies 

fed SY1:9 or SY9:1, representing low sugar-high protein or high sugar-low protein diet, 

respectively. ATPsyn-d knockdown did not increase lifespan and appeared to slightly 

decrease lifespan of females fed SY9:1 using two different GSG drivers (actin-GSG and da-

GSG) and two RNAi stocks (v21018 and v104353) (Figure 2A and B, and Table S1). This is 

consistent with findings from using cornmeal diet, which has similar C:P ratio as SY9:1. On 

the other hand, ATPsyn-d knockdown significantly increased lifespan of females fed SY1:9 

using both RNAi stocks (Figure 2C and D, and Table S1). ATPsyn-d knockdown did not 

extend lifespan of males fed SY9:1 or SY1:9 (Figure S1C and D and Table S1). The extent 

of ATPsyn-d knockdown at the transcript level induced by RU486 was similar in females 

and males on SY1:9 or SY9:1 (Figure S1E and F), again suggesting that the gender 

difference in lifespan may not be due to the difference in ATPsyn-d knockdown. RU486 

significantly reduced ATPsyn-d protein level by >25% in da-GSG>UAS-ATPsyn-d-

RNAi(v104353) females fed SY9:1, SY1:1 or SY1:9 compared to diet-matched no-RU486 

controls (Figure 2E and F). RU486 alone did not significantly increase lifespan of various 

control female and male flies, including actin-GSG>UAS-GFP-RNAi and da-GSG>UAS-

GFP-RNAi fed SY1:9 or SY9:1 and actin-GSG/+ fed cornmeal, and in some cases might 

reduce lifespan of flies fed SY9:1 (Figure S2 and Table S2). These findings reveal a role of 

ATPsyn-d in modulating lifespan response to diet composition.

ATPsyn-d knockdown did not affect food intake or locomotor activity of flies fed SY1:9, 

and RU486 alone did not affect food intake of flies, either (Figure S3A to C), indicating that 

lifespan extension induced by ATPsyn-d knockdown under S1:9 is not due to any change in 

food intake. ATPsyn-d overexpression did not dramatically increase lifespan of males and 

females fed SY9:1 or SY1:9 and in some cases for females on SY9:1 slightly decreased 

lifespan relative to gender- and diet-matched controls (Figure S1N to P and R to T and Table 

S3), suggesting that ATPsyn-d overexpression has no or little impact on lifespan.

Considering the relationship between reproduction and lifespan, we measured lifetime egg 

laying as reproductive output in da-GSG>UAS-ATPsyn-d-RNAi(v104353) flies with and 

without RU486 feeding. Lifetime egg laying was also measured in da-GSG driver-only and 

UAS-RNAi only flies to assess the effect of RU486 alone on reproduction. RU486 feeding 

significantly reduced lifetime egg laying in da-GSG>UAS-ATPsyn-d-RNAi flies by 54.8% 

on SY9:1, 83.4% on SY1:1 and 75.2% on SY1:9 relative to SY diet- and genotype- matched 

no-RU486 controls (Figure S3D). However, RU486 alone also significantly reduced lifetime 

egg laying in the driver control line da-GSG/+ by 53.6% on SY9:1, 72.1% on SY1:1 and 
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75.0% on SY1:9, and in the UAS control line UAS-ATPsyn-d-RNAi/+ by 25.3% on SY9:1, 

75.4% on SY1:1 and 41.5% on SY1:9 relative to SY diet- and genotype- matched no-RU486 

controls (Figure S3D). These indicate that RU486 by itself has a significant impact on 

reproduction. The decrease of reproduction in da-GSG>UAS-ATPsyn-d-RNAi flies is not 

necessarily severer than either driver-only or UAS-only control flies. These findings suggest 

that reproductive changes may not play a significant role in diet dependent lifespan 

extension induced by ATPsyn-d knockdown.

ATPsyn-d knockdown globally affects expression of genes in stress response and 
metabolic pathways

To determine molecular mechanisms by which ATPsyn-d knockdown promotes longevity, 

we examined global changes in gene expression induced by ATPsyn-d knockdown in 

females fed SY1:9. The transcript levels of 265 genes were significantly altered by ≥1.5 fold 

(p<0.01) (Figure 3A and Table S5), in which 191 were up-regulated and 74 were down-

regulated by ATPsyn-d knockdown. Quantitative PCR (qPCR) confirmed transcript changes 

in 11 ATPsyn-d-regulated genes (Figure 3B). RU486 alone did not significantly alter the 

transcript levels of ATPsyn-d, Ucp5 and six ATPsyn-d-regulated genes in Canton S females 

relative to no-RU486 controls (Figure S4A). This suggests that RU486 alone does not have a 

substantial impact on gene expression although we cannot exclude the possibility that some 

putative ATPsyn-d-regulated genes are affected by RU486. Based on gene ontology (GO) 

analysis and information in the Flybase (www.flybase.org), ATPsyn-d knockdown affected 

expression of genes involved in diverse biological processes (Figure 3A and Table S6). One 

biological process affected by ATPsyn-d knockdown is defense response or innate immune 

response (GO6952), including antimicrobial peptide genes, drosomycin and diptericin. 

Second is energy metabolism regulated by oxidoreductases (GO16941), including genes 

encoding proteins with ATPase or ATP synthase activity. Third is proteolysis (GO6508), 

including genes encoding various proteases. Fourth is defense response to abiotic stimulus 

(GO9628), including detoxification-related cytochrome P450 genes, Cyp305a1 and 

Cyp4ac1. Moreover, ATPsyn-d knockdown altered expression of genes involved in DNA 

metabolism (GO6259), such as DNA damage response genes, WRN exonuclease and 

minichromosome maintenance 3. The global expression patterns suggest that ATPsyn-d 

knockdown affects innate immune response, energy production and utilization, proteostasis, 

detoxification and oxidative damage.

ATPsyn-d knockdown increases resistance to oxidative stress and reduces oxidative 
damage

Lifespan extension is often associated with increased resistance to stresses (Fontana et al., 

2010). We found that ATPsyn-d knockdown with RNAi strain v21018 increased resistance 

to paraquat-induced acute oxidative stress in females under any of the three SY diets (Figure 

4A to C). ATPsyn-d knockdown using another RNAi strain v104353 also resulted in 

increased resistance to paraquat in females fed SY1:9 (Figure S5A). RU486 alone did not 

substantially increase resistance to paraquat in the driver only da-GSG/+ or wild type 

Canton S flies fed SY1:9 (Figure S5B and C). However, ATPsyn-d knockdown decreased 

the survival of females under starvation conditions (Figure S5D to F). ATPsyn-d knockdown 

did not affect sensitivity to oxidative stress or starvation in males (Figure S1G to L). These 
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findings suggest that lifespan extension induced by ATPsyn-d knockdown is associated with 

increased resistance to oxidative stress but not starvation.

To investigate mechanisms underlying oxidative stress resistance associated with lifespan 

extension, we examined the effect of ATPsyn-d knockdown on levels of 4-HNE-protein 

adducts and Aconitase activity, which are biomarkers for accumulated lipid and protein 

oxidation, respectively (Lind et al., 2006; Tsai et al., 1998). ATPsyn-d knockdown with 

RNAi line v21018 reduced 4-HNE-protein adducts level in mitochondria of females fed 

SY1:9, and to a lesser extent, of females fed SY1:1, and increased mitochondrial Aconitase 

activity in females fed SY1:9 but not significantly in flies fed SY1:1 (Figure 4D to F). The 

purity of mitochondrial and cytosolic fractions was verified by Western blot analysis with 

antibodies against cytosolic protein AKT and mitochondrial protein porin (Figure S5G). 

Consistently ATPsyn-d knockdown with another RNAi line v104353 also reduced 4-HNE-

protein adducts level in mitochondria of females fed SY1:9 (Figure S6A and B). RU486 

alone did not have any substantial effect on either 4-HNE or mitochondrial Aconitase 

activity level since these two parameters were not significantly different between UAS-

ATPsyn-d-RNAi/+ control flies fed SY1:9 with and without RU486 (Figure S6C to E). We 

also measured other oxidative stress-related markers and found that ATPsyn-d knockdown 

did not affect H2O2 production in mitochondria or cytosolic Aconitase activity in females 

fed SY1:9 or SY1:1 (Figure 4G, S5H and S5I). These results suggest that ATPsyn-d 

knockdown selectively alleviates mitochondrial oxidative damage to maintain cellular 

homeostasis and ATPsyn-d responds differentially to acute and chronic oxidative stress and 

promotes longevity in a diet dependent manner.

ATPsyn-d knockdown affects mitochondrial function

ATPsyn-d is a key component of the ATP synthase complex responsible for ATP production 

in mitochondria (Wallace, 2005). We examined whether ATPsyn-d knockdown increases 

lifespan through modulating mitochondrial functions. ATPsyn-d knockdown with RNAi line 

v21018 did not significantly alter activities of Citrate synthase, a tricarboxylic acid (TCA) 

cycle component, mitochondrial density, a biomarker of mitochondrial biogenesis, 

Cytochrome c oxidoreductase, a complex III component, or Cytochrome C oxidase, a 

complex IV component (Figure S5J to N). ATPsyn-d knockdown did not significantly alter 

the formation of five oxidative phosphorylation complexes, either (Figure 4H). However, 

ATPsyn-d knockdown increased cellular ATP level in females fed SY1:9 but not SY1:1 

(Figure 4I). To determine the mechanisms underlying the paradoxically increased ATP level 

by ATPsyn-d knockdown, we examined expression of mitochondrial uncoupling proteins 

(Ucps) and mitochondrial membrane potential, which involve in ATP production (Harper et 

al., 2004). ATPsyn-d knockdown with RNAi line v21018 reduced Ucp5 expression in 

females fed SY1:9 but not SY1:1 (Figure 4J). Consistently, ATPsyn-d knockdown with 

another RNAi line v104353 also reduced Ucp5 expression in females fed SY1:9 (Figure 

S4B). RU486 alone did not significantly affect Ucp5 expression or ATP level (Figure S4A 

and S6F). Moreover, ATPsyn-d knockdown reduced the loss of mitochondrial accumulation 

of JC-1, a fluorescent dye for membrane potential, in females fed SY1:9, indicating that 

ATPsyn-d knockdown increases membrane potential (Figure 4K). Reduced Ucp expression 

is known to be potentially associated with reduced proton leaking in mitochondria and 
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increased ATP production (Wallace, 2005). We further measured whole body glucose and 

trehalose levels to determine the impact of ATPsyn-d knockdown on glucose homeostasis. 

The whole-body glucose and trehalose levels were not significantly different between 

ATPsyn-d knockdown and control females on SY1:9 (Figure S5O and P). Together our 

findings suggest that increased ATP production induced by ATPsyn-d knockdown is 

associated with reduced Ucp5 expression and increased membrane potential in a diet 

dependent manner without significantly changing mitochondrial biogenesis.

ATPsyn-d influences MAP kinase and TOR signaling pathways

Observation of the diet-dependent effect of ATPsyn-d knockdown on lifespan prompted us 

to examine the relationship between ATPsyn-d and TOR signaling, considering the critical 

role of TOR signaling in sensing nutrients especially amino acids (Zoncu et al., 2011). We 

first measured protein and phosphorylation levels of S6K, a TOR target involved in protein 

translation. ATPsyn-d knockdown with RNAi line v104353 reduced S6K protein level 

relative to total protein in females fed SY1:1 or SY1:9 but not SY9:1 compared to diet-

matched controls (Figure 5A and B). S6K phosphorylation (pS6K) level relative to total 

protein was significantly reduced in ATPsyn-d knockdown females fed SY1:1 or SY1:9, 

too, and, to a lesser extent in flies fed SY9:1, compared to diet-matched controls (Figure 5A 

and C). The pS6K/S6K ratio was only reduced in ATPsyn-d knockdown females fed SY9:1 

but not SY1:1 or SY1:9 compared to diet-matched controls (Figure 5D). Consistent with the 

literature that TOR signaling is typically reduced in animals fed low protein diets (Bjedov et 

al., 2010), both S6K and pS6K levels were reduced in no-RU486 control female flies fed the 

low protein diet SY9:1 relative to higher protein diet SY1:1 or SY1:9 (Figure 5B and C). 

These suggest that lifespan extension by ATPsyn-d knockdown is associated with reduced 

levels of both S6K and pS6K.

To explore molecular mechanisms underlying pS6K changes, we examined phosphorylation 

levels of ERK1/2 (pERK). ERK1/2 is part of the MAP kinase (MAPK) pathway involved in 

stress response and is known to regulate TOR signaling through phosphorylation in 

mammalian models (Kim and Guan, 2011; Rubinfeld and Seger, 2005; Zoncu et al., 2011). 

ATPsyn-d knockdown did not significantly alter the total protein level of ERK, but reduced 

pERK/ERK ratio in females under any of the three SY diets relative to diet-matched controls 

(Figure 5E, F and G). RU486 alone did not change pERK/ERK ratio in driver only da-

GSG/+ flies fed SY1:9 (Figure S6G and H), suggesting that RU486 alone has no or little 

impact on MAPK signaling. These findings suggest that ATPsyn-d knockdown reduces 

MAPK signaling, which may in turn reduce TOR signaling. We next examined 

phosphorylation level of AKT and found that pAKT/AKT ratio was not significantly 

different between ATPsyn-d knockdown and control females on SY1:1 or SY1:9(Figure S6I 

and J). These findings suggest that ATPsyn-d knockdown has no or little impact on insulin-

like signaling and glucose homeostasis.

ATPsyn-d Genetically Interacts with TOR signaling to modulate lifespan

To determine the functional role of TOR signaling in lifespan extension induced by 

ATPsyn-d knockdown, we investigated whether overexpression of Tsc2, a genetic 

suppressor of TOR signaling (Zoncu et al., 2011), influences the effect of ATPsyn-d 
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knockdown on lifespan. We confirmed that Tsc2 overexpression driven by da-Gal4 can 

promote longevity under SY1:1 (Figure S7A). Consistent with what described above, 

ATPsyn-d knockdown extended lifespan in females fed SY1:1 or SY1:9 (Figure 5H and J 

and Table S7). However, lifespan of females with both Tsc2 overexpression and ATPsyn-d 

knockdown was not significantly different from that of females with only Tsc2 

overexpression under SY1:1 or SY1:9 (Figure 5I and K and Table S7). On the other hand, 

ATPsyn-d knockdown extended lifespan of females with or without overexpression of a 

dominant negative form of JNK under SY1:1 or SY1:9 (Figure S7B to E), suggesting that 

the failure of lifespan extension by ATPsyn-d knockdown in flies with Tsc2 overexpression 

is specific to Tsc2. Together, these findings suggest a genetic interaction between ATPsyn-d 

and Tsc2, supporting the existence of a genetic interaction between ATPsyn-d and TOR 

signaling.

To further confirm the functional link between TOR signaling and ATPsyn-d, we measured 

lifespan of ATPsyn-d knockdown and their control female flies fed rapamycin. Rapamycin 

is known to suppress TOR signaling and promote longevity in yeast, worms, flies and mice 

(Bjedov et al., 2010; Harrison et al., 2009; Zoncu et al., 2011). We found that rapamycin 

feeding extended lifespan in flies without RU486 treatment, which have normal ATPsyn-d 

level, under SY1:1 or SY1:9, relative to SY diet-matched no-rapamycin groups (“Control-

Rapa” vs. “Control-no Rapa” in Figure 6A and B, and Table S7). However, rapamycin 

feeding decreased instead of increasing lifespan of ATPsyn-d knockdown flies fed SY1:1 or 

SY1:9, relative to SY diet-matched no-rapamycin-fed knockdown flies (“RNAi-Rapa” vs. 

“RNAi-no Rapa in Figure 6A and B, and Table S7). Consistent with what was described 

above, without rapamycin feeding, ATPsyn-d knockdown extended lifespan of flies fed 

SY1:1 or SY1:9, relative to diet-matched controls (“RNAi-no Rapa” vs. “Control-no Rapa” 

in Figure 6A and B). However, ATPsyn-d knockdown did not further extend lifespan of flies 

fed rapamycin-supplemented SY1:1 or SY1:9 relative to rapamycin- and diet-matched 

control flies (“RNAi-Rapa” vs. “Control-Rapa” in Figure 6A and B). To assess the impact of 

food intake, we measured daily food intake for flies fed SY1:1 or SY1:9 with and without 

RU486 and/or rapamycin. Regardless of the presence of rapamycin, ATPsyn-d knockdown 

did not affect food intake of flies fed SY1:1 or SY1:9 (“+RU486” vs. “no RU486” groups in 

Figure S3E). Regardless of the presence of RU486, rapamycin feeding did not significantly 

affect food intake of flies fed SY1:9, while it reduced food intake of flies fed SY1:1 

(“+rapamycin” vs. “no rapamycin” groups in Figure S3E). Therefore, food intake in general 

has no or little impact on lifespan patterns influenced by rapamycin feeding. Together these 

findings suggest that ATPsyn-d knockdown and rapamycin promote longevity through 

overlapping pathways, likely including TOR signaling (Figure 7).

To further investigate the relationship between ATPsyn-d knockdown and rapamycin, we 

measured S6K and pS6K protein levels. ATPsyn-d knockdown reduced of both S6K and 

pS6K levels but not pS6K/S6K ratio in female flies fed SY1:9 in consistent with the findings 

described above (“RNAi” vs. “Control” in Figure 6D to F). Rapamycin feeding reduced 

pS6K level and pS6K/S6K ratio but did not alter S6K level in control flies without ATPsyn-

d knockdown (“Control-Rapa” vs. “Control” in Figure 6D to F). However, S6K or pS6K 

level or pS6K/S6K ratio in ATPsyn-d knockdown and control flies were not significantly 

different under rapamycin feeding (“RNAi+Rapa” vs. “Control+Rapa” in Figure 6D to F) 
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These findings suggest that pS6K is a common downstream target of rapamycin and 

ATPsyn-d, further supporting that ATPsyn-d genetically interacts with TOR signaling to 

modulate lifespan.

ATPsyn-d knockdown improves protein homeostasis

TOR signaling is known to promote longevity through modulating protein homeostasis 

(Zoncu et al., 2011). In light of the link between ATPsyn-d and TOR signaling, we 

postulated that ATPsyn-d may play a critical role in maintaining proteostasis and 

consequently promote healthy aging. To test this hypothesis, we measured total 

polyubiquitinated protein level and polyubiquitinated protein aggregates, two biomarkers of 

proteostasis (Rana et al., 2013). Both ATPsyn-d knockdown and rapamycin feeding reduced 

the level of total polyubiquitinated protein in females fed SY1:9 (“Control” vs “RNAi” and 

“Control” vs “Cont.+Rapa” in Figure 6G, 6H, S7F and S7G). Reduced polyubiquitinated 

protein level by rapamycin feeding, was not further reduced by ATPsyn-d knockdown 

(“Cont.+Rapa” vs “RNAi+Rapa” in Figure 6G and H), further supporting a genetic 

interaction between ATPsyn-d and TOR signaling (Figure 7). Moreover, ATPsyn-d 

knockdown reduced the number of polyubiquitinated protein aggregates in flight muscle of 

females fed SY1:9 (Figure 6I and J). RU486 feeding by itself did not significantly change 

total polyubiquitinated protein level or polyubiquitinated protein aggregates (Figure S7H to 

K). Together these findings suggest that lifespan extension induced by ATPsyn-d 

knockdown is at least partially through modulating protein homeostasis.

Discussion

Dietary nutrients are important environmental factors that play a major role in modulating 

lifespan and healthspan (Fontana et al., 2010). However, how dietary nutrients affect the 

impact of genetic factors or interact with genetic factors to modulate lifespan and healthspan 

remains elusive. Considering the essential role of mitochondrial function in metabolism and 

aging, we have investigated how diet composition influences the function of ATPsyn-d, a 

component of mitochondrial ATP synthase, in aging and the underlying mechanisms. We 

have shown that ATPsyn-d knockdown extends lifespan in Drosophila under low sugar-high 

protein diets but not under a high sugar-low protein diet. Lifespan extension induced by 

ATPsyn-d knockdown is associated with increased resistance to oxidative stress and 

improved protein homeostasis. Furthermore, we have provided evidence suggesting 

ATPsyn-d modulates lifespan through genetically interacting with TOR signaling. 

Knocking-down of atp-5, the worm ATPsyn-d, extends lifespan in C. elegans, along with 

our data, suggesting a conserved role of ATPsyn-d in modulating lifespan (Hansen et al., 

2005). Together, our findings reveal a novel connection among diet, mitochondrial ATP 

synthase, MAPK and TOR signaling in modulating lifespan, and shed light on the molecular 

mechanisms underlying the impact of diet composition on lifespan.

We propose the following model to explain how ATPsyn-d interacts with dietary 

macronutrients to modulate lifespan considering the genetic interaction between ATPsyn-d 

and TOR signaling, and the fact that suppression of TOR signaling by altering expression of 

its components, such as Tsc1/2, S6K and 4E-BP, activates autophagy, improves proteostasis 
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and promotes longevity in high protein diets but not necessarily low protein diets (Kapahi et 

al., 2004; Zid et al., 2009). We postulate that TOR signaling is regulated by ATPsyn-d and 

perhaps other mitochondrial proteins (Figure 7). ATPsyn-d knockdown reduces MAPK 

signaling and probably affects other signaling pathways, which may consequently decrease 

TOR signaling to extend lifespan in Drosophila fed high protein diets, such as SY1:9 and 

SY1:1, but not low protein diets. It is possible that diet-dependent response is due to 

knockdown of ATPsyn-d protein to different extent by RNAi under different dietary 

conditions. This is not likely the case. The amount of ATPsyn-d knockdown is not much 

different between flies on SY1:9 and SY9:1, although lifespan is not increased by ATPsyn-d 

knockdown for flies under SY9:1. Therefore, variations in ATPsyn-d knockdown under 

current experimental conditions unlikely contribute significantly to diet-dependent lifespan 

extension. Consistent with this model, ATPsyn-d knockdown increases resistance to acute 

oxidative stress, reduces cellular oxidative damage and improves proteostasis in Drosophila. 

Reduced oxidative damage by ATPsyn-d knockdown may lead to decreased MAPK 

signaling, which in turn modulates TOR signaling and proteostasis.

Another likely scenario would be that ATPsyn-d and TOR signaling form a positive but 

vicious feedback loop through MAPK signaling to induce molecular, metabolic and 

physiological changes detrimental to lifespan. This vicious cycle can be disrupted by high 

C:P diet, knockdown of mitochondrial genes or suppression of TOR signaling 

pharmacologically by rapamycin or genetically by Tsc2 overexpression. Consistent with this 

possibility is that ATPsyn-d knockdown reduces phosphorylation of S6K, a component of 

TOR signaling, and increases expression of genes involved in maintaining proteostasis and 

possibly autophagy, which are regulated by TOR signaling. The level of pS6K reflects the 

strength of TOR signaling and reduction-of-function mutants of S6K are known to extend 

lifespan in several species (Zoncu et al., 2011). ATPsyn-d may genetically interact with 

TOR signaling to modulate lifespan by influencing protein levels of both S6K and pS6K, 

although it does not necessarily affect the pS6K/S6K ratio, which may not be a reliable 

indicator for the strength of TOR signaling under the three SY diets due to the change of 

S6K level. Furthermore, ATPsyn-d knockdown reduces oxidative damage and 

polyubiquitinated protein aggregates, which are biomarkers of aging. Rapamycin reduces 

lifespan extension induced by ATPsyn-d knockdown, which may be due to exacerbation of 

some detrimental effects of reduced TOR signaling (Zoncu et al., 2011). However, this 

observation further supports the connection between ATPsyn-d and TOR signaling. 

Although both rapamycin and ATPsyn-d knockdown reduce pS6K level, ATPsyn-d 

knockdown but not rapamycin decreases S6K level, suggesting ATPsyn-d knockdown and 

rapamycin affect TOR signaling in different manners. Further studies are warranted to 

clarify the epistatic relationship between ATPsyn-d and TOR signaling.

Increasing evidence has demonstrated the importance of diet composition or carbohydrate to 

protein ratio in modulating lifespan and health (Piper et al., 2011). Nutrient geometry studies 

conducted in Drosophila have shown that C:P ratio in the diet is far more important in 

determining lifespan than calorie content or single macronutrient (Lee et al., 2008; Skorupa 

et al., 2008). A recent tour de force nutrient geometry study in mice has confirmed and 

expanded the view on the critical role of C:P ratio in regulating lifespan and cardiometabolic 
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health to mammals (Solon-Biet et al., 2014). An important implication from nutrient 

geometric studies is that diet composition would have a significant impact on the 

effectiveness of inventions for promoting healthy aging by genetic, pharmaceutical or 

nutraceutical approaches. This indeed is the case although evidence comes from only a 

handful of studies. Rapamycin feeding extends lifespan in yeast, worms, flies and mice 

(Bjedov et al., 2010; Zoncu et al., 2011). Although rapamycin feeding has been shown to 

extend lifespan of flies under a broad range of diets (Bjedov et al., 2010), some studies have 

shown that rapamycin feeding does not to extend lifespan in flies under high carbohydrate-

low protein diets (Sun et al., 2012). Supplementation of a nutraceutical derived from 

cranberry extends lifespan in female flies under a high C:P ratio diet but not a low C:P ratio 

diet (Wang et al., 2013). Suppression of TOR signaling by overexpression of Tsc1/2 extends 

lifespan in flies under relatively higher protein diets but not under low protein diets although 

those studies focused on the variation of protein concentration instead of C:P ratio (Kapahi 

et al., 2004). Consistent with the link between ATPsyn-d and TOR signaling, ATPsyn-d 

knockdown extends lifespan in female flies under low sugar-high protein diets but not high 

sugar-low protein diet, likely due to the fact that TOR signaling is already low under the 

high sugar-low protein diet. We have further shown that rapamycin feeding extends lifespan 

in wild type female flies but not in ATPsyn-d knockdown flies. Our study on ATPsyn-d is 

one of the first studies that have investigated the impact of diet composition on lifespan 

modulation by genetic factors and aging interventions and the underlying mechanisms. 

These findings point out the importance of considering both genetic background and diet 

composition in implementing interventions for promoting healthy aging.

Aging is associated with profound decline in protein homeostasis, and many longevity-

related pathways, such as TOR and Insulin-like signaling, modulate lifespan through 

improving proteostasis (Taylor and Dillin, 2011). Suppression of TOR signaling extends 

lifespan through decreasing protein translation and increasing autophagy, key processes for 

maintaining proteostasis (Zoncu et al., 2011). We have found that ATPsyn-d knockdown 

reduces the level of 4-HNE protein adducts, a biomarker for lipid protein oxidation (Tsai et 

al., 1998), and the level and aggregation of polyubiquitinated protein, a biomarker for 

proteostasis and aging (Rana et al., 2013). ATPsyn-d is a key component of mitochondrial 

ATP synthase complex. Along with the link between ATPsyn-d and TOR signaling, our data 

suggest that mitochondrial ATP synthase is critical for maintaining proteostasis and 

modulating lifespan. This notion is further supported by a recent study showing that α-

ketoglutarate, an intermediate in the TCA cycle, suppresses mitochondrial ATP synthase 

probably by binding to ATP synthase subunit β (ATPsyn-β) and also inhibits TOR signaling 

to extend lifespan in C. elegans (Chin et al., 2014). However, it remains to be determined 

whether suppression of ATP synthase by α-ketoglutarate results in inhibition of TOR 

signaling in C. elegans or any other species. It is also likely that ATPsyn-d and ATPsyn-β 

influences ATP synthase and TOR signaling through different mechanisms, since α-

ketoglutarate reduces cellular ATP level in C. elegans, while ATPsyn-d knockdown does 

not significantly change or even increases ATP level in Drosophila. This also suggests that 

lifespan extension is not necessarily associated with decreased ATP level, which is 

supported by a study in Drosophila showing that any change of ATP level is not correlated 

with any change of lifespan induced by knockdown of a number of mitochondrial genes 
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(Copeland et al., 2009). Nevertheless, these studies suggest that ATP synthase is a key and 

conserved player linking dietary nutrients from TOR signaling to proteostasis and lifespan.

Similar to many longevity-related mutants (Salmon et al., 2010), lifespan extension induced 

by ATPsyn-d knockdown is associated with reduced oxidative damage and increased 

resistance to oxidative stress. ATPsyn-d knockdown increases lifespan and resistance to 

paraquat, an acute oxidative stress response, under SY1:9 or SY1:1. However, ATPsyn-d 

knockdown increases resistance to paraquat, but does not extend lifespan in female flies 

under SY9:1. In addition, ATPsyn-d knockdown decreases 4-HNE level, an indicator of 

accumulated oxidative damage, under SY1:9 but not SY1:1. These indicate that the effect of 

ATPsyn-d knockdown on oxidative damage and lifespan depends on diet composition, 

suggesting that oxidative stress resistance is at most partially responsible for lifespan 

extension. This should not be surprising since it is consistent with numerous studies in the 

literature showing that stress resistance does not always result in lifespan extension despite 

of the strong link between oxidative stress and aging (Salmon et al., 2010).

The role of mitochondrial genes in modulating lifespan is complex. Knockdown of some 

ETC genes increases lifespan while knockdown of others decreases or does not alter lifespan 

in C. elegans and Drosophila (Copeland et al., 2009; Lee et al., 2003; Zid et al., 2009). Our 

study reveals another layer of complexity regarding the role of ETC genes in lifespan 

modulation, namely the impact of diet composition. Our findings indicate that ATPsyn-d 

knockdown promotes longevity at least partially through TOR signaling. TOR Signaling 

senses cellular amino acid content and regulates numerous biological processes, including 

translation, autophagy and lifespan (Zoncu et al., 2011). 4E-BP, a translational repressor in 

TOR signaling, mediates lifespan extension induced by DR (Zid et al., 2009). Activated 4E-

BP suppresses general translation, but selectively increases translation of some 

mitochondrial ETC genes (Zid et al., 2009), the latter of which results in increased 

mitochondrial biogenesis and potentially lifespan. Lifespan extension induced by DR is 

suppressed by knocking down ETC genes regulated by 4E-BP. The findings by Zid et al. 

suggest that increased protein expression of some ETC genes is associated with lifespan 

extension induced by DR. However, unlike those ETC genes, ATPsyn-d knockdown extends 

instead of decreases lifespan under high protein diets. Therefore, it is likely that ETC genes 

can be categorized into two groups, one selectively upregulated by activated 4E-BP and the 

other insensitive to activated 4E-BP, the latter of which may include ATPsyn-d. The two 

groups of ETC genes may interact with dietary macronutrients to modulate lifespan perhaps 

through different modes of action. Future studies are warranted to investigate the 

dichotomous role of translation of ETC genes in modulating lifespan.

Experimental Procedures

Fly media

Fly stocks were maintained on standard cornmeal medium at 25±1 °C, 60±5% humidity and 

a 12:12h light/dark cycle (Ashburner et al., 2005). SY1:9 contained 2% sugar and 18% 

autolyzed yeast (MP Biomedicals, cat. #103304), SY1:1 had 10% sugar and 10% yeast and 

SY9:1 had 18% sugar and 2% yeast.
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Lifespan, food intake, lifetime reproduction and stress assays

Lifespan, food intake, lifetime reproduction and paraquat assays were conducted as 

previously described (Laslo et al., 2013; Mair et al., 2005; Sun et al., 2012). Cytosolic and 

mitochondrial Aconitase activities and mitochondrial H2O2 production were measured with 

commercially available kits.

Western blot analysis

Western blot analysis was performed as previously described (Sun et al., 2010).

Microarray assays and qPCR

Microarray assays were performed as previously described (Zhan et al., 2007) (n=4). Genes 

with p<0.01 and false discovery rate<0.08 and biological processes with p<0.05 were 

considered having significant changes. The microarray data were deposited in the NCBI 

GEO database (accession # GSE58778). qPCR was performed with Step-One plus system 

(Applied Biosystems) and relative transcript levels were normalized with rp49 (n≥3).

Mitochondrial assays

Blue Native Polyacrylamide Gel Electrophoresis was performed with mitochondrial protein 

as previously described (Copeland et al., 2009). ATP level was determined with whole-body 

lysates using ATP Bioluminescence Assay HS II kit (Roche Applied Science, Indianapolis, 

IN). Mitochondrial membrane potential was measured with isolated mitochondria using 

JC-1 fluorescent dye. Citrate synthase (CS) activity was measured in whole fly extracts and 

isolated mitochondrial fractions using Citrate Synthase Assay Kit (Sigma, St. Louis, MO). 

Cytochrome c oxidase (Complex IV) activities were performed with isolated mitochondria 

using cytochrome c oxidase assay kit (Sigma). All assays were repeated with ≥3 biological 

replicates.

Western blot and immunohistochemistry analyses of polyubiquitinated protein

Detergent-insoluble protein extracted from whole female flies was measured with anti-

ubiquitin antibody by Western blot analysis as previously described (Rana et al., 2013). 

Protein aggregates were immunostained and quantified with anti-ubiquitin antibody 

followed by secondary Alexa-568 anti-mouse antibody and phalloidin staining by confocal 

analysis as previously described (Rana et al., 2013).

Statistical analysis

Statistical analyses were performed using PASW Statistics version 19 (IBM, Armonk, NY) 

and StatView Version 5 (SAS Institute, Cary, NC). Values were expressed as mean ± 

standard error. Survival data were analyzed by logrank test. All others were analyzed by 

Student’s t-test. A p<0.05 was considered statistically significant.

Supplementary Material

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

• ATPsyn-d knockdown extends lifespan and increases stress resistance.

• Lifespan extension induced by ATPsyn-d knockdown depends on diet 

composition.

• ATPsyn-d knockdown improves proteostasis.

• ATPsyn-d interacts with TOR signaling to modulate lifespan.
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Figure 1. The effect of ATPsyn-d knockdown on lifespan
(A) Lifespan of actin-GSG>UAS-ATPsyn-d-RNAi(v21018) female flies on SY1:1. (B) 

Lifespan of da-GSG>UAS-ATPsyn-d-RNAi(v104353) females on SY1:1. “RNAi” indicates 

ATPsyn-d knockdown by 200 µM RU486. The UAS strain identification is shown in 

parentheses. “Control” represents genotype-matched flies without RU486 treatment. The p 

values were from logrank analysis between RNAi and control flies.
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Figure 2. The impact of diet composition on the role of ATPsyn-d in modulating lifespan
(A) Lifespan of actin-GSG>UAS-ATPsyn-d-RNAi(v21018) females on SY9:1. (B) Lifespan 

of da-GSG>UAS-ATPsyn-d-RNAi(v104353) females on SY9:1. (C) Lifespan of actin-

GSG>UAS-ATPsyn-d-RNAi(v21018) females on SY1:9. (D) Lifespan of da-GSG>UAS-

ATPsyn-d-RNAi(v104353) females on SY1:9. (E and F) ATPsyn-d protein levels in 14-d 

old da-GSG>UAS-ATPsyn-d-RNAi(v104353) females fed SY9:1, SY1:1 and SY1:9 with 

and without RU486 treatment. ATPsyn-d protein levels were normalized to NDUFS3 (n=3 

biologically independent repeats). “RNAi” indicates ATPsyn-d knockdown by 200 µM 
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RU486. The UAS strain identification is shown in parentheses. “Control” represents 

genotype-matched flies without RU486 treatment. The p values for lifespan were from 

logrank analysis between RNAi and control flies. For bar graphs, error bars represent 

standard errors and *p<0.05; **p<0.01 by Student’s t-test. n. s., not statistically significant. 

a.u., arbitrary unit.
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Figure 3. The effect of ATPsyn-d knockdown on global gene expression in female flies fed SY1:9
(A) The first row of the heat map represents 265 genes whose transcription levels are 

significantly affected by ATPsyn-d knockdown in actin-GSG>UAS-ATPsyn-d-

RNAi(v21018) females (n=6 biologically independent replicates). Among them, 191 are up-

regulated and 74 are down-regulated. The other rows represent gene ontology categories that 

are affected by ATPsyn-d knockdown. Each column in the row represents one gene and its 

fold change is color-coded. (B) The transcript changes of 11 genes were confirmed by 

qPCR. “RNAi” indicates ATPsyn-d knockdown by 200 µM RU486 (n≥3). “Control” 

represents controls without RU486 treatment. Error bars represent standard errors. *p<0.05; 

**p<0.01; ***p<0.001 between RNAi and control by Student’s t-test.
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Figure 4. The effect of ATPsyn-d knockdown on stress resistance, oxidative damage and 
mitochondrial function
(A to C) ATPsyn-d knockdown increased females’ resistance to paraquat-induced oxidative 

stress. The survival of 14-d old actin-GSG>UAS-ATPsyn-d-RNAi(v21018) females fed 

SY1:1, SY9:1 and SY1:9 were monitored on 20 mM paraquat. (D and E) The effect of 

ATPsyn-d knockdown on the level 4-HNE-protein adducts in mitochondria, which was 

normalized to NDUFS3. (F and G) The effect of ATPsyn-d knockdown on Aconitase 

activity and H2O2 production in mitochondria. (H to K) The effect of ATPsyn-d knockdown 

on mitochondrial complex formation, cellular ATP level, relative ucp5 transcript level and 

membrane potential, respectively. MW, molecular weight. 14-d old flies were collected for 

assays D to K. “RNAi” indicates that ATPsyn-d knockdown (actin-GSG>UAS-ATPsyn-d-

RNAi(v21018)) is induced in by 200 µM RU486. “Control” represents genotype- and diet-

matched controls without RU486 treatment. Error bars represent standard errors. n≥3 in each 

assay. *p<0.05; **p<0.01 by Student’s t-test.
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Figure 5. Genetic interaction between ATPsyn-d and TOR signaling
(A to D) The effect of ATPsyn-d knockdown on S6K protein, its phosphorylation level 

(pS6K) and pS6K/S6K ratio in female flies fed SY9:1, SY1:1 and SY1:9. S6K and pS6K 

protein levels were normalized with NDUFS3. (E and G) The effect of ATPsyn-d 

knockdown on total ERK level and ERK phosphorylation as indicated by the pERK/ERK 

ratio in females fed SY9:1, SY1:1 and SY1:9. ERK protein levels were normalized with 

NDUFS3. (H and J) The lifespan of ATPsyn-d knockdown females and their controls under 

SY1:1 and SY1:9. (I and K) The lifespan of flies with Tsc2 overexpression and females with 
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both Tsc2 overexpression and ATPsyn-d knockdown under SY1:1 or SY1:9. “RNAi” 

indicates ATPsyn-d knockdown (da-GSG>ATPsyn-d-RNAi(v104353)) by 200 µM RU486. 

“Control” represents genotype- and diet-matched controls without RU486 treatment. “Tsc2” 

represents Tsc2 overexpression. The values in Fig. 5B, C, D, F and G were normalized to 

the value of the control flies on SY1:9, which was set at 1. Error bars represent standard 

errors. a.u., arbitrary unit. *p<0.05; **p<0.01; ***p<0.001 by Student’s t-test.
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Figure 6. The impact of ATPsyn-d knockdown on rapamycin feeding, TOR signaling and 
proteostasis
(A and B) The effect of rapamycin (rapa) on the lifespan of ATPsyn-d knockdown females 

and their controls fed SY1:1 and SY1:9. (C to F) The effect of ATPsyn-d knockdown and 

rapamycin feeding on S6K and pS6K levels and pS6K/S6K ratios in females fed SY1:9. n≥3 

biologically independent replicates for each Western blot assay. (G and H) The effect of 

ATPsyn-d knockdown and rapamycin feeding on total polyubiquitinated protein normalized 

with β-actin. (I and J) The impact of ATPsyn-d knockdown on the accumulation of 

polyubiquitinated protein aggregates in fly flight muscle. The scale bar is shown inside the 
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image of I. “RNAi” indicates ATPsyn-d knockdown (da-GSG>ATPsyn-d-RNAi(v104353)) 

by 200 µM RU486. “Control” represents controls without RU486 treatment. “+Rapa” 

indicates rapamycin feeding. The values in the Fig. 6B to F were normalized to the value of 

the control flies, which was set at 1. Error bars represent standard errors. a.u., arbitrary unit. 

*p<0.05; **p<0.01; ***p<0.001 by Student’s t-test.
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Figure 7. A speculated model on the role of ATPsyn-d in modulating lifespan in response to diet
In this model, ATPsyn-d regulates TOR signaling probably through regulating ERK 

phosphorylation in MAPK signaling and modulating other pathways. Potential genetic 

interactions of ATPsyn-d and other mitochondrial proteins with TOR signaling induce 

molecular and physiological changes that modulate lifespan. These interactions can be 

disrupted by reduced TOR signaling, ATPsyn-d knockdown or a high C:P ratio diet and 

enhanced by a low C:P ratio diet.
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