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Aging is intimately related to health and disease. The incidence of major fatal pathological 

conditions, including cancer, is strongly associated with aging. The finding that aging is 

malleable by genetic or pharmacological perturbations has offered enormous hope for 

transforming our understanding and treatment of aging and age-related diseases. Yet few valid 

longevity drugs have been developed or translated for treating age-related diseases as target 

identification and a mechanistic understanding of their activity is largely missing.  

Metabolism plays a pivotal role in aging. Metabolic interventions, such as dietary restriction, 

significantly modulate aging and aging-related symptoms. Recently, emerging evidences has 

shown that metabolites can directly modulate aging as well. Studies of these endogenous 
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“elixirs” provide insights on the biological regulatory networks acted upon by the metabolites as 

well as potential therapeutic interventions for aging and aging-related symptoms.  

Our lab aims to discover novel longevity metabolites and explore their applications in aging-

related symptoms. Here we present several novel longevity metabolites, which are α-

ketoglutarate (α-KG), 2-hydroxyglutarate (2-HG), and α-ketobutyrate (α-KB). By combining 

target identification, epistasis, metabolomics, and bioenergetics analyses, we successfully 

uncover the molecular mechanisms of the longevity effects of these compounds. Specifically, 

we, for the first time, showed that α-KG and 2-HG extend lifespan of C. elegans by inhibiting 

ATP synthase and TOR, while α-KB delays aging through interruption of pyruvate oxidation and 

activation of AMPK. Interestingly, we discover an unexpected growth inhibitory effects of α-KG 

and 2-HG on tumor cells through targeting ATP synthase, and find that α-KG may confer 

beneficial effects for tumor treatment. In brief, our results identify novel potent longevity 

compounds and reveal their underlying mechanisms. More importantly, our work suggests a 

potential translational application of longevity metabolites in aging-related symptoms and 

provides novel directions for metabolic therapy. 
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CHAPTER 1 
 

 Introduction 

 

Long considered an inevitable process of living, aging is characterized as the 

progressive decline in physiological integrity. The hallmarks of aging include genome instability, 

loss of proteostasis, dysregulation of metabolism, and mitochondrial malfunction1. Aging is 

intimately linked to health. According to the WHO report, the occurrence of major fatal 

pathological conditions, including cancer, diabetes, and neuronal degeneration, is strongly 

associated with aging2. Therefore, aging research is important to not only reveal molecular basis 

of aging, but also provide insights on interventions for aging-related symptoms.  

Aging studies exploit the short lifespan of animal models, such as Caenorhabditis 

elegans (C. elegans) and Drosophila. Similar to other biological processes, aging is tightly 

controlled by intrinsic signaling, transcription factors, and metabolism3. Highly conserved 

pathways, including the insulin/insulin like growth factor (IGF1) pathway, the target of rapamycin 

(TOR), and AMP kinase (AMPK) pathways, have been identified as crucial aging mediators3,4. 

These and most other aging-related pathways are involved in nutrition sensing or stress 

response, and are intimately connected to metabolism. Modulation of these pathways can shift 

the organisms from a growth and proliferative state to a self-maintenance status, protecting the 

organisms from environmental stresses, and increasing their lifespan.   

Metabolism plays a vital role in aging. In 1993, Cynthia Kenyon et al. identified the first 

metabolic aging-modulatory pathway, the Insulin/IGF-1 pathway5. This finding sparked, an 
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intense interest in aging, and subsequently led to the identification of an increasing number of 

aging-related metabolic pathways. Additionally, many reports have shown that endogenous 

small molecules can also modulate aging via metabolism and/or signaling. For instance, the 

TOR pathway is a sensor for macronutrients, and several studies have shown that metabolites 

can modulate aging through direct or indirect regulation of TOR6-8. Studies focusing on 

metabolites and aging have provided novel insights of aging mechanisms, and have open a new 

avenue for aging interventions. With the ongoing studies of metabolism and aging, additional 

endogenous regulators of longevity will be discovered.  

TOR and dietary restriction (DR) 

TOR is a pivotal nutrition sensor that is directly regulated by cellular energy status, 

amino acid levels, mitogens, and the insulin/IGF-1 pathway9. Downregulation of TOR signaling 

changes the organism from growth promotion into a self-maintenance state through inhibition of 

protein translation and activation autophagy. In C. elegans, TOR signaling modulates lifespan in 

a manner dependent on the transcription factor PHA-4/FOXA.  More specifically, PHA-4/FOXA 

is activated upon inhibition of TOR, and this activation induces autophagy and extends 

lifespan10. Interestingly, TOR itself can also negatively regulate autophagy through ULK-1 

phosphorylation11. On the other hand, the TOR signaling activate protein synthesis through 

phosphorylation of S6K and 4E-BP1. In worms, flies, and mice, the anti-aging effect of TOR 

pathway inhibition requires S6K or 4E-BP13,12-14.  

Dietary restriction (DR) regulates lifespan across many diverse species, spanning from 

yeast to primates15. Although multiple pathways contribute to the DR-induced lifespan 

extension, TOR is the most validated signaling pathway involved in dietary restriction-mediated 

longevity. Indeed, chronic shortage of food regulates aging through TOR inhibition in C. 

elegans, Drosophila, and mice4.  Pharmacological inhibition of TOR is an accepted strategy for 

disease therapy as well as for aging intervention. Inhibition of TOR by rapamycin can extend 
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lifespan in mice7. Metabolites, such as branch chain amino acids and Δ7-dafachronic acid, 

which regulate TOR signaling, modulate lifespan as well8,16. These results support the inhibition 

of TOR is a potential strategy for aging intervention. 

Mitochondria 

Mitochondria are the crucial organelle for energy metabolism. It is therefore intuitive to 

assume that mitochondria biogenesis would be beneficial for longevity. Indeed, mitochondrial 

function decreases with age17 and increases of mitochondria biogenesis and respiration are 

associated with lifespan extension18,19. 

Interestingly, mild interruption of the mitochondrial electron transport chain (ETC),  

has also been shown to extend lifespan in yeast, worms, flies, and mice20-22. However, the 

detailed mechanism of mitochondrial interruption induced lifespan is not fully understood.  

One proposed model for mitochondrial interruption induced lifespan extension involves is 

reactive oxygen species(ROS) and hormesis. Hormesis refers to an adaptive induction of 

responsive and repair mechanisms in an organism upon mild exposure to toxins or stresses23. It 

has been reported that mild oxidative stress, induced by perturbations on electron transport 

chain, can extend the lifespan of C. elegans24. 

Recently, the mitochondrial unfolded protein response (UPRmt) has also been proposed 

to play a crucial role in the extension of lifespan by ETC inhibition25,26. The UPRmt is a stress 

response machinery which responds to mitochondrial proteostasis imbalance27. A stoichiometric 

imbalance between the levels of nuclear-encoded and mitochondrial-encoded mitochondrial 

proteins activates the UPRmt 25. The UPRmt has been shown to be activated by RNAi knockdown 

of certain ETC genes, but whether the UPRmt serves as a unifying mechanism for the lifespan 

extension by ETC interruption, especially by pharmacological inhibition of the ETC, is 

debatable25,26,28. 

Insulin/IGF-1 pathway  
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The Insulin/IGF-1 pathway is highly conserved across metazoans and serves as a 

central pathway to regulate glycaemia. Insulin/IGF-1 receptors transduce the signaling from 

insulin/IGF-1 to downstream kinases, including phosphatidylinositol 3-kinase (PI3K) and AKT, 

and prevent the transcription factor FOXO/DAF-16 from being translocated to nucleus, thereby 

inhibiting the transcription of target genes29. The Insulin/IGF-1 pathway was the very first 

metabolic pathway to be g reported as an aging mediator. Specific daf-2 (the homologue of 

insulin and IGF-1 receptor in C. elegans) mutations were found to double the lifespan of C. 

elegans5. Consistently, activation of the Insulin/IGF-1 pathway inhibitor, PTEN/DAF-18, extends 

the lifespan of C. elegans30. Downregulation of the Insulin/IGF-1 pathway leads to the induction 

of FOXO/DAF-16, which activates the transcription of stress-response genes such as catalases, 

glutathione S-transferases, as well as genes encoding chaperones, apolipoproteins, and 

lipases4. The activation of these “maintenance genes” contributes to the anti-aging effects 

arising from the inhibition of Insulin/IGF-1 signaling. Other than FOXO/DAF-16, the transcription 

factor heat-shock factor-1 (HSF-1) and Nrf2/SKN-1 (an Nrf-like xenobiotic-response factor) are 

also involved in the Insulin/IGF-1-mediated longevity. HSF-1 and SKN-1 can each activate the 

transcription of heat-stress response machineries and oxidative-stress responsive machineries 

respectively31,32, protecting the organism from stress-induced damage, and extending its 

lifespan. 

Glucose is the primary energy source for multiple organisms. In yeast, glucose 

deprivation may confer benefits on lifespan33. Similarly, in C. elegans and in humans, high 

glucose accelerates aging and jeopardizes health. High glycemic index (GI) food may cause 

diabetes, obesity, and cardiovascular diseases potentially through activation of the insulin/IGF-1 

pathway34. Lee and colleagues have reported that glucose treatment shortens the lifespan of C. 

elegans by activating  insulin pathway35. This report is theoretically consistent with the studies 

on high GI food. It is therefore plausible that a diet with low GI food can confer beneficial effects 
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on human health. It is also likely that the effects may be modified by genetics, depending on 

both the individual’s genotype and epigenetics.  

AMPK 

AMPK is a nutrient sensor that tis regulated by the endogenous AMP/ATP ratio. It serves 

as a switch for catabolism and anabolism through its regulation of multiple cellular 

proteins/pathways including TOR, ULK1, and ACC136. It has been shown that in C. elegans, 

AAK-2 (homologue of AMPK in C. elegans) overexpression is sufficient to extend lifespan. AAK-

2/AMPK also serves as an upstream regulator of DAF-1637. Metformin, a well-known AMPK 

activator, has been reported to extend lifespan in mice38. Consistently, Weimer and colleagues 

reported that an endogenous glycolysis inhibitor, glucosamine, can extend the lifespan of C. 

elegans in an AMPK- and ROS-dependent manner39. In addition, this study found that 

Nrf2/SKN-1 is a downstream mediator of AMPK. Humans can tolerate high dose of 

glucosamine. In fact, glucosamine has been widely used as a health supplement. Together 

these raise the possibility of utilizing glucosamine as a potential aging intervention in humans.  

Current evidence clearly indicates that specific metabolites can serve as aging regulator. 

However, research in this area is exceptional challenging, and there is likely much more to 

discover regarding metabolic regulation of aging. First, metabolites are endogenous small 

molecules that typically interact with multiple targets, and many of these interactions remain to 

be discovered. Identification of the protein-metabolite interaction networks of these longevity 

metabolites is a crucial yet difficult undertaking that will be necessary to uncover the vast 

molecular mechanisms by which they are able to affect longevity. Secondly, metabolites are 

easily transformed to other small molecules through enzymatic reactions, making it imperative 

to validate whether the longevity effects are directly induced by a given metabolites itself or via 

a secondary metabolic effect. Finally, the biological significance of these anti-aging metabolites 

needs to be considered as the functions of metabolites have been shaped by evolution. It is 
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possible that the longevity effects of metabolites represent an unappreciated endogenous 

machinery that defends against aging-promoting factors to help maintain the long-term health of 

the organism.       

In this dissertation, I present the identification of several novel longevity metabolites, 

including alpha-ketoglutarate (α-KG)6, 2-hydroxyglutartae (2-HG)40, and alpha-ketobutyrate (α-

KB). We used a label-free drug-target identification strategy41 to identify the functional targets of 

these anti-aging metabolites. We further combined metabolomics, epistasis, and bioenergetics 

analyses to validate these targets and determine the anti-aging molecular mechanisms of each 

compound. Finally, we explored the roles that these anti-aging compounds play in aging-related 

symptoms, including cancer and neurodegeneration, and present the potential application of 

longevity metabolites for the prevention and treatment of aging-related symptoms.  
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CHAPTER 2 
 
 
 

The Metabolite Alpha-Ketoglutarate Extends Lifespan by 
Inhibiting ATP Synthase and TOR 

 

 

 

 

 

 

 

 

 

(A reprint of “The metabolite α-ketoglutarate extends lifespan by inhibiting ATP synthase and 

TOR,” which was previously published in Nature (doi:10.1038/nature13264), is provided here as 

Chapter 2) 
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SUPPLEMENTARY NOTES 

 

α-KG dehydrogenase knockdown.  Similar to α-KG supplemented animals, animals with RNAi 

knockdown of α-KGDH (encoded by ogdh-1) also have increased endogenous levels of α-KG 

(Extended Data Fig. 1b). These animals are also long-lived (Fig. 1f). While it is possible that 

ogdh-1 knockdown extends lifespan by affecting other unknown pathways, the simplest 

interpretation is that the increase in endogenous α-KG levels in these animals is sufficient for 

long life. Consistent with this model, lifespan of ogdh-1(RNAi) animals is not increased by α-KG 

supplementation. The ogdh-1(RNAi) worms also have higher level of autophagy with larger 

number of GFP::LGG-1 puncta compared to empty vector control, which cannot be augmented 

by addition of α-KG (Extended Data Fig. 7). While the results together strongly support the idea 

that the effect of α-KG in longevity is largely direct and worm autonomous, an important caveat 

is that ogdh-1 knockdown may not necessarily give all the same effects as exogenous α-KG 

supplementation. For example, we found that whereas α-KG supplemented worms have normal 

brood size (Extended Data Fig. 1h) ogdh-1 knockdown animals are sterile. 

 

α-KG + NAD+ + CoA → Succinyl CoA + CO2 + NADH 

 

Since α-KGDH catalyzes the above reaction in the TCA cycle, loss of α-KGDH activity would not 

only lead to α-KG accumulation but also diminish succinyl CoA and perturb NAD+/NADH, as 

well as halt the TCA cycle. Defective α-KGDH function has been associated with severe 

neurological dysfunction 1.  

 

Physiological regulation of α-KG levels.  Although the concentration of α-KG was considered 

to be constant in the TCA cycle, we have found that one can in fact increase α-KG 

concentration in C. elegans either by supplementation or by knocking down the α-KGDH 

enzyme (Extended Data Fig. 1b). An increase in α-KG levels has also been observed in human 

HEK293 cells treated with α-keto-β-methyl-n-valeric acid, an inhibitor of α-KGDH 2. Moreover, it 

has been documented that α-KG levels are subject to change under physiological conditions. 

For example, α-KG accumulates in starved bacteria and yeast cells 3; in E. coli α-KG 

accumulates rapidly by up to 10-fold in response to nitrogen starvation 4-6 and in cyanobacteria 

α-KG is a signal of nitrogen status 7,8. In metazoans the issue is harder to address, due to the 

enormous complexity involving multitudes of cell types, organs, and tissues. But there also 

appear to be regulations of α-KG levels in response to feeding and starvation. For instance, 

starved pigeons have ~50% higher α-KG in the liver 9. Recently, it has emerged that physical 

exercise can also increase α-KG levels. For example, after acute exercise urine α-KG 

concentrations increased by 27% 10 and serum α-KG concentrations increased by over 50% 11. 

We found that α-KG levels are elevated in starved C. elegans (Fig. 4d). 
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The biochemical basis for this increase in α-KG upon starvation may be explained; in 

gluconeogenesis, an increased rate of deamination of amino acids (to provide carbon) by the 

glutamate-linked transaminases in the liver will lead to an increased formation of α-KG. 

Consistently, caloric restriction has been shown to increase gluconeogenic and transaminase 

enzyme activities in mouse liver 12. Dynamic regulations of α-KG occur in physiological 

scenarios and represent an exciting avenue for future studies. 

 

Evolutionary conservation of the ATP synthase.  ATP synthase (Complex V) is highly 

conserved throughout evolution, although the C. elegans mitochondrial genome lacks the ATP8 

gene 13. The sequence of ATP8 differs among animals, plants, and fungi. Functionally, the 

ATP8 subunit is not well studied and does not appear to be important for Complex V biology. α-

KG binds to the highly conserved ATP-2 subunit, and elicits its effects (both biochemically and 

phenotypically) through ATP-2. 

 

Comparison of ATP-2 inhibition by α-KG and by genetic means.  Overall, α-KG appears to 

inhibit ATP-2 more mildly than either the knockdown of atp-2 by RNAi or null alleles. For 

example, atp-2(RNAi) animals arrest development as larvae, as do atp-2 null mutants 14,15. In 

contrast, larvae treated with α-KG do not arrest. Further, null mutations in atp-2 are associated 

with very slow pharyngeal pumping 15, whereas α-KG treatment is not (Extended Data Fig. 1g). 

On the other hand, α-KG treatment resembles RNAi of atp-2 on most levels, including a 

decrease in ATP content (Fig. 2e, and data not shown), reduction of oxygen consumption (Fig. 

2g and Extended Data Fig. 2c), induction of autophagy (Fig. 4b-c), increase in ROS (Extended 

Data Fig. 4), and extension of lifespan (Fig. 3a). Although α-KG supplementation and atp-2 

RNAi are associated with many similar phenotypes, the differences noted above likely reflect 

variable thresholds for responses to decreased ATP synthase activity in specific cells, biological 

processes, or developmental events. In fact, work by Tsang and Lemire postulated that low 

ATP-2 levels are sufficient to support many basic cellular and organismal processes, whereas 

higher levels of ATP-2 are required for energy-intensive processes such as development and 

reproduction 15. The longevity benefit derived from mild inhibition of ATP-2 by α-KG offers hope 

for the future development of anti-aging therapies that are safe and effective.  

 

Mode of inhibition of ATP synthase by α-KG.  α-KG acts as an uncompetitive inhibitor of ATP 

synthase, decreasing both the effective Vmax and Km of the enzyme (Fig. 2i). As expected of an 

uncompetitive mechanism, inhibition of ATP synthase by α-KG works better at higher substrate 

concentrations. This mechanism may serve to safeguard that ATP production would not be 

inhibited inappropriately. An uncompetitive inhibitory mechanism means that the inhibitor binds 

to the enzyme-substrate complex, but not to the free enzyme, resulting in an inactive enzyme-

substrate-inhibitor complex. Thus, α-KG binds only after ATP synthase has formed a complex 

with its substrate; that is, the binding site of α-KG is created after, but away from, substrate 
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binding. Consistently, using DARTS, we have mapped the binding site of α-KG in ATP synthase 

by mass spectrometry identification of protected peptides. The single most highly protected 

peptide, indicative of the putative α-KG binding site, is a 24-amino acid sequence corresponding 

to residues 433-456 of ATP5B. The peptide count for this region was 33 in α-KG treated 

samples, but undetectable in vehicle treated samples. This site is distinct from the Walker A 

motif for substrate (nucleotide) binding 16, or the Walker B motif important for Mg2+ binding and 

catalysis 16,17. However, the site is exceptionally well conserved. For example, a comparison of 

human, bovine, and C. elegans orthologues shows that this region is 100% identical among the 

mitochondrial enzymes, and nearly identical to the sequences in Arabidopsis chloroplasts and 

E. coli (the latter having 4 non-identical, but similar, residues). Therefore, α-KG binding could be 

an important property of ATP5B that has evolved to regulate energy homeostasis by this 

endogenous metabolite. A precise understanding of the detailed mechanism of α-KG inhibition 

of ATP synthase will only be obtained when structural information is available. 

 

Would known chemical inhibitors of the ETC have the similar lifespan extending effect as 

α-KG?  Among the known chemical inhibitors of the ETC, only antimycin A 18, an inhibitor of 

Complex III, and oxaloacetate 19, which is a potent inhibitor of Complex II, have been reported in 

the context of lifespan studies; both were shown to extend C. elegans lifespan. A well-known, 

potent inhibitor of Complex V (ATP synthase) is oligomycin, which binds to the FO subunit and 

blocks proton transport. Like α-KG, oligomycin also extends the lifespan of adult C. elegans 

(Extended Data Fig. 3a). 

 

Involvement of daf-16/FOXO and aak-2/AMPK in α-KG longevity.  Genetically, daf-16/FOXO 

(Fig. 3e, and Extended Data Fig. 5b) and aak-2/AMPK (Extended Data Fig. 5a) are not essential 

for lifespan extension by α-KG. However, in aak-2 and daf-16 mutant worms the longevity effect 

of α-KG appears to be smaller than in N2 (Extended Data Fig. 5a, and Fig. 3e), suggesting that 

AMPK and FOXO partially contribute to the longevity conferred by α-KG.  

 

This is in contrast to OAA, which was found to require aak-2/AMPK and daf-16/FOXO for its 

longevity effect 19, suggesting that the mechanisms behind the lifespan extension by the two 

TCA cycle intermediates are distinct. Our finding is consistent with the fact that the loss of 

function of aak-2 suppresses the lifespan of the long-lived daf-2 mutant 20, since α-KG also 

increases longevity of daf-2 worms (Fig. 3b). 

 

aak-2 encodes the catalytic (α) subunit of AMP-activated protein kinase (AMPK), the cellular 

sensor of low energy levels 21. AMPK and TOR are two major regulators of cellular energy 

homeostasis. AMPK is activated by increased AMP:ATP ratios, e.g., in glucose deprivation and 

other metabolic stresses 21, whereas TOR is inactivated upon amino acid limitation and other 

nutrient stresses 22,23 and by decreased ATP 24. There is also emerging evidence for complex 

crosstalk between the two pathways 25-28 and with FOXO and SIRT1 29,30. 
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Activation of AMPK leads to enhanced energy production, decreased energy expenditure, and 

redirection of cellular proper (e.g., through the induction of autophagy). However, the 

requirements for AMPK vary under different starvation stresses. For example, in mammalian 

cells AMPK is required for autophagy induction under glucose starvation but not amino acid 

starvation 31. In C. elegans, AMPK/aak-2 has been shown to mediate dietary restriction (DR) in 

C. elegans fed diluted bacteria but not DR in the eat-2 model 20,29,32,33.  

 

Consistent with decreased ATP content in α-KG treated cells and animals, P-AMPK is 

upregulated upon Complex V inhibition by α-KG (Extended Data Fig. 6b). However, this 

activation of AMPK appears to require more severe Complex V inhibition than the inactivation of 

mTORC1, as either oligomycin or 400 µM of octyl α-KG was required for increased P-AMPK 

whereas 200 µM of octyl α-KG was sufficient for decreased P-S6K (Extended Data Fig. 6b). 

Interestingly, P-Akt was also only mildly decreased by octyl α-KG treatment but was strongly 

diminished by oligomycin treatment (Fig. 4a). These differential effects by α-KG may explain 

why aak-2/AMPK is not essential for α-KG to extend lifespan even though the extent of life 

extension by α-KG may be smaller in the mutants. Consistent with the lifespan effects, we also 

found that α-KG treatment induced the formation of additional GFP::LGG-1 puncta in aak-

2(RNAi) worms (**P < 0.01) (Extended Data Fig. 6c). 

 

What is the role of reactive oxygen species (ROS) in lifespan extension by α-KG?  The 

relationship between ROS and lifespan regulation is not well understood. Increased levels of 

ROS are thought to activate stress responses that protect the organism and ultimately enhance 

longevity. However, ROS per se does not correlate with lifespan. For example, increased ROS 

is found in both short-lived (e.g., mev-1, gas-1, and sdhb-1) 34 and long-lived (e.g., sod-2) 

mutants. The ROS levels in ATP synthase mutants or knockdowns are not well characterized. 

However, It has been reported that atp-3(RNAi) animals show a very slight, if any, increase in 

the level of protein oxidization levels (which occurs as a result of damage from ROS) as 

assessed by Oxyblot 35. We also observed a slight increase in the abundance of oxidized 

proteins in animals treated with α-KG by Oxyblot (Extended Data Fig. 4b). Likewise, when ROS 

levels were measured by DCF fluorescence, both α-KG treated and atp-2(RNAi) adults 

exhibited increased ROS levels (Extended Data Fig. 4a). Together, our data suggest that ROS 

levels are increased in both α-KG treated and atp-2(RNAi) animals, further substantiating the 

model that α-KG inhibits ATP-2 in vivo. However, we consider this increase in ROS levels 

unlikely to play a major role in the lifespan extension conferred by α-KG for the following 

reasons. 

 

First, as described above, increased ROS does not necessarily dictate a longer lifespan. 

Second, it has previously been shown that supplementation of long-lived eat-2 mutant animals 

with the prooxidant paraquat further extends their lifespan 36, whereas α-KG does not further 
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extend the lifespan of eat-2 mutants (Fig. 3c). Third, ROS has been shown to activate the TOR 

pathway 37,38, whereas α-KG has the opposite effect—inhibiting TOR and activating autophagy 

(Fig. 4b-c). Lastly, it has been postulated that the increased ROS in mitochondrial ETC mutants 

promotes longevity by increasing the activity of hypoxia‐inducible factor 1 (HIF‐1) 39, whereas α-

KG longevity does not require HIF-1 (Fig. 3g, and Extended Data Fig. 5c). 
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CHAPTER 3 
 
 
 

2-Hydroxyglutarate Inhibits ATP Synthase and mTOR 

Signaling 

 

 

 

 

 

 

 

 

(A reprint of “2-Hydroxyglutarate Inhibits ATP Synthase and mTOR Signaling,” which was 

previously published in Cell Metabolism (2015; 22: 508-515), is provided here as Chapter 3) 
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  CHAPTER 4 
 
 
 

The metabolite α-ketobutyrate promotes longevity by 

perturbing pyruvate oxidation and activating AMPK 

 

Abstract 

Aging is a complex process that is directly related to human health and disease. The 

extraordinary finding that aging is malleable, as shown in model organisms whose life 

and health spans are extended by specific gene mutations, dietary restriction, or 

pharmacological perturbations, has offered enormous hope for transforming our 

understanding and treatment of aging and age-related diseases 1,2. Here we show that 

an unfamiliar endogenous metabolite, α-ketobutyrate (α-KB), increases the lifespan of 

adult Caenorhabditis elegans, and that α-KB supplementation confers robust protection 

against an Alzheimer’s disease model in C. elegans. We find that α-KB perturbs 

pyruvate oxidation by acting as a competitive alternative substrate of pyruvate 

dehydrogenase (PDH), rewiring mitochondrial metabolism and activating AMP-activated 

protein kinase (AMPK). Furthermore, the lifespan increase by α-KB requires PDH and 

AMPK, which are highly conserved throughout evolution. Our findings suggest that 

human aging and related degeneration may be remedied by α-KB or α-KB like drugs. 
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Introduction 

Metabolism plays an important role in aging and disease. Increasing evidence has shown that 

endogenous metabolites, as basic as α-ketoglutarate (α-KG) and nicotinamide adenine 

dinucleotide (NAD+), can delay the aging process and increase healthy lifespan3-5. Identifying 

such longevity metabolites and understanding their mechanisms not only can illuminate the 

biological regulation of aging, but also provide new interventions for aging-related diseases.  

Alpha-keto acids are important intermediates in metabolic pathways. Familiar examples include 

α-KG in the tricarboxylic acid (TCA) cycle, pyruvate as the end product of glycolysis, and branch 

chain α-keto acids (including α-ketoisovalerate (KIV), α-ketoisocaproate (KIC) and α-keto-β-

methylvalerate (KMV) – which are α-keto acid analogues of the branch chain amino acids 

valine, leucine and isoleucine, respectively) associated with the metabolic disorder maple syrup 

urine disease. We previously discovered that α-KG extends the lifespan of adult C. elegans and 

identified the highly conserved ATP synthase as a novel target of α-KG in longevity3. The 

unexpected findings suggest that the regulatory networks acted on by metabolites are more 

complex than currently appreciated. Here we identify a new longevity-promoting α-keto acid, α-

ketobutyrate (α-KB), and seek to understand the basis of its mechanism in lifespan regulation. 

 

Results and Discussion 

α-KB increases the lifespan of adult C. elegans 

α-KB (Figure 1A) is a short-chain α-keto acid found in all cells. It is a metabolite in the 

catabolism of methionine, threonine, and homocysteine. α-KB is formed by cystathionine 

gamma-lyase from cystathionine, which is generated from homocysteine and serine by 

cystathionine beta synthase. Transamination of α-KB produces α-aminobutyric acid, a 

component of the nonribosomal tripeptide ophthalmic acid first found in calf lens. Unlike 
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pyruvate, α-KG, or branched-chain α-keto acids, there is no specific enzyme for α-KB oxidation. 

Instead, α-KB can be consumed by the branched-chain α-keto acid dehydrogenase complex 

(BCKDC) or the pyruvate dehydrogenase complex (PDC) 6. Additionally, when respiration is 

inhibited, α-KB can serve as an electron acceptor and be converted to (R)-2-hydroxybutyrate (2-

HB) by lactate dehydrogenase (LDH) 7. Although the metabolism of α-KB has been well 

characterized, its biological function remains poorly understood. 

We discovered that α-KB increases the lifespan of adult C. elegans by up to ~60% (Figure 1B). 

α-KB extended the lifespan of wild-type N2 worms in a concentration-dependent manner, with 4 

mM α-KB yielding the largest lifespan extension (Figure 1C); 4 mM was the concentration used 

in all subsequent C. elegans experiments unless otherwise stated. α-KB not only extends 

lifespan, but also delays age-related phenotypes, such as the decline in rapid, coordinated body 

movement (video not shown). The dilution of the C. elegans bacterial food source has been 

shown to extend worm lifespan 8. However, α-KB does not inhibit bacterial proliferation (Figure 

S1), and there is no significant change in food intake, foraging behavior, or body size in α-KB 

treated animals (data not shown). 

 

α-KB inhibits pyruvate-driven mitochondrial complex I respiration 

We previously found that α-KG increases longevity by inhibiting mitochondrial complex V 3. 

Given the similarities in structure and lifespan effects of α-KB and α-KG, we first asked whether 

α-KB may also affect the electron transport chain (ETC) by measuring mitochondrial respiration 

9. Interestingly, we found that when respiration is driven by the complex I substrates pyruvate 

and malate, there is a significant decrease in ADP-induced (state 3) and FCCP-induced (state 

3u) respiration in isolated mitochondria upon α-KB treatment (Figure 2A-B). However, when 

glutamate and malate are used as complex I substrates or when the complex II substrate 



 

65 
 

succinate is provided, respiration is unaffected by α-KB (Figure 2A-B). These results show the 

specificity of α-KB in inhibiting pyruvate-driven complex I respiration, rather than directly 

interfering with complex I or other ETC complex activity.  

 

α-KB reduces pyruvate oxidation by acting as a competitive alternative substrate of the 

PDC 

The rate of pyruvate oxidation in isolated mitochondria is controlled by the mitochondrial 

pyruvate carrier (MPC) and PDC 10. It has been shown that unlike pyruvate, α-KB is able to 

cross the mitochondrial inner membrane rapidly as a free acid 11. Given that in our experimental 

conditions with the concentration of α-KB (500 μM) being 20-fold lower compared to pyruvate 

(10 mM), any effect of α-KB on pyruvate import by MPC should be negligible, and therefore any 

inhibitory effect on pyruvate oxidation by α-KB should be attributable to PDC inhibition by α-KB. 

To test this idea, we utilized methyl pyruvate, which freely diffuses into the mitochondrion 

without requiring transportation by MPC. As shown in Figure 2A-B, α-KB still inhibits pyruvate 

oxidation using methyl pyruvate as a respiratory substrate, indicating a direct inhibition of PDC 

by α-KB and ruling out any potential inhibitory effect on mitochondrial substrate import as rate 

limiting in the respiration inhibition by α-KB. Consistently, α-KB also inhibits respiration when 

methyl pyruvate is provided together with glutamate and malate as complex I substrates (Figure 

2A-B). These findings further support the model in which α-KB indirectly inhibits complex I 

respiration via disruption of pyruvate oxidation. Indeed, using the DARTS (drug affinity 

responsive target stability) assay 12, we showed that α-KB directly binds to PDC but not to 

mitochondrial complex I (Figures 2C). In concordance, α-KB decreases pyruvate oxidation by 

PDC using purified enzyme (Figure 2D), but does not directly inhibit the activity of complex I in 

vitro (Figure S2A).  
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PDC is a large nuclear-encoded mitochondrial multienzyme complex consisting of pyruvate 

dehydrogenase (PDH, E1), dihydrolipoamide S-acetyltransferase (DLAT, E2), and 

dihydrolipoamide dehydrogenase (DLD, E3). The E3 subunit of PDC is shared with branch 

chain keto acid dehydrogenase complex (BCKDC) and alpha-ketoglutarate dehydrogenase 

complex. PDC mainly catalyzes the oxidation of pyruvate to acetyl-CoA and CO2, linking 

glycolysis and the TCA cycle. The E1 enzyme is a heterotetramer of two alpha and two beta 

subunits. E1 alpha 1 subunit encoded by the PDHA1 gene contains the E1 active site, and plays 

a key role in the function of the PDC. Mutations in PDHA1 are associated with pyruvate 

dehydrogenase E1-alpha deficiency and X-linked Leigh syndrome. Mutations in other PDC 

subunits are also disease associated, including pyruvate dehydrogenase deficiency primary 

lactic acidosis and maple syrup urine disease in infancy and early childhood. PDC activity is 

regulated by product inhibition by NADH, which competes with NAD+ for E3 binding; and by 

acetyl CoA, which competes with CoA for E2 binding. Several analogues of pyruvate, including 

fluoropyruvate and bromopyruvate, have been reported to inhibit PDC. However, these 

molecules also inhibit other pyruvate related enzymes such as pyruvate carboxylase (PC) and 

LDH and/or glycolytic enzymes (including GAPDH and hexokinase). No specific small molecule 

inhibitor of PDC has been described.  

It has been reported that PDC can use α-KB as an alternative substrate 13. We confirmed the 

direct binding of α-KB to PDC using DARTS (Figure 2C). To investigate the mechanism by 

which α-KB perturbs pyruvate oxidation as an alternative substrate, we performed PDC enzyme 

kinetics analysis. In contrast to pyruvate, which exhibits non-Michaelis-Menten kinetics (Hill 

coefficient h = 1.48 ± 0.096) – similar to the E. coli enzyme as reported 14 – α-KB shows little 

cooperativity (h = 1.05 ± 0.084) with similar apparent Khalf but decreased Vmax (Figure 2E). 

Presence of an excess of α-KB results in decreased pyruvate oxidation by PDC (Figure 2D) and 
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loss of cooperativity (Figure 2F). However, inhibition by α-KB is abrogated and rate of pyruvate 

oxidation is restored when pyruvate is provided in high concentrations. This is consistent with 

the model in which α-KB perturbs pyruvate oxidation as a competitive alternative substrate for 

PDC (Figure 2F).  

In contrast, α-KB does not detectably inhibit the reduction of pyruvate by LDH (Figure S2B-C) 

for which α-KB is also a substrate (Figure S2D). The Khalf of LDH for α-KB (3.92 mM) is ~50x 

higher than that for pyruvate (0.076 mM) (Figure S2E), supporting that pyruvate exhibits 

significantly higher affinity on LDH than α-KB. Additionally, α-KB does not protect PC from 

protease digestion in DARTS assay, suggesting that PC does not use α-KB as a substrate in 

vivo (Figure S2F). These results indicate that α-KB does not broadly affect all pyruvate-

dependent reactions but only selectively inhibits pyruvate oxidation through PDC. In addition to 

PDC, BCKDC is able to oxidize α-KB 6. However, α-KB does not alter BCKDC-driven 

respiration, as when individual branched-chain alpha-keto acids are offered as a substrate, 

mitochondrial respiration is not inhibited by α-KB (Figure S2G).  

To assess the functional significance of α-KB on pyruvate oxidation in intact cells, we measured 

cellular respiration. α-KB treatment partially but significantly decreases ATP-linked and maximal 

respiration, whereas the complex I inhibitor rotenone completely abolishes respiration (Figure 

S2H). This partial inhibition by α-KB is expected since α-KB does not directly inhibit complex I, 

and only specifically decreases pyruvate oxidation while sparing other NADH-generating 

enzymes such as α-KG dehydrogenase.  

In eukaryotes, PDH is tightly regulated by pyruvate dehydrogenase kinase (PDK) and pyruvate 

dehydrogenase phosphatase, which inactivates and activates the enzyme, respectively 15. 

Interestingly, phosphorylation of PDH is decreased upon α-KB treatment (Figure S2I), indicating 

that more PDH is in its unphosphorylated, active form. This would be expected based on the 

negative feedback on PDK as α-KB treatment decreases acetyl-CoA (Figure 3A), which is an 
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allosteric activator of PDK. Importantly, this suggests that the inhibition of pyruvate oxidation by 

α-KB occurs independently of PDH phosphorylation and supports the mechanism of α-KB as a 

competitive alternative substrate of the PDH. 

In agreement with the inhibitory effect of α-KB on pyruvate oxidation, we found that α-KB 

treatment decrease the respiration of C. elegans as well, similar to the scenario with PDH 

knockdown (Figure 2G and Figure S2J). To determine the significance of pyruvate oxidation to 

the longevity by α-KB, we measured the lifespan of PDH RNAi adult C. elegans given α-KB. 

PDH RNAi animals live longer than control RNAi animals (Figure 2H), and α-KB does not further 

extend the lifespan of PDH RNAi worms (Figure 2H), consistent with the longevity effect of α-KB 

being dependent on pyruvate oxidation.  

 

α-KB rewires mitochondrial substrate utilization through interruption of pyruvate 

oxidation 

The mitochondrion is a pivotal organelle for core metabolic pathways, including TCA cycle, 

ETC, and lipid metabolism. Various substrates, including pyruvate, glutamine, and lipids, can be 

utilized for mitochondrial metabolism. Upon nutrient or pathological stress, such as dietary 

restriction or cancer, substrate utilization by the mitochondria can be drastically altered 16. PDC 

is the gatekeeper enzyme controlling pyruvate entry into the TCA cycle. Upon disruption of 

pyruvate oxidation, cells would be expected to utilize less glucose and increase utilization of 

alternative substrates for mitochondrial metabolism. In addition to PDC, MPC also regulates 

pyruvate oxidation by controlling substrate import. To confirm the effects of α-KB on pyruvate 

oxidation in cells, we performed metabolomics analysis. As would be expected of PDC 

inhibition, the abundance of acetyl-CoA and citrate was significantly decreased in α-KB treated 

cells (Figure 3A). Furthermore, metabolomics flux analysis using [U-13C6]glucose shows a 
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significant decrease in glucose-derived citrate and other TCA cycle intermediates in α-KB 

treated cells (Figure 3B-C), supporting an inhibitory effect of α-KB on the oxidation of glucose-

derived pyruvate. Meanwhile, the abundance of glucose-derived (M3) lactate was not altered by 

α-KB treatment, whereas the abundance of glucose-derived (M3) alanine and serine was 

significantly increased (Figure S3A). The overall level of alanine also increased significantly 

upon α-KB treatment (Figure S3B). This increase in alanine and serine may at least partially 

contribute to the increase in α-KG, as the reactions that generate alanine and serine 

simultaneously converts glutamate to α-KG (Figure S3B). In contrast, the amount of 

leucine/isoleucine and valine was not changed upon α-KB treatment, suggesting that the 

oxidation of branch-chain alpha-keto acids is not affected (Figure S3B). Together the data 

indicate that α-KB treatment prevents the entry of glucose-derived pyruvate into the TCA cycle 

without affecting the conversion of pyruvate into lactate, increases transaminase conversion of 

pyruvate to alanine, and increases glucose flux into serine synthesis. This further supports that 

α-KB specifically interrupts PDH as an alternative substrate, but not LDH or alanine 

transaminase (ALT). By comparison, when pyruvate transportation into the mitochondria is 

abolished upon MPC inhibition, both total and glucose-derived alanine decreases (Figure S3A 

and S3C)17, indicating that α-KB induces distinct metabolic states from MPC disruption. 

To further confirm that the metabolic alterations upon α-KB treatment are primarily due to 

disruption of pyruvate oxidation, we knocked down DLAT, the E2 subunit of PDC, and found 

that both the total and glucose-derived citrate was decreased, similar to α-KB treatment (Figures 

3D and S3C). Notably, both total and glucose-derived alanine was increased upon DLAT 

knockdown (Figure S3D-E), again consistent with α-KB treatment and different from MPC 

inhibition.  In addition, principle component analysis (PCA) shows that isotopomer distributions 

induced by DLAT knockdown are similar to those resulting from α-KB treatment, and the 

magnitude of α-KB-induced metabolomics alterations is decreased in DLAT knockdown cells as 
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evidenced by isotopomer distribution, glucose-fractional contribution, and relative abundance of 

metabolites (Figure 3E and data not shown). In contrast, α-KB-induced metabolic alterations are 

unabated in LDHβ knockdown cells (Figure S3F and data not shown).  

It is well documented that disruption of PDC induces distinct changes in glutamine metabolism 

compared to MPC perturbation by using [U-13C5]glutamine tracer 17. [U-13C5]glutamine can be 

converted to M5 citrate through reductive carboxylation or to M4 citrate through oxidation. 

Additionally, [U-13C5]glutamine is oxidized and converted back to pyruvate through the malic 

enzyme reaction.  The pyruvate derived from [U-13C5]glutamine can further go through PDC and 

generate labeled acetyl-CoA, which then combines with oxaloacetate to form M6 citrate. 

Alternatively, the glutamine-derived pyruvate can be converted to M3 lactate or alanine. M6 

citrate is the most significantly increased isotopomer of citrate in MPC-knockdown cells, 

whereas M5 citrate is the most significantly increased species upon PDC inhibition. Our 

metabolomics analysis with [U-13C5]glutamine supports the hypothesis that PDC is the main 

target underlying α-KB’s inhibition of pyruvate oxidation. Both M5 and M6 citrate increased 

significantly upon α-KB treatment (Figure 3F). Notably, the increase of M5 citrate is significantly 

higher than that of M6 citrate, suggesting that α-KB treatment, like hypoxia associated PDC 

inhibition, majorly increases reductive carboxylation in the TCA cycle 18,19. On the contrary, M6 

citrate is the major increase in UK5099-treated cells (Figure 3F), which is consistent with the 

previous report 17. This supports that PDC is the primary target for α-KB in cells. The abundance 

of fully labeled succinate, fumarate, α-KG, and malate increased significantly in α-KB-treated 

cells (Figure 3G), suggesting TCA cycle anaplerosis from increased glutaminolysis in α-KB 

treated cells. Additionally, M3 alanine is increased upon α-KB treatment (Figure S3G), indicating 

a higher flux of glutamine oxidation and conversion back to pyruvate through the malic enzyme.   

Consistent with glucose and glutamine tracer results, we showed that glutamine contribution to 

lipogenic acetyl-CoA pool was significantly increased while the contribution from glucose was 
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largely decreased. This further supports that pyruvate oxidation is disrupted by α-KB treatment 

(Figure 3H).  

Our metabolomics analysis indicates that α-KB treatment causes an increased flux of glutamine 

into the TCA cycle. A prediction of this finding is that the decreased pyruvate oxidation by α-KB 

would result in an increased reliance on glutamine in α-KB treated cells. Indeed, combined 

treatment with α-KB and a glutaminase inhibitor synergistically inhibits cell growth (Figure S3H).  

In addition to glycolysis, β-oxidation provides acetyl-CoA to fuel into TCA cycle. To investigate 

whether β-oxidation serves as an compensatory pathway for TCA cycle upon disruption of 

pyruvate oxidation, we analyzed β-oxidation in α-KB-treated cells by utilizing the [U-

13C16]palmitate tracer. α-KB treatment increases β-oxidation flux into the TCA cycle, as 

evidenced by the significant increase in M2 citrate as well as increased label incorporation into 

other TCA cycle intermediates (Figure 3I-J). 

 

AMPK is required for lifespan increase by α-KB 

Since α-KB perturbs pyruvate oxidation and extends lifespan, and AMPK is a major energy 

sensor and mediator of longevity 20, we asked whether the lifespan extension by α-KB is 

dependent on AMPK. We found that α-KB does not extend the lifespan of aak-2 mutant worms 

(Figure 4A), supporting the involvement of AMPK in α-KB longevity. Lifespan increase by α-KB 

also requires daf-16 (Figure 4B), which act downstream of aak-2 in longevity regulation 21; in 

contrast, daf-2, which regulates daf-16 independently of aak-2, is not required for the longevity 

effect of α-KB (Figure 4C), further supporting that α-KB extends lifespan in an AMPK-dependent 

manner. Since induction of the mitochondrial unfolded protein response (UPRmt) has recently 

been implicated in the longevity associated with mitochondrial perturbations 5,22,23, we tested 

whether the longevity effect of α-KB may involve UPRmt. α-KB does not induce the UPRmt 
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marker HSP60 (Figure S4C), and α-KB extends the lifespan of C. elegans with knockdown of 

UBL-5 (Figure 4D), which is required for induction of the UPRmt, suggesting that UPRmt is not 

required for the longevity effect of α-KB. This is consistent with the idea that UPRmt acts 

independently of AMPK in longevity 23. Importantly, phosphorylated AMPK (encoded by the C. 

elegans orthologue aak-2) is increased in α-KB treated worms (Figure 4E) as well as in H9C2 

cells (Figure 4F), consistent with α-KB acting upstream of AMPK in longevity signaling.  

 

α-KB activates AMPK by disruption of pyruvate oxidation 

Pyruvate oxidation is critical for energy metabolism, as it provides substrate (NADH) for ETC 

and AMPK is controlled by cellular energy metabolism through an upstream kinase, LKB1. 

Therefore, it is plausible that α-KB activates AMPK through inhibition of pyruvate oxidation and 

is dependent on LKB1.  Indeed, knockdown of PDC subunits DLAT (E2) or PDHB (E1 

component subunit beta) each activates AMPK and abolishes further AMPK activation by α-KB 

(Figure 4G), whereas AMPK activation by α-KB is normal in LDH or PC knockdown cells (Figure 

S4A-B). In addition, α-KB no longer activates AMPK in LKB1-null cells (Figure 4H). Plus, AMPK 

is activated in PDH RNAi C. elegans (Figure 4E). Taken together, our results support the model 

in which α-KB activates AMPK through inhibition of pyruvate oxidation.  

AMPK activation has been reported to be beneficial in various disease models, including 

Alzheimer’s disease 24. Therefore, we asked whether α-KB could relieve the proteotoxic stress 

in a C. elegans Alzheimer’s disease model wherein amyloid-beta toxicity causes progressive, 

age-dependent paralysis 25. Remarkably, α-KB supplementation delays amyloid-beta induced 

paralysis (Figure 4I); importantly, α-KB does not protect AAK-2 knockdown C. elegans in this 

model (Figure 4I), consistent with the mechanism involving pyruvate oxidation and subsequent 
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AMPK activation. The results suggest that α-KB induces AMPK activation in C. elegans and 

could be exploited for aging-related disease intervention. 

 

SUMMARY 

We show that an unfamiliar metabolite, α-KB, extends lifespan of adult C. elegans. This 

extension is likely through a direct inhibitory effect of α-KB on pyruvate oxidation and 

consequent activation of AMPK. Although it has been suggested that α-KB disturbs pyruvate 

oxidation in vitro 13,26, the physiological and biological significance of this effect on pyruvate 

metabolism has not been studied. Our report shows that α-KB treatment increases lifespan 

expectancy by acting as a competitive alternative substrate of PDC. The inhibitory effect of α-KB 

on pyruvate oxidation is specific, as our results suggest that pyruvate reactions through LDH, 

PC, and ALT are not inhibited by α-KB treatment. Through its inhibition of PDH, α-KB treatment 

rewires mitochondrial substrate utilization. The entry of glucose-derived pyruvate into TCA cycle 

is perturbed upon α-KB treatment while increased glutamine and lipid are utilized by the 

mitochondria. Altered mitochondrial substrate utilization is associated with numerous 

pathological conditions, including obesity and diabetes 27,28. Our finding that α-KB alters 

mitochondrial metabolism provides novel direction for the treatment of mitochondrial metabolism 

diseases. 

Our results indicate that α-KB exhibits a comparable affinity as pyruvate to PDC, and this 

suggests the possibility for α-KB to be utilized as a major endogenous PDH substrate. 

Moreover, when PDC switches to use α-KB as its major substrate, due to the lower efficacy of 

α-KB, the overall activity of PDC is limited, mitochondrial metabolism is rewired, and AMPK is 

activated. This points to the possibility that alternative endogenous substrates for pivotal 

metabolic enzymes, such as PDC, are able to determine the activity of these enzymes and yield 
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profound effects on the endogenous regulatory systems of signaling and aging. In addition, it is 

possible that these alternative substrates are employed by the organism under stress, and 

further studies on alternative substrates may shed light on novel anti-aging interventions. 

Perhaps reminiscent of the dual effects of mitochondrial ETC inhibition in longevity and disease, 

although severe PDC deficiency has been linked to neuronal degeneration, cancer, and glucose 

intolerance 29, moderate inhibition of PDC can bestow health benefits without adversely 

affecting normal organismal function. 

Energy metabolism and AMPK are intimately connected with both aging and health. Metformin, 

the plant-derived, most widely used anti-diabetic biguanide whose mechanisms include 

inhibition of mitochondrial complex I and activation of AMPK, has been shown to exhibit 

beneficial effects against aging and cancer. Our study demonstrates that an endogenous 

longevity small molecule can also successfully relieve aging-dependent degenerations through 

AMPK activation, supporting the idea that aging-related diseases can be countered by 

regulation of longevity pathways.   

 

Figure Legends 

 

Figure 1. α-KB increases the lifespan of adult C. elegans.  

(A) Structure of α-KB.  

(B) α-KB extends the lifespan of adult worms, mean lifespan (days of adulthood) with vehicle 

treatment (mveh) = 14.1 (n = 111 animals tested), mα-KB = 22.4 (n = 66), p < 0.0001 (log-rank 

test).  

(C) Dose–response curve of the α-KB effect on longevity.  
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Figure 2. α-KB perturbs pyruvate oxidation.  

(A-B) Isolated mitochondria from mouse liver are offered with different respiratory substrates. 

Upon α-KB treatment (500 μM), both state 3 (A) and state 3u (B) respiration is decreased when 

pyruvate (Pyr) and methyl pyruvate (Me-pyr) are utilized as substrates (∗∗p < 0.01, ∗∗∗p < 

0.001). Unpaired t test, two-tailed, two-sample unequal variance is used. Mean ± s.d. is plotted.  

(C) DARTS identifies PDH as an α-KB-binding protein complex. α-KB does not bind to ETC 

complex I; NQO1 and NDUFB8 are subunits of complex I. U87 cell lysates were used. Similar 

results were obtained with HEK293 cells (data not shown).  

(D) Inhibition of PDC activity by α-KB. Pyruvate (1 mM) is provided as substrate.  

(E) Allosteric sigmoidal kinetics of pyruvate and α-KB on PDC, by nonlinear regression least-

squares fit. The Vmax and Khalf values for pyruvate vs. α-KB are 0.004 vs. 0.001 and 54.05 vs. 

56.13, respectively.  

(F) α-KB acts as a competitive alternative substrate to perturb pyruvate oxidation and decrease 

NADH generation. PDC activity is measured based on the synthesis rate of NADH.  

(G) Decreased oxygen consumption rate (OCR) in α-KB-treated worms (p < 0.05; by t-test, two-

tailed, two-sample unequal variance) for the entire time. 

(H) α-KB cannot extend the lifespan of PDHB-1 knockdown worms. Control, mveh = 19.5 (n = 

94), mα-KB = 21.8 (n = 88), p < 0.0001 (log-rank test); pdhb-1 RNAi, mveh = 22.5 (n = 81), mα-KB = 

19.8 (n = 84), p < 0.0001 (log-rank test).  
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Figure 3. α-KB treatment alters mitochondrial substrate utilization and activates AMPK. 

(A) Relative abundance of citrate of acetyl-CoA.  

(B) Citrate mass isotopomer distribution (MID) upon α-KB treatment resulting from culture with 

[U-13C6]glucose (UGlc).  

(C) Percentage of fully labeled metabolites derived from [U-13C6]glucose (UGlc).  

(D) Citrate MID upon DLAT knockdown resulting from culture with [U-13C6]glucose (UGlc). 

(E) Principle component analysis using isotopomer distribution from UGlc to all measured 

metabolites in DLAT-knockdown and α-KB-treated cells. 

(F) Citrate mass isotopomer distribution (MID) upon α-KB or UK5099 (10 μM) treatment 

resulting from culture with [U-13C5]glutamine (UGln).  

(G) Percentage of fully labeled metabolites derived from [U-13C5]glutamine (UGln). 

(H) Contribution of UGln and UGlc to lipogenic AcCoA as determined by isotopomer enrichment 

modeling. 

(I) Relative abundance of M2 citrate upon α-KB treatment resulting from culture with [U-

13C16]palmitate conjugated to BSA (UPalm).  

(J) Percentage of fully labeled metabolites derived from [U-13C16]palmitate conjugated to BSA 

(UPalm).  

Unpaired t test, two-tailed, two-sample unequal variance was used for (A)-(D) and (F)-(I) 

(∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05). Mean ± SD is plotted. 3.2 mM α-KB was 

used in (A)-(I).  
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Figure 4. α-KB extends lifespan and ameliorate aging-dependent symptoms through 

AMPK and disruption of pyruvate oxidation.  

(A) α-KB does not extend (and, in fact, slightly reduces) the lifespan of aak-2(gt33) adult worms, 

mveh = 15.9 (n = 120), mα-KB = 15.1 (n = 138), p = 0.0029 (log-rank test).  

(B) α-KB does not extend the lifespan of daf-16(mu86) adult worms, mveh = 15.5 (n = 97), mα-KB = 

16.0 (n = 99), p = 0.1482 (log-rank test).  

(C) α-KB further extends the lifespan of daf-2(e1370) adult worms, mveh = 37.0 (n = 100), mα-KB = 

47.0 (n = 95), p < 0.0001 (log-rank test). 

(D) α-KB extends the lifespan of adult worms with UBL-5 knockdown. Control, mveh = 16.0 (n = 

67),  mα-KB = 18.5 (n = 71), p < 0.0001 (log-rank test); ubl-5 RNAi, mveh = 16.2 (n = 68), mα-KB = 

18.4 (n = 63), p < 0.0001 (log-rank test). 

(E) α-KB treatment or PDHB-1 knockdown increases phosphorylated AMPK in adult C. elegans. 

(F) AMPK signaling is activated in α-KB-treated cells. Similar results were obtained in multiple 

cell lines, including H9C2 (shown), U87 and HAP1 cells (not shown). 

(G) α-KB treatment does not further activate AMPK in PDC-knockdown H9C2 cells. 

(H) α-KB does not activate AMPK in HeLa cells, which are deficient in the upstream kinase 

LKB1.  

(I) α-KB delays paralysis in the Aβ1-42 expressing GMC101 worms, but does not reduce amyloid-

beta toxicity in AAK-2 knockdown animals. Control, mveh = 2.5 (n = 248), mα-KB = 3.5 (n = 150), p 

< 0.0001 (log-rank test); aak-2 RNAi, mveh = 2.6 (n = 281), mα-KB = 2.7 (n = 231), p = 0.7106 (log-

rank test).  
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Figure 3 
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Figure 4 
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Supplemental Figures 

 

 

 

Figure S1, related to Figure 1. α-KB increases the lifespan of adult C. elegans.  

α-KB does not alter the growth rate of the OP50 E. coli. OP50 is the standard laboratory food 

source for nematodes. α-KB (4 mM) or vehicle (H2O) was added to standard LB media and the 

pH was adjusted to 6.6 by the addition of NaOH. Bacterial cells from the same overnight OP50 

culture were added to the LB  α-KB mixture at a 1:40 dilution, and then placed in the 37 oC 

incubator shaker at 300 r.p.m. The absorbance at 595 nm was read at 1 h time intervals to 

generate the growth curve. 
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Figure S2, related to Figure 2. α-KB perturbs pyruvate oxidation.  

(A) α-KB does not inhibit complex I activity.  

(B) α-KB does not decrease LDH activity in converting pyruvate to lactate. Pyruvate (1 mM) is 

provided as substrate.  

(C) α-KB does not act as a competitive alternative substrate for pyruvate on LDH and does not 

decrease NADH consumption rate. LDH activity is measured based on the consumption rate of 

NADH.   
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(D) DARTS showing α-KB binding to LDH. 

(E) Allosteric sigmoidal curves of pyruvate vs. α-KB on LDH, by nonlinear regression least-

squares fit. The Vmax and Khalf values for pyruvate vs. α-KB are 0.0036 vs. 0.0027 and 0.076 vs. 

3.92, respectively. LDH activity is measured based on the consumption rate of NADH. Mean ± 

s.d. is plotted.  

(F) DARTS showing α-KB does not bind to PC.  

(G) Isolated mitochondria from mouse liver are offered with different respiratory substrates. 

Upon α-KB, states 3u mitochondrial respiration is not inhibited when 5 mM KIC, 10 mM KIV, or 

10 mM KMV is utilized as substrates together with 10 mM malate.  

(H) Basal respiration, ATP-linked respiration (oligomycin-insensitive respiration) and maximum 

respiration (FCCP-induced respiration) upon α-KB (5 mM) or rotenone (1 μM) treatment; 

∗∗∗∗p < 0.0001, ∗∗p < 0.01, ∗p < 0.05. Unpaired t test, two-tailed, two-sample unequal variance 

was used. 

(I) The level of phosphor-PDHA1 is decreased upon α-KB treatment in H9C2 cells. 

Mean ± s.d. is plotted. 

(J) pdhb-1 RNAi worms have lower oxygen consumption compared to control, p < 0.05 (t-test, 

two-tailed, two-sample unequal variance) for the entire time; similar to α-KB-treated worms 

shown in Fig. 2G. 
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Figure S3, related to Figure 3. α-KB treatment alters mitochondrial substrate utilization 

and activates AMPK.  

(A) Relative abundance of M3 lactate, alanine, and serine in cells with α-KB or UK5099 (10 μM) 

treatment resulting from culture with UGlc.  

(B) Relative abundance of lactate, alanine, and serine in cells with α-KB treatment. 

(C) Relative abundance of alanine in cells with α-KB or UK5099 (10 μM) treatment resulting 

from culture with UGlc.   

(D) DLAT-knockdown cells exhibit decreased citrate and increased alanine.  

(E) Relative abundance of M3 alanine in DLAT-knockdown cells resulting from culture with 

UGlc.  

(F) Principle component analysis using isotopomer distribution from UGlc to all measured 

metabolites in LDHB-knockdown and α-KB-treated cells. 

(G) Relative abundance of M3 lactate and alanine in cells treated with α-KB resulting from 

culture with UGln.  

(H) α-KB synergistically inhibits cell growth with BPTES, a known glutaminase inhibitor 1.  
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Unpaired t test, two-tailed, two-sample unequal variance was used for (A)-(D) and (F)-(I) 

(∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05). Mean ± SD is plotted. 3.2 mM α-KB was 

used in (A)-(H).  

 

 

 

Figure S4, related to Figure 4. α-KB extends lifespan and ameliorate aging-dependent 

symptoms through AMPK and disruption of pyruvate oxidation. 

(A) LDHB (lactate dehydrogenase B chain) knockdown does not abolish α-KB activation of 

AMPK. H9C2 cells were used. 

(B) PC knockdown does not abolish α-KB activation of AMPK. H9C2 cells were used. 

(C) α-KB does not modulate HSP60 or LC3.  
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Supplemental Experimental Procedures 

 

Nematode strains 

The following strains were used (strain, genotype): Bristol N2, wild type; TG38, aak-2(gt33)X; 

DA1116, eat-2(ad1116)II; CB1370, daf-2(e1370)III; CF1038, daf-16(mu86); skn-1(zu67). All 

strains were obtained from the Caenorhabditis Genetics Center (CGC). 

 

Lifespan analysis 

Lifespan assays were conducted as described 2 at 20 oC on solid nematode growth media 

(NGM) using standard protocols and were replicated in at least two independent experiments. 

All lifespan data are available in Extended Data Table 1, including sample sizes. The sample 

size was chosen on the basis of standards done in the field in published manuscripts. No 

statistical method was used to predetermine the sample size. Animals were assigned randomly 

to the experimental groups. Worms that ruptured, bagged (that is, exhibited internal progeny 

hatching), or crawled off the plates were censored. Lifespan data were analyzed using 

GraphPad Prism; P values were calculated using the log-rank (Mantel–Cox) test. 

 

Statistical analyses 

All experiments were repeated at least two times with identical or similar results. Data represent 

biological replicates. Appropriate statistical tests were used for every figure. Data meet the 

assumptions of the statistical tests described for each figure. Mean ± s.d. is plotted in all figures 

unless stated otherwise. 
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Assay for C. elegans paralysis in Alzheimer's disease model 

The GMC101 C. elegans strain 3 expresses the full length human amyloid-beta 1-42 protein in 

the body wall muscle cells, leading to a fully-penetrant age-progressive paralysis. Worms were 

age-synchronized by performing a timed egg lay for 3 h with ~100 gravid adults and the eggs 

placed in a 20 °C incubator. Once the eggs had developed to the L4 stage at 42 h post egg lay, 

they were picked onto NGM treatment plates containing 49.5 µM 5-fluoro-2’-deoxyuridine 

(FUDR, Sigma F0503) to prevent progeny production and either α-KB (2 mM) or vehicle (water) 

control. Worms were then shifted to 30°C to induce amyloid-beta aggregation and paralysis. 

Worms were assessed for paralysis daily, beginning on the second day of treatment, by the 

failure to perform whole body bends and to significantly move forward and backward upon 

gentle prodding with a platinum wire. Most paralyzed worms could still move their heads and 

part of their body. All worms were transferred to fresh treatment plates on day 4.  

 

Measurement of mitochondrial respiration 

Mitochondria were isolated from mouse liver as described 2. The final mitochondrial pellet was 

resuspended in 30 µl of MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM 

MgCl2, 2 mM HEPES, 1 mM EGTA, and 0.2% fatty acid free BSA, pH 7.2). 

Mitochondrial respiration was measured by running coupling and electron flow assays. For the 

coupling assay, MAS buffer supplemented with10 mM succinate and 2 µM rotenone, or 10 mM 

pyruvate and 2 mM malate (with or without 20 mM methyl pyruvate), or 10 mM glutamate and 

10 mM malate (with or without 20 mM methyl pyruvate), or 10 mM methyl pyruvate and 2mM 

malate. Mitochondria in complete MAS buffer were seeded into a XF24 Seahorse plate by 
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centrifugation at 2,000g for 20 min at 4 °C. Just before the assay, the mitochondria were 

supplemented with complete MAS buffer for a total of 500 µl (with Vehicle or α-KB), and warmed 

at 37 °C for 30 min before starting the OCR measurements. Mitochondrial respiration begins in 

a coupled state 2; state 3 is initiated by 2 mM ADP; state 4o (oligomycin insensitive, that is, 

complex V independent) is induced by 2.5 µM oligomycin; and state 3u (FCCP-uncoupled 

maximal respiratory capacity) by 4 µM FCCP. Finally, 1.5 µg/mL antimycin A was injected at the 

end of the assay. 

For the electron flow assay, the MAS buffer was supplemented with 10 mM sodium pyruvate, 2 

mM malate and 4 µM FCCP, and the mitochondria are seeded the same way as described for 

the coupling assay. After basal readings, the sequential injections were as follows: 2 µM 

rotenone (complex I inhibitor), 10 mM succinate (complex II substrate), 4 µM antimycin A 

(complex III inhibitor), and 10 mM/100 µM ascorbate/tetramethylphenylenediamine (complex IV 

substrate). 

 

Measurement of oxygen consumption rates (OCR) 

OCR measurements were made using a Seahorse XF-24 analyzer (Seahorse Bioscience). 

H9C2 Cells were seeded in Seahorse XF-24 cell culture microplates in DMEM media 

supplemented with 10% FBS and 10 mM glucose, and incubated at 37 °C and 5% CO2 

overnight. Treatment with designated compounds was for 2 h. Cells were washed in unbuffered 

DMEM medium (pH 7.4, 10 mM glucose) just before measurements, and maintained in this 

buffer with indicated concentrations of α-KB. OCR was measured three times under basal 

conditions and normalized to protein concentration per well. 

Measurement of OCR in living C. elegans was carried out as follows. Wild-type day 1 adult N2 

worms were placed on NGM plates containing 4 mM α-KB or H2O (vehicle control). OCR was 
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assessed on day 2 of adulthood. On day 2 of adulthood, worms were collected and washed four 

times with M9 to rid the samples of bacteria, and then the animals were in Seahorse XF-24 cell 

culture microplates (Seahorse Bioscience, V7-PS) in 200 µl M9 at ~100 worms per well. Oxygen 

consumption rates were measured seven times under basal conditions and normalized to the 

number of worms counted per well. The experiment was repeated twice. Statistical analysis was 

performed using Microsoft Excel (t-test, two-tailed, two-sample unequal variance). 

 

Complex I (NADH:ubiquinone oxidoreductase) assay 

NADH:ubiquinone oxidoreductase activity was measured using MitoTox™ Complex I OXPHOS 

Activity Microplate Assay (Abcam, ab109903) according to manufacturer’s instructions. 

 

Pyruvate dehydrogenase (PDH) and lactate dehydrogenase (LDH) enzyme activity assays 

The enzyme activities were measured as described 4,5 using purified porcine heart PDH (Sigma, 

P7032-25UN) and purified rabbit LDH (Promega, G9071). 10 mM NaF is included to exclude the 

effect of enzyme phosphorylation for PDH assay.  

 

Metabolic profile analysis 

Cells were cultured for 24 h, rinsed with PBS, and medium containing [U-13C6]glucose, [U-

13C5]glutamine, or [U-13C16]palmitate added. After 24 h culture, cells were rinsed with ice-cold 

150 mM NH4AcO (pH 7.3) followed by addition of 400 µL cold methanol and 400 µL cold water. 

Cells were scraped off, transferred to an Eppendorf tube, and 10 nmol norvaline as well as 400 

µL chloroform added to each sample. For the metabolite extraction, samples were vortexed for 
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5 min on ice, spun down, and the aqueous layer transferred into a glass vial and dried. 

Metabolites were resuspended in 70% ACN, and 5 µL sample loaded onto a Phenomenex Luna 

3u NH2 100A (150 x 2.0 mm) column. The chromatographic separation was performed on an 

UltiMate 3000RSLC (Thermo Scientific) with mobile phases A (5 mM NH4AcO, pH 9.9) and B 

(ACN) and a flow rate of 300 µL/ min. The gradient ran from 15% A to 95% A over 18 min, 9 min 

isocratic at 95% A, and re-equilibration for 7 min. Metabolite detection was achieved with a 

Thermo Scientific Q Exactive mass spectrometer run in polarity switching mode (+3.0 kV / −2.25 

kV). TraceFinder 3.1 (Thermo Scientific) was used to quantify metabolites as area under the 

curve using retention time and accurate mass measurements (≤ 3 ppm). Relative amounts of 

metabolites were calculated by summing up all isotopomers of a given metabolite and were 

normalized to internal standard and cell number. Natural occurring 13C was accounted for as 

described in (Yuan et al., 2008). 

 

Cell Culture 

H9C2 cells were cultured in glucose-free DMEM (Life technologies, 11966-025) supplemented 

with 10% fetal bovine serum (FBS) and 10 mM glucose. H9C2 cells were cultured at 37°C and 

5% CO2. Cells were transfected with indicated siRNA using DharmaFECT 1 Transfection 

Reagent by following the manufacturer’s instructions. Knockdown efficiency was confirmed by 

Western blotting. 

 

RNAi in C. elegans 

RNAi in C. elegans was accomplished by feeding worms HT115 (DE3) bacteria expressing 

target-gene double-stranded RNA (dsRNA) from the pL4440 vector. dsRNA production was 
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induced overnight on plates containing 1 mM isopropyl-b-D-thiogalactoside (IPTG). All RNAi 

feeding clones were obtained from the C. elegans ORF-RNAi Library (Thermo Scientific/Open 

Biosystems) unless otherwise stated.  In lifespan experiments, we used RNAi to inactivate AAK-

2, UBL-5 and PDHB-1 in mature animals in the presence or absence of exogenous a-KB. The 

concentration of a-KB used in these experiments (4 mM) was empirically determined to be most 

beneficial for wild-type animals (Figure 1C).  

 

Assay for AMPK pathway activity in C. elegans 

Wild-type N2 were grown at 20 °C from the L1 stage until L4. L4 worms were transferred onto 

NGM plates (55-mm diameter) with vehicle (water), 4mM α-KB, pdhb-1 RANi bacteria. After 

one-day treatment, adult worms were washed from three plates using M9 buffer, followed by 

centrifuging at 1400 rpm for 1 min. After removing the supernatant, the worms were frozen in ~ 

25 μl M9 buffer quickly in liquid nitrogen. Then the worm samples were stored at 80 °C. Before 

western blotting analysis, worms were thaw on ice and mixed with 2× sample loading buffer (50 

mM Tris-Cl, pH 6.8, 2 mM EDTA, 4% glycerol, 4% SDS, bromophenol blue, 1X PIC) and 

sonicated at 50 sonics at 40 °C for 3 min and then boiled at 95 °C for 6 min. Cool samples on 

ice before load in 4-12% Bis-Tris gel. AMPK pathway activity in C. elegans treated with α-KB or 

pdhb-1 knockdown was determined by the levels of phosphorylation of AMPK (T172) 6. Specific 

antibodies used: P-AMPKα T172 (Cell Signaling, 2535S), α-Tubulin (Sigma, T6199).  

 

Assay for AMPK and mammalian TOR (mTOR) pathway activity 

AMPK and mTOR pathway activity in cells treated with α-KB was determined by the levels of 

phosphorylation of AMPK (T172), AAC (S79), and S6K (T389). Specific antibodies used: 
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phospho (P)-S6K T389 (Cell Signaling, 9234), S6K (Cell Signaling, 9202S), P-AMPKα T172 

(Cell Signaling, 2535S), AMPKα (Cell Signaling, 2532S), P-ACC S79 (Cell Signaling, 3661S), 

ACC (Cell Signaling, 3662S), GAPDH (Santa Cruz Biotechnology, 25778), DLAT (Thermofisher, 

PA5-29043), DLD (Thermofisher, PA5-27364), P-PDHA (Novus, NB110-93479), LDHA(Cell 

Signaling, 2012S), LDHB(Abcam, ab53292), PC(Abcam, ab126707), PKM1/2(Cell Signaling, 

3186s), and PDHA (Cell Signaling, 2784S). 

 

Assay for cellular growth 

H9C2 cells were seeded in 96-well plates at 2 x 103 cells per well and treated with indicated 

compound for 2 day. Cell number was measured using the CellTiter-Glo luminescent ATP assay 

(Promega, G7572); luminescence was read using Analyst HT (Molecular Devices).  

 

Assay for NAD+/NADH 

NAD+/NADH level is measured by NAD/NADH-Glo™ Assay (Promega, G9071) with adapted 

protocol as described 4.  

 

Isotopomer enrichment modeling 

Isotopomer enrichment modeling was performed as described7. 
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CHAPTER 5 
 
 

                                  Conclusions 

 

This dissertation has presented several novel endogenous longevity compounds, 

including α-ketoglutarate (α-KG)1, 2-hydroxyglutarate (2-HG)2, and α-ketobutyrate (α-KB). To 

explore the anti-aging mechanisms of these compounds, we combined analyses of target 

identification3, metabolomics, bioenergetics, as well as epistasis using both C. elegans and 

mammalian cells. These approaches allowed us to identify and validate the functional targets 

and downstream metabolic signaling pathways acted upon by of these compounds.  

We first discovered that α-KG is a novel and potent longevity compound. By applying 

DARTS (drug affinity response target stability)3, we identified ATP5B, a subunit of the F1 

component of ATP synthase, as a novel target for this metabolite. The inhibitory effect of α-KG 

on ATP synthase was further validated in purified enzyme activity assays, cells, and C. elegans. 

We next found that TOR is a downstream signaling target for the longevity effects of α-KG. It is 

likely that α-KG inhibits TOR through ATP synthase inhibition, as TOR signaling is modulated by 

energy metabolism and is inhibited upon dietary restriction (DR). Interestingly, we found that the 

longevity effect of α-KG overlaps with DR and endogenous α-KG accumulates upon DR in C. 

elegans. Consistently, a recent study reported that α-KG accumulates in starved mice4. These 

results suggest that α-KG may serve as a bridge signaling to connect DR, TOR, and lifespan 

extension.  

 2-HG is a well-known oncometabolite that becomes accumulated in IDH mutant tumors 

and facilitates tumor transformation5. Unexpectedly, we discovered that 2-HG, similar to α-KG, 



 

98 
 

extends lifespan in C. elegans via inhibition of 2-HG ATP synthase and TOR. The inhibitory 

effect of 2-HG on ATP synthase causes a bioenergetics deficiency in IDH mutant cells and 

inhibits cellular growth. Importantly, 2-HG accumulation makes these cells highly sensitive to 

glucose deprivation, which may be exploited by metabolic intervention for IDH mutant tumors.   

 Finally, we present one additional longevity metabolite, α-KB. As a competitive 

alternative substrate of pyruvate dehydrogenase, the metabolite α-KB specifically interrupts 

complex I-dependent respiration, rewires pyruvate metabolism, activates AMPK signaling, and 

extends lifespan in C. elegans. Importantly, we found that α-KB delays the onset of paralysis 

induced by proteotoxic stress, indicating that α-KB could potentially be useful as a treatment for 

neurodegeneration. This study provides an example of the profound effects that endogenous 

alternative substrates for key metabolic enzymes can exert on metabolism and downstream 

signaling pathways. There is an abundance of metabolites that can serve as alternative 

substrates to various enzymes, and their biological significance has not been fully studied. It will 

be interesting to further explore their potential effects in aging and aging-related symptoms, as 

well as other physiological processes and diseases.  

 Our results build upon previous studies indicate that metabolites are not merely 

substrates for enzymes but can also serve as pivotal signaling metabolites that regulate various 

physiological processes and influence cellular and organismal health. Consistently, there is 

increasing evidence showing that metabolites play crucial roles in diseases and aging1,6-8. The 

development of metabolomics and target identification techniques has enabled accurate 

mechanistic studies on metabolites and revealed unappreciated biological networks acted on by 

metabolites. The longevity effects of metabolites are not likely to be fortuitous. Indeed, our 

results and results from other groups indicate that α-KG accumulates upon dietary restriction1,4 

and may serve as an endogenous signal for starvation stress. Together these results suggest 
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that it is possible to identify novel endogenous pathways to counteract detrimental effects of 

aging.   

 The elderly population has been continually increasing globally, and society desperately 

needs new means of tackling the burdens of aging and aging-related diseases9. 

Pharmacological perturbation of aging is one of the best strategies for us to improve the life 

quality of the older population. However, safety issues have largely impeded the development of 

anti-aging compounds. For instance, long-term treatment of rapamycin, a compound with 

proven longevity-promoting activity in mice, causes unexpected side effects, including 

hyperlipidemia, in patients10. Moreover, rapamycin’s activity as an immune suppressant could 

also be detrimental to older individuals with an already weakened immune system, potentially 

making them more susceptible to cancer and infectious diseases. Our studies have uncovered 

several prominent candidates for anti-aging drug development. We speculate that these 

compounds are safe to be used as supplements as they are endogenous metabolites unlikely to 

be toxic at the does necessary for anti-aging activity, and α-KG already has a history of use as a 

supplement in humans. Although we have only tested the longevity effects of these compounds 

in C. elegans, their pro-longevity activities are likely to also benefit humans as the mechanisms 

by which they extend lifespan are conserved in mammals and we have validated their molecular 

bioactivities and mechanisms in human cell lines. Notably, our studies indicate that these 

longevity compounds may be exploited as intervention for aging-related symptoms. For 

instance, we and other groups have shown that α-KG inhibits tumor cell growth, interrupts tumor 

angiogenesis in xenograft cancer models2,11,12, and decreases the arterial stiffening which 

occurs in aged mice13.  

The goal of aging research is to discover and develop safe and potent compounds as 

interventions for aging and aging-related diseases. To fulfill this aim, we and other researchers 

will continue to identify novel anti-aging metabolites, explore the effects of longevity compounds 
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in aging-related symptoms, as well as test combination effects of these novel longevity 

compounds for delaying aging and the prevention and treatment of age-related diseases. 
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