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 2 

Summary 14 

Lactate has emerged as a key metabolite involved in multiple physiological processes, 15 

including memory formation, immune response regulation, and muscle biogenesis. However, 16 

its role in aging and cellular protection remains unclear. Here, we show that lactate promotes 17 

longevity in C. elegans through a mechanism that requires early-life intervention, indicating a 18 

hormetic priming effect. This pro-longevity action depends on its metabolic conversion via 19 

LDH-1 and NADH, which drives redox-dependent metabolic reprogramming. Multi-omics 20 

approaches revealed that lactate induces early-stage metabolic adaptations, with a strong 21 

modulation of lipid metabolism, followed by late-life transcriptional remodeling. These shifts 22 

are characterized by enhanced stress response pathways and suppression of energy-23 

associated metabolic processes. Our genetic screening identified sir-2.1/SIRT1 and rict-24 

1/RICTOR as essential for lactate-mediated lifespan extension. Our findings establish lactate 25 

as a pro-longevity metabolite that couples redox signaling with lipid remodeling and nutrient-26 

sensing pathways. This work advances our understanding of lactate’s dual role as a metabolic 27 

intermediary and geroprotector signaling molecule, offering insights into therapeutic strategies 28 

for age-related metabolic disorders.  29 
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Introduction : 30 

Lactate, once considered merely a metabolic byproduct, is now recognized as a pleiotropic 31 

signaling molecule with systemic effects across tissues and species. Its physiological impact 32 

extends beyond its classical role as an energy metabolite. Lactate is oxidized to pyruvate via 33 

lactate dehydrogenase (LDH)1. Emerging evidence supports direct mitochondrial and nuclear 34 

lactate transport2, challenging traditional metabolic paradigms. Lactate modulates cellular 35 

metabolism through NAD+/NADH ratio shifts associated with its conversion to pyruvate3, 36 

influencing glycolysis, oxidative phosphorylation4, and redox-sensitive pathways such as 37 

NMDA receptor-mediated synaptic plasticity5,6. Tissue-specific effects are prominent: in 38 

muscle, lactate activates pro-growth and stress-resistance pathways (e.g., mitochondrial 39 

biogenesis), while in the brain, it enhances synaptic plasticity and memory via BDNF, Arc, and 40 

c-fos induction6–8. The discovery of GPR81/HCAR1, a lactate-sensing GPCR in adipose 41 

tissue and other organs, has further expanded our understanding of lactate as an intercellular 42 

signal9–11. 43 

Recent advances have revealed lactate’s role as a post-translational modifier. Histone 44 

lactylation, mediated enzymatically via p300 using lactyl-CoA and reversed by sirtuins (SIRT1-45 

3) or HDACs12, links lactate flux to gene regulation in physiological and pathological 46 

contexts13–16. Concurrently, lactate shapes immune responses through mechanisms ranging 47 

from metabolic reprogramming to direct receptor interactions17–19. Lactate, via its oxidation 48 

into pyruvate and TCA-mediated acetyl-CoA production, has also been reported to increase 49 

histone acetylation2. However, the impact of lactylation or lactate-promoted acetylation in the 50 

context of aging and stress resistance has not been investigated. Most evidence supporting a 51 

cell-protective role for lactate stems from studies showing that lactate injections improve 52 

neuronal survival under hypoxic or glucose-deprived conditions20–22. During aging, astrocytes, 53 

the primary lactate-producing cells in the brain, undergo senescence, which reduces their 54 

metabolic support and thereby promotes cellular stress and accelerated degeneration23–26. 55 

Maintaining the expression of the lactate transporter MCT1 during aging has been shown to 56 

improve peripheral neuron myelination, thereby supporting nerve conduction and sensory 57 

function27. Lactate supports protection against glutamate toxicity, with the latter dependent on 58 

PI3K signaling28,29 and NADH-associated metabolism30. Lactate also influences ROS 59 

balance31–35. In this context, we recently showed that this lactate-mediated mechanism 60 

regulates stress resilience36. Despite these observations, the specific signaling cascades that 61 

regulate lactate’s ability to maintain cellular homeostasis remain to be identified. While 62 

evidence suggests a role for ROS and lipid droplet exchanges between neurons and 63 

astrocytes37,38, a comprehensive understanding of how lactate mediates this interaction, and 64 

how aging impacts these processes, is lacking. Here, we used transcriptomics and untargeted 65 
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metabolomics to decipher the role of lactate on longevity using C. elegans. We uncover that 66 

lactate increases longevity through its metabolic conversion into pyruvate and increased 67 

mitochondrial ROS. Redox changes are accompanied by an increase in protein acetylation, 68 

regulating the longevity-promoting action of lactate. Our genetic analysis revealed that lactate-69 

promoted longevity relies on skn-1/Nrf-2, sir-2.1/SIRT1, and TORC2 complex kinase rict-70 

1/RICTOR as part of a metabolic hub that coordinates redox processes, regulation of protein 71 

acetylation, and lipid mobilization. 72 

  73 
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Methods: 74 

Strains and maintenance: 75 

The strains used in this study were obtained at the C. elegans genomic center (CGC). All 76 

strains were maintained on Nematode Growth Media (NGM) using standard procedure, at 20 77 

C unless specified. Mutant lines were outcrossed at least 3 times. The strain list used in this 78 

study can be found in Table I. 79 

 80 

Phenotyping: 81 

Animals were grown on regular NGM or NGM + supplemented diet. For lifespan and paralysis 82 

experiments, 30 L4 stage animals were transferred to new NGM/NGM + diet, in triplicate, 83 

without the use of progeny blocking compounds unless specified. 84 

Lifespan: Survival was scored every 2 days until no animals were alive. Nematodes were 85 

considered dead if they failed to react to prodding with a pick. Animals that displayed bagging 86 

or desiccation on the side of the dish were censored. Paralysis: Mobility was scored every 87 

day until day 12 of adulthood. Nematodes were considered paralyzed if they failed to produce 88 

forward or backward locomotion after prodding with a worm pick, for a minimum of 30 s. 89 

Aldicarb: Animals at different aging stages (Day 1, 5, and 9) were placed on media containing 90 

1 mM aldicarb (Sigma-Aldrich #33386). Paralysis was measured every 30 min until the entire 91 

population failed to produce locomotion. 92 

 93 

Lipid Staining: Cultures were synchronized from a mix stage culture on regular NGM. 1000 94 

eggs were transferred to NGM or NGM + supplement. For the multi-day experiments, animals 95 

were transferred to media with 5-Fluoroacil to block progeny production. For all days 96 

evaluated, worms were washed from plates with PBS-T 0.01% and centrifuged 20 s, 250g at 97 

room temperature (RT). Worms were fixed using 40% (v/v) isopropanol for 3 min under 98 

agitation, followed by centrifugation 20s, 250g at RT. Animals were stained with a Nile Red 99 

(NR) solution (5mg/ml DMSO) diluted in 40% isopropanol (6 μl NR/ml isopropanol 40%). 100 

Animals were stained 2h at RT in 1 ml of NR, protected from light. Worms were centrifuged 101 

20 s, 250g at RT, resuspended in PBS-T 0.01% and washed for 30 min, protected from light. 102 

Worms were centrifuged 20 s, 250g at RT, and mounted on 2% agar pad to be imaged on a 103 

Leica M205 microscope equipped with a Leica DFC7000 T camera. All image acquisition was 104 

performed using Leica LasX software. 105 

 106 

ROS staining: Cultures were synchronized from a mix stage culture, on regular NGM. 1000 107 

eggs were transferred on NGM or NGM + supplement. 72h post-synchronization (adult day 108 

1), worms were washed from plate with M9 + 0.01% Triton X-100 and centrifuged for 20 s, 109 

250g at room temperature (RT). Worms were washed an additional time to remove bacteria, 110 
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followed by centrifugation for 20s, 250g at RT. Mitotracker H2X-ROS was diluted in DMSO 111 

(10 mM stock solution) and added to a culture of heat-inactivated OP50-1 to a final 112 

concentration of 50 μM. Animals were stained 4h at RT, protected from light. After staining, 113 

worms were centrifuged for 20 s, 250g at RT, washed in M9-T 0.01%. Worms were mounted 114 

on 2% agar pad in a 5 mM Levamisole solution and imaged on a Leica M205 microscope 115 

equipped with a Leica DFC7000 T camera. All image acquisition was performed using Leica 116 

LasX software. 117 

 118 

Fluorescent reporter imaging: Cultures were synchronized from a mix stage culture on 119 

regular NGM. 1000 eggs were transferred to NGM or NGM + supplement. For the multi-day 120 

experiments, animals were transferred to media with 5-Fluoroacil to block progeny production. 121 

Strain imaging was performed on adult animals (D1, 3, and 5) grown on NGM or NGM + 122 

supplement (see figure legends). Briefly, animals were washed from plates using 1 mL M9 123 

Buffer, centrifuged at 250g, and placed on a 2% agarose pad + 5 mM levamisole. Images 124 

were acquired on a Leica M205 using a Leica DFC7000 T camera and LasX software. 125 

Fluorescence quantification was measured using Fiji (imageJ) software. 126 

 127 

Immunoblot:  128 

Cultures: Nematodes were synchronized from a mix stage culture on regular NGM. 2500 129 

eggs were transferred to 6x10 cm NGM or NGM + supplement. For the multi-day experiments, 130 

animals were subsequently transferred to media with 5-Fluoroacil to block progeny production 131 

at L4 stage. At day 1 or 5 of adulthood, animals were washed with M9 buffer in 15 ml conical 132 

tubes and centrifuged for 30 s, 1000 RPM at RT. Pellet washed an additional time using M9 133 

to remove bacteria using same centrifugation parameters. Pellets were transferred into 1.5 ml 134 

tubes, centrifuged for 20 s, 250g at RT to remove water, and frozen on dry ice. 135 

Protein extraction: Nematode pellets were thawed on ice, in 100 μl RIPA buffer (150 mM NaCl; 136 

1% Triton X-100; 0.5% Na-Deoxycholate; 0.1% SDS; 50 mM Tris pH:8.0) + 1x Halt proteinase-137 

phosphatase inhibitor (ThermoFisher #1861281). Once thawed, pellets were sonicated in a 138 

refrigerated water bath. Lysate was subsequently centrifuged for 10 min, 14000g at 4 C, and 139 

supernatant transferred to new 1.5 ml tube. 140 

Protein quantification and sample preparation: Proteins were measured using a BCA kit 141 

following the manufacturer’s instruction. 30 μg of protein were used for immunoblotting. 142 

Electrophoresis and transfer: Gels were prepared as 4% acrylamide (stack) and 12% 143 

acrylamide (run) gels. Proteins were loaded in 1X sample buffer complemented with ddH2O 144 

to an equal volume for each sample. Samples were run in 1X SDS running buffer (tris 3g/L; 145 

glycine 72 g/l; SDS 1 g/l) at RT together with a BioRad kaleidoscope protein ladder 146 
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(#1610375). Samples were subsequently transferred on a PVDF membrane (#IPVH00010) 147 

using semi-dry transfer (BioRad) following the manufacturer’s instructions. 148 

Antibodies staining: Membranes were blocked for 45 min at RT using PBS-T 0.1% + 5% 149 

Bovine Serum Albumin (BSA) (REF#). Antibodies were applied overnight at 4 C in PBS-T 150 

0.1% + 5% BSA. The antibody list and working concentration are as follows: Anti-Lactylysine 151 

(PTMBio #1401RM - 1/1000), Anti-Acetyllysine (PTMBio #105RM - 1/1000), Anti-tubulin 152 

(REF# - 1/5000). After overnight incubation, membranes were washed three times, 5 min at 153 

RT, using PBS-T 0.1%. Secondary antibodies: goat-ms-HRP and goat-Rb-HRP 154 

(ThermoFisher #G21234) were applied for 1h at RT as a 1/5000 dilution. Membranes were 155 

subsequently washed 3x5 min with PBS-T 0.1% and imaged using Pierce ECL (ThermoFisher 156 

#32209) following manufacturer’s instructions. 157 

 158 

RNA extraction: 159 

Synchronized cultures (10,000 eggs/condition) were grown on a control or lactate-160 

supplemented diet (10 mM). At adult day 1 or day 5, nematodes were collected using M9, 161 

centrifuged 1000 RPM for 1 min at 20 C. Pellet were washed twice to remove bacteria and 162 

frozen on dry ice and stored at -80 C until processed. Total RNA from WT C. elegans was 163 

isolated using TRIzol – Phenol/Chloroform method. Worm pellets were thawed on ice with 1 164 

volume of TRIzol, vortexed briefly, and let at room temperature for 5 min. 1/3 volume (TRIzol) 165 

of Phenol-Chloroform was added and incubated at RT for 3 min. Samples were centrifuged 166 

13000 RPM at 4 C for 15 min, and the aqueous phase was transferred into a new clean 1.7 167 

ml tube. RNA was precipitated using 1/2 volume (TRIzol) of isopropanol and incubated 15 min 168 

at RT. Samples were then centrifuged 14000 RPM at 4 C for 15 min. Supernatant was 169 

removed and pellets washed using 75% ethanol. Pellets were dried for 10 min at RT and 170 

resuspended in 30 μl of ddH2O. 171 

 172 

RNA sequencing: 173 

Concentration, purity, and integrity of the RNA were assessed with a NanoDrop 174 

spectrophotometer (NanoDrop 2000, ThermoFisher Scientific), and a 2100 Bioanalyzer 175 

(Agilent). 176 

Total RNA with an RNA Integrity Number above 9.5 was used to construct libraries using the 177 

TruSeq Stranded mRNA Sample Kit (Illumina) following the protocol's instructions. Briefly, 178 

mRNA was enriched using oligo dT-attached magnetic beads, fragmented, and converted into 179 

cDNA. Fragments of cDNA went through an end repair process, 3' ends were adenylated, 180 

universal bar-coded adapters were ligated, and cDNA fragments were amplified by PCR to 181 

yield the final libraries. The sequencing libraries were evaluated using a 2100 Bioanalyzer 182 
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(Agilent). Paired-end read (2 x 150 bp) multiplex sequencing from pooled libraries was 183 

performed on an Illumina HiSeq 4000 machine by Macrogen Inc. (Seoul, South Korea). An 184 

average of 60-70 million reads was obtained for each sample. Sequencing data have been 185 

deposited in the NCBI SRA database under the project accession number PRJNA1306788. 186 

Raw read quality was evaluated with the FastQC tool 187 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Low-quality reads were filtered 188 

out and adapter sequences trimmed using Trimmomatic version 0.3639  with the following 189 

parameters: ILLUMINACLIP/TruSeq3-PE-2.fa:2:30:10, LEADING:3, TRAILING:3, 190 

SLIDINGWINDOW:4:15, MINLEN:36. Reads from each sample replicate were mapped to the 191 

Caenorhabditis elegans reference genome (WBCel235) using STAR version 2.6.0a40  with 192 

default parameters except for outFilterMultimapNmax set to 1. Mapped reads for protein-193 

expressing genes were summarized with the featureCounts program (Subread package, 194 

version 1.5.2,41), and the differential expression analysis was performed with the Bioconductor 195 

package DESeq242  in the R programming environment. To minimize background noise and 196 

to focus on more significant genes in terms of biological impact, we removed genes with very 197 

low expression levels, excluding genes that failed to total an average count above 10 in any 198 

conditions. Differentially expressed genes (DEG) were considered in pairwise comparisons 199 

with a threshold including a fold change expression ≥ 1.5 and q-value (or False Discovery 200 

Rate, FDR) < 0.05. To obtain a functional representation of the lists of DEG, we performed 201 

gene ontology (GO) and pathways enrichment analyses using the online database Wormcat43.  202 

 203 

Liquid cultures:  204 

Mixed stage cultures were grown in S-complete44  with added concentrated OP50-1 for 205 

approximately 7-8 days. Cultures were checked daily to ensure enough food, and we kept 206 

nematode concentration to a maximum of 5 animals/μl. Cultures were synchronized using 207 

bleaching solution (20% bleach, 1N NaOH). Then 80,000 synchronized eggs were added to 208 

125 ml Erlenmeyer flasks containing 30 ml of S-complete + concentrated OP50-1 and 209 

incubated at 20 °C with shaking at 160 rpm.  210 

On day 1 of adulthood, cultures were centrifuged (1,000 rpm, RT, 30 s) in 15 ml conical tubes. 211 

Supernatants were collected in separate tubes and frozen on dry ice. Pellets were washed 212 

with M9 and split in half (40,000 animals). One half was frozen on dry ice, and the other was 213 

transferred to 30 ml S-complete + OP50-1 and incubated at 20 °C with shaking at 160 rpm. 214 

For all following days (2 to 5), cultures were centrifuged (1,000 rpm, 30 sec at RT), and the 215 

supernatant was collected in a separate tube and frozen on dry ice. Pellets were washed with 216 

M9 to remove larvae using a settling method. Once pellets were cleared from larvae, animals 217 

were transferred into fresh 30 ml S-complete + OP50-1 and incubated at 20 °C while shaking 218 

at 160 rpm for 24 h. On day 5, pellets were frozen on dry ice. OP50 only cultures were grown 219 
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in parallel to nematodes. Once collected and frozen, all samples were kept at -20 °C until 220 

processed. 221 

 222 

Sample preparation:  223 

Frozen samples were lyophilized using a Virtis sentry 2.0 lyophilizer for 24 h to 48 h. Pellets 224 

were then sonicated in 2 ml of methanol using Qsonica Q700 Ultrasonic Processor with a 225 

water bath cup horn adaptor (Qsonica 431C2). After sonication, 3 ml of methanol was added, 226 

and samples were incubated at RT on an orbital shaker. Supernatant samples were 227 

resuspended in 5 ml of methanol and incubated overnight at RT on an orbital shaker. Methanol 228 

suspension was centrifuged (2,500g, 10 °C, 5 min) to remove any precipitate, and the 229 

supernatant was carefully transferred to 8 ml glass vials. Samples were dried via an 230 

SC250EXP SpeedVac (ThermoFisher Scientific) vacuum concentrator. Dried materials were 231 

resuspended in 1 ml of methanol, vortexed for 30 s, and sonicated for 10 min at RT. 232 

Suspensions were transferred into 1.7-ml Eppendorf tubes and centrifuged at 14,000g for 5 233 

min at 10 °C. Supernatants were transferred in HPLC vials. Samples were then dried a second 234 

time using the SpeedVac, resuspended in either 200 μl (exo-metabolome) or 100 μl (endo-235 

metabolome). Samples were then vortexed for 30 s, sonicated for 10 min at RT, and 236 

transferred to 1.7 ml tubes. After a 5 min, 14,000g centrifugation, supernatants were 237 

transferred back to HPLC vials with an insert and stored at -20 °C until analyzed by mass 238 

spectrometry. 239 

 240 

Mass spectrometry: 241 

Liquid chromatography was performed on a Vanquish HPLC system controlled by 242 

Chromeleon Software (ThermoFisher Scientific) and coupled to an Orbitrap Q Exactive High 243 

Field mass spectrometer controlled by Xcalibur software (ThermoFisher Scientific). 244 

Methanolic extracts prepared as described above were separated on a Thermo Hypersil Gold 245 

C18 column (150 mm × 2.1 mm, particle size 1.9 μM; 25002-152130) maintained at 40°C with 246 

a flow rate of 0.5 mL/min. Solvent A: 0.1% formic acid (Fisher Chemical Optima LC/MS grade; 247 

A11750) in water (Fisher Chemical Optima LC/MS grade; W6-4); solvent B: 0.1% formic acid 248 

in acetonitrile (Fisher Chemical Optima LC/MS grade; A955-4). A/B gradient started at 1% B 249 

for 3 min after injection and increased linearly to 98% B at 20 min, followed by 5 min at 98% 250 

B, then back to 1% B over .1 min and finally held at 1% B for the remaining 2.9 min to re-251 

equilibrate the column (28 min total method time). Mass spectrometer parameters: spray 252 

voltage, −3.0 kV/+3.5 kV; capillary temperature 380 °C; probe heater temperature 400 °C; 253 

sheath, auxiliary, and sweep gas, 60, 20, and 2 AU, respectively; S-Lens RF level, 50; 254 

resolution, 120,000 at m/z 200; AGC target, 3E6. Each sample was analyzed in negative 255 

(ESI−) and positive (ESI+) electrospray ionization modes with m/z range 100–1200. 256 
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Parameters for MS/MS(dd-MS2): MS1 resolution, 60,000; AGC Target, 1E6. MS2 resolution, 257 

30,000; AGC Target, 2E5. Maximum injection time, 60 msec; Isolation window, 1.0 m/z; 258 

stepped normalized collision energy (NCE) 10, 30; dynamic exclusion, 5 s; top 8 masses 259 

selected for MS/MS per scan. Inclusion lists with 20 sec windows were generated in 260 

Metaboseek for targeted MS/MS45 . 261 

Hydrophilic Interaction Liquid Chromatography (HILIC) was performed on a Waters XBridge 262 

Amide column (150 mm × 2.1 mm, particle size of 3.5 μm) maintained at 40 °C (solvent A, 263 

0.1% ammonium formate in 90% acetonitrile–10% water; solvent B, 0.1% ammonium formate 264 

in 30% acetonitrile–70% water). A flow rate of 0.5 ml min−1 was used, and the A–B gradient 265 

was as follows: being isocratic at 1% B for 3 min, linearly increasing to 25% B at 20 min, 266 

linearly increasing to 100% B at 22 min, keeping at 100% B for 4.9 min, shifting back to 1% B 267 

in 0.1 min and holding at 1% B until 30 min (mass spectrometer parameters: spray voltage, 268 

+3.5 kV; capillary temperature, 380 °C; sheath gas, 60 psi; auxiliary gas, 20 psi; spare gas, 269 

1 psi; probe heater temperature, 300 °C; S-lens RF level, 50; resolution, 240,000 at 270 

an m/z ratio of 200; AGC target, 3 × 106). The instrument was calibrated with positive ion 271 

calibration solution (Thermo Fisher Scientific) 272 

Reversed-phase post-column ion-pairing chromatography (PCI) was performed using the 273 

same system as described; extracts were separated on a Thermo Scientific Hypersil Gold 274 

column (150 mm × 2.1 mm, particle size 1.9 μm, part no. 25002-152130) or on a Kinetex Evo 275 

C18 (150 mm × 2.1 mm, particle size 1.7 μm, part no. 00F-4726-AN) maintained at 40 °C with 276 

a flow rate of 0.5 mL/min. Solvent A: 0.1% ammonium acetate in water; solvent B: acetonitrile. 277 

A/B gradient started at 5% B for 3 min after injection and increased linearly to 98% B at 20 278 

min, followed by 5 min at 98% B, then back to 5% B over 0.1 min and finally held at 5% B for 279 

an additional 2.9 min. A second pump (Dionex 3000) controlling a solution of 800 mM 280 

ammonia in methanol was run at a constant flow rate of 0.015 mL/min for the duration of the 281 

method and mixed via micro-splitter valve (Idex #P-460S) with the eluate line from the column. 282 

HPLC-HRMS RAW data were converted to mzXML file format using MSConvert (v3.0, 283 

ProteoWizard) and were analyzed using Metaboseek software (v0.9.9.0) with the following 284 

settings: 5 ppm, 320 peakwidth, 3 snthresh, 3100 prefilter, FALSE fitgauss, 1 integrate, true 285 

firstBaselineCheck, 0 noise, wMean mzCenterFun, −0.005 mzdiff. Default settings for XCMS 286 

feature grouping: 0.2 minfrac, 2 bw, 0.002 mzwid, 500 max, 1 minsamp, FALSE usegroups. 287 

Metaboseek peak filling used the following settings: 5 ppm_m, 5 rtw, TRUE rtrange, FALSE 288 

areaMode. Quantification was performed with Metaboseek software or via integration using 289 

Xcalibur QualBrowser v4.1.31.9 (Thermo Fisher Scientific) using a 5-ppm window around the 290 

m/z of interest. ‘Basic analysis’ and ‘Fast peak shapes’ were selected in the subsequent 291 

Metaboseek analysis. 292 

 293 
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Statistics and software: 294 

Fiji ImageJ was used for image quantification. GraphPad Prism 10 was used for statistical 295 

analyses. Statistical details of experiments can be found in the figures’ legends. The log-rank 296 

(Mantel–Cox) method was used to compare survival curves. Mann–Whitney test with 297 

Benjamini–Hochberg test for multiple hypothesis correction was used to compare transcript 298 

levels. The paired t-test was used to compare the expression of antibody signals in 299 

immunofluorescence samples and western blots. For RNA-seq analysis, DEGs were identified 300 

using the Wald test. For all experiments, P values <0.05 were considered significant. No 301 

statistical method was used to predetermine the sample size. No data were excluded from the 302 

analyses. The experiments were not performed blinded, but worms were arbitrarily distributed 303 

for all experiments. 304 

 305 

Data availability 306 

All raw and processed sequencing data for RNA-seq libraries can be found under NCBI Gene 307 

SRA database under PRJNA1306788.  308 

The HPLC-HRMS data generated during this study have been deposited in the MassIVE 309 

database under accession code MSV000099134. 310 

Source data are provided with this article. Other original data will be available from the Lead 311 

Contact upon request. 312 

  313 
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Results: 314 

Lactate promotes longevity in a timing -specific manner. 315 

We previously demonstrated that high concentrations of L-lactate (100 mM, hereafter referred 316 

to as lactate) increase resistance to oxidative stress induced by juglone but paradoxically 317 

shorten lifespan in C. elegans36. To determine whether lower concentrations of lactate could 318 

promote longevity, we tested various concentrations. We found that lactate significantly 319 

extended lifespan at 5 and 10 mM (Fig. 1A). In contrast, higher concentrations failed to 320 

improve longevity, consistent with our previous studies (Fig. S1A). Because live bacteria can 321 

metabolize lactate, we tested whether lactate’s effects depended on bacterial metabolism. 322 

Lifespan extension was still observed in animals fed heat-killed E. coli (Fig. S1B), indicating 323 

that the effect is independent of bacterial metabolism. Lactate exists as two enantiomers, L- 324 

and D-lactate. To assess whether the stereochemistry of lactate influences its effects on 325 

longevity, we supplemented animals with D-lactate but observed no lifespan extension (Fig. 326 

S1C).  327 

To better understand the metabolic basis of lactate-mediated longevity, we investigated the 328 

oxidation of lactate to pyruvate by lactate dehydrogenase (LDH), a reaction that reduces 329 

NAD+ to NADH. (Fig. 1B). Pyruvate supplementation at the same concentrations as lactate 330 

also extended lifespan in N2 animals to a similar extent (Fig. S1D–E). To assess whether 331 

lactate-driven longevity depends on the conversion of lactate to pyruvate, we knocked down 332 

ldh-1 by RNAi. KD of ldh-1 abrogated the lifespan extension conferred by lactate, but not 333 

pyruvate (Fig. 1C), indicating that LDH-mediated conversion of lactate into pyruvate is 334 

essential for lactate's activity. 335 

Pyruvate is further metabolized into acetyl-CoA and CO2, generating a second equivalent of 336 

NADH (Fig. 1B). To test whether lactate- or pyruvate-derived NADH generation could underlie 337 

the observed longevity effects, we used strains expressing the Lactobacillus brevis NADH 338 

oxidase (LbNOX), an enzyme that oxidizes NADH to NAD⁺46,47, bypassing the canonical 339 

regeneration of NAD+ via mitochondrial respiration (Fig. 1D). Expression of LbNOX in either 340 

the cytoplasm or mitochondria prevented lifespan extension by lactate (Fig. 1E–F, Fig. S1H), 341 

suggesting that either high NADH levels or increased NAD+ regeneration via mitochondrial 342 

respiration are required for lactate’s pro-longevity effects.  343 

Next, we examined the effect of lactate on C. elegans aging in greater detail. While lactate 344 

supplementation improved mid-life survival, its impact on maximum lifespan was less 345 

pronounced. To further investigate the timing of lactate’s effects on longevity, we exposed 346 

wild-type animals to lactate at different life stages. Lactate extended lifespan similarly 347 

regardless of whether treatment was started at embryonic stages, at late larval stages (L4), 348 

or up until day 3 of adulthood, but failed to increase lifespan when treatment began later in life 349 

(Fig. 1G, S1F). Conversely, interrupting lactate supplementation during early adulthood (day 350 
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3) largely abolished its pro-longevity effects, whereas withdrawal at later stages did not impair 351 

lifespan benefits (Fig. 1H). These findings underscore the significance of timing in metabolic 352 

interventions designed to delay aging. 353 

Having previously demonstrated that lactate increases the expression of glutathione S-354 

transferase 4 (gst-4), a well-established downstream target of the SKN-1/Nrf2 oxidative stress 355 

response pathway48, we first validated that treatment with 10 mM lactate robustly activates 356 

GST-4 expression in C. elegans. Using a GFP-tagged gst-4 transcriptional reporter, which 357 

showed a marked increase in GFP fluorescence following lactate exposure49 (Fig. S1I). 358 

Similar to its lifespan effects, this induction required metabolic conversion of lactate via LDH, 359 

as RNAi knockdown of ldh-1 abolished GST-4 activation by lactate but not by pyruvate (Fig. 360 

1I). To further investigate the temporal dynamics of this response, we monitored GST-4 361 

expression over time. Lactate supplementation during the L4-to-adult day 1 transition 362 

significantly increased GST-4 levels within 24 hours (Fig. 1J). This induction was reversible: 363 

GFP signal returned to baseline within 24 hours after removing lactate from the diet (Fig. 1J). 364 

These results indicate that lactate triggers a rapid and transient activation of stress response 365 

pathways, which may underlie its longevity-promoting effects. 366 

In addition to promoting longevity, lactate demonstrated neuroprotective properties. In wild-367 

type animals, lactate did not acutely affect neuromuscular junction (NMJ) function in young 368 

adults (day 1), as measured by aldicarb-induced paralysis assays. However, lactate 369 

significantly delayed age-related NMJ decline in older animals, improving resistance to 370 

paralysis at day 5 and day 9 adulthood (Figs. S2A–C). To further explore lactate’s 371 

neuroprotective effects, we tested its impact in two distinct models of neurodegeneration. In 372 

unc-47(e307) mutants, which lack the vesicular GABA transporter and exhibit progressive 373 

motor deficits, lactate treatment delayed the onset and slowed the progression of motor 374 

dysfunction. Similarly, in a pan-neuronal polyglutamine disease model expressing 67 375 

glutamine repeats, lactate reduced the severity and delayed the onset of motility impairments 376 

(Figs. S2D–G). 377 

Importantly, unlike many pro-longevity interventions, lactate supplementation did not impair 378 

reproductive fitness. Brood size and egg-laying timing remained unchanged in treated animals 379 

compared to controls (Fig. S2G). Together, these findings highlight lactate’s dual role as a 380 

regulator of aging and neuronal health. This lack of reproductive trade-offs sets lactate apart 381 

from other longevity-promoting interventions and suggests a unique capacity to balance acute 382 

stress signaling with sustained physiological benefits. 383 

 384 
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Lactate regulates longevity via redox changes. 385 

The observation that lactate promoted healthspan in a narrow temporal window and had very 386 

limited late-life benefits (Fig. S2H) led us to hypothesize that sustained stress signaling might 387 

be the cause of this phenomenon. Since both deletion and activation of skn-1/Nrf-2 can reduce 388 

lifespan50,51, and lactate induces GST-4 expression, we examined how GST-4 level varies 389 

over time. We observed that indeed, lactate supplementation maintains high GST-4 390 

expression over 5 days of adulthood (Fig. 2A). RNAi-mediated knockdown of skn-1 abolished 391 

both lactate-mediated longevity (Fig. 2B) and GST-4 induction (Fig. 2C), confirming the 392 

requirement of SKN-1. To assess whether these responses are redox-dependent, we treated 393 

animals with the antioxidant N-acetylcysteine (NAC). The use of 5 mM NAC completely 394 

prevented lactate-induced GST-4 activation (Fig. 2D). It blocked the pro-longevity effect of 395 

lactate, while also strongly reducing the longevity in N2 animals (Fig. 2E), as previously 396 

reported52. Finally, we measured ROS levels in N2 animals using Mitotracker and found that 397 

lactate induced a modest increase in mitochondrial ROS (Fig. 2F), consistent with our prior 398 

observation36. These results support a model in which lactate extends lifespan by sustaining 399 

redox-sensitive stress responses via SKN-1 activation. 400 

 401 

Lactate induces late transcriptomic changes. 402 

To investigate the transcriptional changes underlying lactate's pro-longevity effects, we 403 

performed bulk RNA sequencing on wild-type C. elegans treated with 10 mM lactate or 404 

maintained on control diet, collected at early adulthood (day 1) and mid-life (day 5) (Fig. 3A). 405 

Differential gene expression analysis was conducted using a fold change threshold of ≥ 1.5 406 

and an adjusted p-value < 0.05 to define significance. At day 1, lactate induced surprisingly 407 

few transcriptional changes, with only 3 genes meeting these criteria (Fig. S3A). In contrast, 408 

by day 5, lactate elicited a substantial transcriptional response. To assess the interaction 409 

between aging and lactate at the transcriptome level, we compared day 5 control and day 5 410 

lactate-treated animals with day 1 controls (Fig. 3B). Aging alone (day 5 vs. day 1 control) led 411 

to the upregulation of 1,411 transcripts and downregulation of 620 transcripts (Fig. 3C). Under 412 

lactate supplementation, the transcriptional response was broader, with 1,653 transcripts 413 

upregulated and 2,090 downregulated relative to day 1 control animals (Fig. 3C). To identify 414 

genes specifically regulated by lactate during aging, we compared DEGs from the day 5 415 

lactate-treated animals (D5 Lac vs. D1 Ctl) with those from the day 5 control animals (D5 Ctl 416 

vs. D1 Ctl). This revealed 889 transcripts uniquely upregulated and 1,550 uniquely 417 

downregulated in lactate-treated animals (Fig. 3C, Table I and II), defining a lactate-specific 418 

aging signature. 419 

Next, we performed gene ontology (GO) enrichment analysis on these lactate-specific DEGs 420 

to identify biological processes associated with the transcriptional response to lactate during 421 
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aging. Genes associated with specific stress response pathways were significantly 422 

overrepresented in our analysis (Fig. 3D). This included both up- and downregulated genes 423 

(Fig 3E). Transcripts involved in detoxification (Fig. S3B) and pathogen response (Fig. S3C) 424 

were predominantly upregulated, consistent with activation of defense mechanisms. In 425 

contrast, downregulated transcripts were primarily associated with core metabolic processes, 426 

including mitochondrial function, lipid metabolism, glycolysis, and, more broadly, mRNA 427 

processing (Fig. 3D). Cellular component analysis further revealed a marked enrichment of 428 

genes involved in lipid metabolism (Fig. 3F, Fig. S3E), mitochondrial respiration (Fig. 3G), 429 

and glycolysis (Fig. S3D). While these pathways were already modestly downregulated during 430 

aging (day 5) in control animals, lactate supplementation induced a significantly stronger 431 

suppression (Figs. S3E, F), pointing to a coordinated metabolic reprogramming. These 432 

transcriptional signatures suggest that lactate promotes a metabolic shift away from energy-433 

intensive processes, while enhancing stress-resilience pathways. Consistent with an 434 

increased stress response, cellular components involved in transcription and mRNA 435 

processing were downregulated in day 5 adults treated with lactate (Fig.S3G-I). Overall, these 436 

findings support a model in which lactate induces stress response programs while driving mid-437 

adulthood remodeling of metabolic, transcriptional, and translational processes. 438 

We next validated whether the transcriptional changes induced by lactate underlie its capacity 439 

to increase longevity. Responses to pathogens involve a plethora of components. However, 440 

based on our early findings that lactate-driven longevity is dependent on skn-1, we turned to 441 

two key elements of the innate immunity pathway, pmk-1/p38-MAPK, and the downstream 442 

transcription factor atf-7/ATF7, both required for the transcriptional activation of defense 443 

genes53. Loss-of-function mutation for atf-7(gk715) abolished the lifespan extension conferred 444 

by lactate supplementation, while lactate-driven longevity was not impaired in pmk-1(km25) 445 

mutants (Fig. 3H, Fig. S4A). We further examined additional stress-responsive pathways and 446 

found that disrupting the unfolded protein response (UPR) in either the mitochondria (atfs-447 

1/ATFS1) or the endoplasmic reticulum (ER) (atf-6/ATF6 and xbp-1/XBP1) also blunted 448 

lactate's pro-longevity effects (Fig. S4B-D). These findings establish that intact stress defense 449 

mechanisms, including p38 MAPK-ATF-7 signaling and organellar UPR, are essential 450 

mediators of lactate-induced longevity.  451 

We demonstrated that lactate triggers a redox signal during early adulthood, accompanied by 452 

a mild increase in mitochondrial ROS (Fig. 1 and 2), a pattern also observed in our previous 453 

work35. This early redox signaling may prime the strong transcriptional response observed 454 

later in life (mid-adulthood) that underlies increased longevity. Building on this model and 455 

considering the changes in translation and mRNA processing revealed by our transcriptomic 456 

analysis, we next investigated potential roles of the mechanistic target of rapamycin (mTOR), 457 

a key regulator of stress responses and cellular metabolism. Previous studies have implicated 458 
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mTOR in lactate-driven adaptations in muscle54 and innate immunity55. Because let-363 459 

(mTOR) mutants are embryonic lethal, we tested two downstream effectors: rsks-460 

1(ok1255)/S6K and ife-2(ok306)/eIF4E, both known to modulate longevity. In these mutants, 461 

lactate failed to further extend lifespan (Fig. 3I and S4E), suggesting that inhibition of mTOR 462 

signaling contributes to the pro-longevity effects of lactate. We further tested for potential roles 463 

of mitochondrial respiration, a process linked to longevity via ROS modulation. Lactate 464 

supplementation failed to extend lifespan in isp-1(qm150) animals, carrying a mutation in 465 

mitochondrial complex III (Fig. 3J), supporting the idea that intact mitochondrial function is 466 

required for lactate’s pro-longevity activity, and suggesting that lactate may exert its effects in 467 

part through modulation of mitochondrial metabolism54. 468 

Finally, we evaluated several canonical aging and metabolic pathways55–58. Mutants for daf-469 

16/FOXO3A, hsf-1/HSF1, insulin/IGF signaling (age-1/PDK1, akt-1/AKT1), hlh-30/TFEB, and 470 

aak-2/AMPK, all retained sensitivity to lactate-mediated lifespan extension (Figs. S4F–K), 471 

indicating these pathways are dispensable for its effects. Collectively, our data show that 472 

lactate induces late-life transcriptional reprogramming which shifts the metabolic signature 473 

toward reduced lipid mobilization while activating cellular defense. The observation that early-474 

life exposure is necessary for lifespan extension (Fig. 1G-H) suggests that redox-driven 475 

metabolic adaptations may act early in life to prime these transcriptional changes, ultimately 476 

conferring longevity. 477 

 478 

Lactate longevity depends on SIR-2.1 activity. 479 

Considering evidence that lactate affects PTMs, including acetylation and lactylation that 480 

impact immune and metabolic pathways2,59–61, we noted expression changes of several genes 481 

involved in protein modification in our transcriptomic profiles, in particular chromatin modifiers 482 

(Fig. S3I). Therefore, we measured acetyl-lysine levels, including histone acetylation levels, 483 

in N2 worms, which revealed a significant increase of acetylation signal in the whole-cell 484 

protein extract (Fig. 4A). In contrast, global lactylation levels remained unchanged (Fig. S5A). 485 

Antioxidant treatment (NAC) did not alter lactate-induced acetylation (Fig. S5B), suggesting 486 

either that redox signaling and acetylation operate independently or that ROS induction occurs 487 

downstream of acetylation. To further investigate the role of acetylation, we targeted cbp-488 

1/CBP1, an acetyltransferase reported also to possess lactyltransferase62 activity and to 489 

regulate SKN-1-dependent stress responses63 as well as other cellular defense pathways64,65. 490 

RNAi-mediated knockdown of cbp-1 reduced the lifespan under control conditions and 491 

abolished lactate’s pro-longevity effects (Fig. 4B). Instead, lactate reduced the lifespan of 492 

animals treated with cbp-1 RNAi. These results suggest that increased protein is required for 493 

lactate-mediated longevity.  494 
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The observed increase in acetylation levels, together with the role of lactate in regulating 495 

NAD/NADH ratio and mitochondrial function, prompted us to explore the involvement of 496 

sirtuins, a class of NAD+-dependent histone deacetylases. As expected, sir-2.1/SIRT1 497 

mutants exhibited baseline hyperacetylation, which was not further increased by lactate 498 

supplementation (Fig. 4A). Intriguingly, lactate supplementation of sir-2.1(ok434) mutants not 499 

only failed to increase lifespan, but instead resulted in a significant lifespan decrease, similar 500 

to the effects of cbp-1 RNAi (Fig. 4C). This effect was specific to sir-2.1, as mutations in the 501 

mitochondrial sirtuins sir-2.2 and sir-2.3 did not impair lactate-induced lifespan extension (Fig. 502 

S5C). Additionally, loss of sir-2.1 reduced GST-4 expression under control diet and strongly 503 

suppressed lactate-induced GST-4 expression (Fig. 4D). These data suggest that lactate 504 

promotes longevity via increased protein acetylation and subsequent deacetylation via SIR-505 

2.1, resulting in increased NAD+ consumption.  506 

To determine whether SIR-2.1-dependent NAD⁺ metabolism contributes to lactate’s effects, 507 

we quantified key metabolites in the sir-2.1-NAD⁺ signaling cascade using high-performance 508 

liquid chromatography coupled to high-resolution mass spectrometry (HPLC–HRMS). 509 

Notably, steady-state NAD⁺ and NADH levels were unaffected by lactate supplementation 510 

(Fig. S6A), indicating that the increase inNADH levels driven by lactate must be offset by 511 

increased regeneration of NAD+ via mitochondrial respiration. However, several NAD+-related 512 

metabolites were altered in lactate-treated animals. Nicotinic acid (NA) levels (Fig. S6B) were 513 

decreased while nicotinamide (NAM) levels increased (Fig. S6C). NAM is produced from 514 

NAD+ during SIR-2.1-catalyzed lysine deacetylation, and thus increased NAM levels in lactate-515 

supplemented animals could be the result of increased sirtuin activity. Additionally, 516 

kynurenine, an intermediate in the de novo NAD⁺ synthesis pathway, was elevated under 517 

lactate treatment (Fig. S6D), possibly suggesting increased flux through this pathway (Fig. 518 

S6E). Levels of 1-N-methylnicotinamide (MNA) (Fig. S6F) and nicotinamide riboside (NR) 519 

were either unchanged or not detected. 520 

These results suggested the possibility that the lactate-driven increase in sir-2.1 activity may 521 

promote longevity by generating reactive oxygen species (ROS), as previously 522 

demonstrated66 (Fig. 4E). This signaling cascade involves sir-2.1-dependent conversion of 523 

NAD⁺ to nicotinamide (NAM) and subsequently to MNA via the enzyme amine N-524 

methyltransferase (anmt-1). Consistent with this model, loss of anmt-1 inverted the effect of 525 

lactate on lifespan, similar to the effects of loss of sir-2.1 or cbp-1 (Fig. 4F). Next, we tested 526 

whether dietary supplementation with NA, NAM, or MNA affects longevity; however, none of 527 

these metabolites extended lifespan in wild-type animals in our hands (Fig. S7A–B). We also 528 

measured the impact of aldehyde oxidase 1 (AOx1)/gad-3 on lactate-mediated longevity. 529 

GAD-3 was reported to extend longevity by inducing hydrogen peroxide (H2O2) levels by 530 
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acting on MNA downstream of sirtuin activity66. However, we found that loss of gad-3 did not 531 

block lactate-mediated longevity (Fig. S7C).  532 

Lastly, we investigated the role of ROS by combining lactate supplementation with antioxidant 533 

(NAC) treatment. Loss of sir-2.1 blocked lactate-mediated lifespan extension and rendered 534 

mutant animals largely unresponsive to NAC (Fig. 4G). Given lactate’s ability to elevate 535 

mitochondrial ROS levels in wild-type animals (Fig. 2F), we hypothesized that if ROS induction 536 

depends on the sir-2.1-NAM/MNA axis, loss of sir-2.1 would prevent ROS accumulation. 537 

However, mitochondrial ROS levels were already elevated in sir-2.1(ok434) mutants, and 538 

lactate supplementation did not further increase ROS. Additionally, supplementation with 539 

previously reported doses66 of NAM (100 μM) and MNA (1 μM) did not increase ROS levels 540 

in either wild-type animals or sir-2.1 mutants (Fig. 4H), nor did these metabolites induce 541 

expression of the oxidative stress reporter GST-4 (Fig. S7E, F). In fact, higher concentrations 542 

of NAM (1 and 2 mM) reduced GST-4 expression (Fig. S7E). 543 

Together, these findings support a model in which lactate promotes longevity by increasing 544 

the demand for mitochondrial respiration in two ways. First, via the two-step conversion of 545 

lactate into acetyl-CoA (via pyruvate), concomitant with large amounts of NADH, which 546 

necessitates increased NAD+ regeneration. Second, via the increased protein acetylation 547 

induced by acetyl-CoA and CBP-1 activity. Both cascades require an increased SIR-2.1 548 

activity, which consumes NAD+, to limit ROS accumulation through the activation of a SKN-1-549 

dependent stress response and potentially act as a regulatory feedback on protein acetylation. 550 

Mitochondrial respiration thus appears to be the proximal source of the lactate-induced 551 

increase in ROS. In contrast, NAM/MNA metabolism downstream of SIR-2.1 activity is not the 552 

primary driver of stress-response activation or lifespan extension. Nonetheless, deletion of 553 

anmt-1 diminishes lactate’s longevity-promoting effect, indicating that this methyltransferase 554 

has an additional role in lactate-mediated changes, potentially via regulation of autophagy and 555 

S-adenosylmethionine (SAM) levels67. 556 

 557 

Lactate regulates lipid-associated molecules during early adulthood. 558 

To investigate how lactate-induced redox changes influence metabolic networks, we used 559 

untargeted metabolomics on N2 animals treated with 10 mM lactate at days 1 and 5 of 560 

adulthood using HPLC–HRMS (Fig. 5A). Using MS/MS molecular networking, we identified 561 

four distinct clusters representing metabolite classes consistently downregulated by lactate 562 

(Fig. 5B). These metabolites shared two defining characteristics: they were lipid-derived 563 

structures with long-chain unsaturated fatty acyl groups, and they played functional roles in 564 

membrane dynamics, signaling, and mitochondrial transport. 565 
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Clusters #1 and #2 were composed of lysophospholipids. Namely, we identified 566 

lysophosphatidylcholine (LPC) and lysophosphoethanolamine (LPE) (Fig. 5C, D, S8A, B). 567 

Lysophospholipids are membrane-derived lipids that possess hydrophilic choline or 568 

ethanolamine moieties68. Although their cellular function is unclear, their concentration has 569 

been shown to change during aging and inflammation69. Cluster #3 was found to represent N-570 

acylethanolamines (NAEs) of varying chain lengths, some of which featured additional 571 

oxygenation of the fatty acid chain (Fig. 5E, S8C, D). These lipid-derived molecules are similar 572 

to the mammalian endocannabinoid system and have been associated with development and 573 

longevity in C. elegans, in a diet-dependent manner70,71. Finally, cluster #4 represented a 574 

series of fatty-acylcarnitine (Fig. 5F). Carnitine acts as a lipid carrier, and acyl-carnitine 575 

formation is a prerequisite for the transport of fatty acids into the mitochondria. Given that 576 

abundances of four dominant families of lipids were significantly decreased under lactate 577 

supplementation, we asked whether concentrations of free fatty acids were also altered by 578 

lactate treatment. We observed that most saturated and unsaturated free fatty acids were also 579 

less abundant in animals supplemented with lactate. (Fig. S8F).  580 

Next, we explored the redox dependence of these lipid-associated changes by exposing wild-581 

type animals to paraquat (PQ), a low-dose ROS-inducing agent known to extend lifespan 582 

when administered early in life72,73. PQ treatment replicated most of the metabolic changes 583 

observed with lactate supplementation (Figs. S8G–I), supporting the hypothesis that ROS 584 

induction drives the metabolic changes caused by lactate. 585 

Finally, we assessed how these identified classes of molecules vary during aging. LPC levels 586 

declined significantly during aging, while LPE showed a more modest decrease (Figs. S9A, 587 

B). NAEs exhibited no significant changes over time (Fig. S9C), while fatty-acylcarnitine 588 

increased with age (Fig. S8D). Notably, lactate supplementation did not further modulate NAE 589 

and fatty-acylcarnitine at later stages (day 5) (Figs. S9E–H).  590 

These findings suggest that lactate reprograms lipid metabolism through redox-dependent 591 

mechanisms. Lactate’s suppression of lysophospholipids, NAEs, and fatty-acylcarnitine 592 

mirrors metabolic shifts observed in lifespan-extending interventions such as caloric 593 

restriction, indicating that lipid depletion may prime stress-resilience pathways. Furthermore, 594 

the shared metabolic signatures between lactate and PQ imply that early-life ROS triggers 595 

conserved lipid remodeling processes, consistent with hormetic models of aging. Reduced 596 

levels of fatty-acylcarnitine may also limit β-oxidation, thereby lowering mitochondrial ROS 597 

production while enhancing metabolic efficiency, a hallmark of longevity-promoting pathways. 598 

 599 

Lactate regulates lipid metabolism. 600 

Our untargeted metabolomics findings prompted us to investigate how lactate regulates lipid 601 

metabolism to extend lifespan. Using Nile Red (NR) and Oil Red O staining, we observed that 602 
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lactate supplementation increased neutral lipid storage in day 1 and day 3 adults compared 603 

to controls, though this effect diminished by day 5 (Figs. 6A, S9A). Pyruvate similarly elevated 604 

fat levels in young adults (Fig. 6B), suggesting that lactate and pyruvate have similar overall 605 

metabolic effects. 606 

Fat metabolism has been associated with longevity and homeostasis in multiple ways68,74.  607 

Guided by our transcriptomic analysis, which showed strong changes in lipid metabolism 608 

enzymes, such as the desaturase fat-7/SCD1 (Fig. 3D, Fig. S3E), we investigated how the 609 

loss of nhr-49(gk405), sbp-1(ep79), and mdt-15(tm2182) would impact lactate-mediated 610 

longevity. Nhr-49/PPAR is a conserved transcription factor that plays a central role in the 611 

regulation of lipid metabolism75–77 as well as survival to stress and longevity78. The loss of nhr-612 

49 blocked lactate-mediated longevity (Fig. 6C). We next examined the transcription factor 613 

sbp-1/SREBP179–81 and co-activator mdt-15/MED1582,83 , and only the loss of sbp-1 abrogated 614 

lactate-driven longevity (Fig. 6D, E). Finally, we also assessed the role of rict-1/RICTOR in 615 

our phenotyping panel. RICT-1 is a key component of the TORC2 complex and has been 616 

associated with lipid metabolism and mitochondrial integrity84–86 and is a known negative 617 

regulator of SKN-187. The other mTOR complex, TORC1, has previously been associated with 618 

lactate’s physiological effects31. Loss-of-function mutants for rsks-1/S6K and ife-2/eIF4E, both 619 

downstream of TORC188 , blocked lactate-mediated longevity (Fig. 3). Surprisingly, lactate 620 

supplementation dramatically extended the lifespan of rict-1(ft7) animals, which are normally 621 

short-lived. Both mean (15% vs 210%) and maximal lifespan (20% vs 80%) were increased 622 

to a much greater extent by lactate in rict-1(ft7) than in N2 animals (Fig. 6F). These data 623 

support that lactate-mediated longevity is dependent on lipid regulation.  624 

Redox regulation emerged as a key modulator of lipid metabolism under lactate treatment. 625 

While lactate suppressed FAT-7 (Δ9 desaturase regulated by NHR-49 and SBP-1) expression 626 

(Fig. 6G, S3E), antioxidant (NAC) supplementation restored FAT-7 levels. Combined lactate 627 

and NAC treatment resulted in intermediate FAT-7 expression (Fig. 6G), indicating the 628 

presence of both redox-dependent and independent mechanisms. Conversely, FAT-6 629 

expression remained unchanged (Fig. S9B). Knockdown of fat-7 enhanced lactate’s pro-630 

longevity effects (Figs. 6H, S9C), indicating that lactate’s suppression of desaturase activity 631 

may optimize lipid composition for stress resilience. 632 

Neutral lipid accumulation in sir-2.1 and rict-1 mutants provided further mechanistic insights. 633 

Both mutants exhibited elevated baseline fat stores84,89, but lactate failed to modulate lipid 634 

levels in these backgrounds (Fig. 7A, B). Similarly, sir-2.1 mutants showed elevated FAT-7 635 

expression unresponsive to lactate, while rict-1 mutants displayed constitutively low FAT-7 636 

levels (Fig. 7C). The pronounced effect of rict-1 mutant on lactate-mediated longevity, 637 

appeared to be dependent on redox signaling as the use of NAC, with no effects on its own, 638 

partially reduced lactate-driven longevity phenotype (Fig. 7D), suggesting that TORC2 639 
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operates downstream of the redox-dependent arm of the lactate pathway. Genetic epistasis 640 

analysis further revealed that sir-2.1 acts upstream of rict-1, as double mutants phenocopied 641 

the short lifespan of rict-1 mutants, and sir-2.1 mutants abolished lactate-induced benefits on 642 

both longevity and GST-4 activity, while the loss of rict-1 alone increased GST-4 expression 643 

(Fig. 7E–G). 644 

 645 

Lactate inhibits lipid metabolism to promote longevity. 646 

Next, we explored how the loss of sir-2.1 affects levels of lipid-derived molecules regulated by 647 

lactate. We screened lactate-regulated compounds using HPLC-MS in day 1 adults (Fig. 8A). 648 

The first observation was that lactate supplementation did not significantly alter the abundance 649 

of LPC, fatty-acylcarnitine, and NAE levels in the sir-2.1 mutant background when compared 650 

to untreated sir-2.1 control. The second observation was that LPC and fatty-acylcarnitine 651 

levels were globally reduced in untreated sir-2.1 mutants compared to WT, while NAE levels 652 

were comparable between N2 and sir-2.1 mutants (Fig. 8B-D). A similar metabolomic 653 

approach using rict-1 mutants revealed that LPC and fatty-acylcarnitine levels were not as 654 

significantly reduced compared to untreated WT and lactate treatment, although minimally, 655 

appeared to increase the levels of these metabolites in rict-1 mutants (Fig. S11) NAE levels 656 

significantly reduced in untreated rict-1 mutants compared to WT, and lactate treatment 657 

showed a similar trend, of increased level in rict-1 mutants.  658 

To assess the functional relevance of these lactate-induced lipid changes, we investigated 659 

key biosynthetic pathways involved in NAE and phospholipid metabolism (Fig. 8E, F). NAEs 660 

are synthesized by N-acyl phosphatidyl ethanolamine-specific phospholipase D (NAPE-661 

PLD/nape) and hydrolyzed by fatty-acyl amide hydrolase (FAAH/faah)70. Interestingly, nape-662 

1 and nape-2 lof mutants did not significantly affect lactate-mediated longevity (Fig. S12A, B), 663 

possibly due to enzymatic redundancy. However, the faah-1(tm5011) lof mutant exhibited 664 

enhanced sensitivity to lactate supplementation. In faah-1(tm5011) mutants, lactate treatment 665 

increased mean lifespan by 54% compared to 18% in N2 controls (Fig. 8E). In contrast, the 666 

faah-4 mutant, which preferentially hydrolyzes 2-arachidonylglycerol (2-AG), did not display 667 

increased sensitivity to lactate (Fig. S12C). 668 

RNAi-mediated knockdown of genes involved in lysophospholipid synthesis81 revealed that 669 

disruption of this pathway amplifies lactate's pro-longevity effects.  Specifically, targeting pcyt-670 

1 (PCYT1) or cept-1 (CHPT1), key enzymes in the CDP-choline pathway82, and regulated by 671 

lactate (Fig. 3F), markedly enhanced the lifespan extension induced by lactate. In contrast, 672 

knockdown of lpla-2, a lysosomal phospholipase A2, had no significant effect. The mean 673 

lifespan increase under lactate supplementation was 85% in pcyt-1, 57% in cept-1, and 21% 674 

in lpla-2 RNAi-treated worms, compared to an 18% increase in control vector-treated animals 675 
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(Figure 8F). These findings suggest that suppression of phospholipid synthesis sensitizes 676 

animals to lactate, supporting the idea that downregulation of lipid mobilization contributes to 677 

its pro-longevity mechanism. 678 

Together, our findings support a model in which lactate-driven redox changes modulate lipid 679 

metabolism and regulate longevity. We propose that lactate-driven mitochondrial respiration 680 

generates ROS, which initiates a signaling cascade involving protein acetylation, activation of 681 

SIR-2.1, and metabolic remodeling. This cascade acts on downstream targets like RICT-1 to 682 

reduce lipid mobilization, ultimately leading to lifespan extension (Fig. 8G). These results 683 

provide novel insights into the interplay between lactate metabolism, redox signaling, and lipid 684 

regulation in the control of longevity. Further studies are needed to elucidate the molecular 685 

details of this pathway and assess its relevance in mammalian aging. 686 

 687 
Discussion and conclusion 688 

Lactate is a potent signaling molecule, involved in both physiological and pathological 689 

contexts90. We previously demonstrated that high concentrations of lactate enhance stress 690 

resilience through a hormetic action involving a mild increase in reactive oxygen species 691 

(ROS)36. In this study, we investigated the mechanisms underlying lactate-mediated longevity 692 

and found that lactate promotes lifespan and healthspan in C. elegans through distinct 693 

signaling pathways. A longstanding debate is how lactate influences cellular processes, 694 

through direct signaling or via its conversion to pyruvate. Our findings reveal that the oxidation 695 

of lactate to pyruvate via LDH-1 is essential for its longevity-promoting effects. This process 696 

also further generates NADH, which appears to play a critical role in mediating downstream 697 

effects. Pyruvate is metabolized further to produce acetyl-CoA and CO2, which generates an 698 

additional equivalent of NADH. Our finding that reducing NADH levels by expressing LbNOX 699 

abolishes lactate-driven longevity strongly suggests that the build-up of NADH resulting from 700 

lactate treatment plays a central role. Regulation of the NAD+/NADH ratio is critical for 701 

metabolic homeostasis, and thus, the increase of NADH levels driven by lactate must be offset 702 

by increased regeneration of NAD+ via mitochondrial respiration. 703 

Our proposed longevity mechanism (Fig. 8G) links increased ROS levels resulting from 704 

increased mitochondrial respiration and increased protein acetylation due to elevated acetyl-705 

CoA levels (via pyruvate) with increased SIR-2.1 activity, stress response activation, and 706 

changes in lipid metabolism  (Fig. 8G). While NAD+, the substrate of SIR-2.1/SIRT1, has been 707 

previously associated with the physiological impacts of lactate91,92, our finding that lactate-708 

mediated longevity is strictly dependent on sir-2.1 was unexpected. Deletion of sir-2.1 results 709 

in starkly increased protein acetylation levels, which appear to be detrimental, given that 710 

lactate supplementation significantly reduces the lifespan of sir-2.1 mutants. This suggests 711 
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that the pro-longevity effect of lactate hinges on increased protein deacetylation by sir-2.1. 712 

The signaling cascade proposed here also requires the methyltransferase anmt-1, which 713 

methylates NAM, derived from sir-2.1 activity, and produces MNA. In a previous study66, anmt-714 

1-derived MNA was reported to increase ROS production via the oxidase GAD-3, leading to 715 

activation of stress response pathways, including gst-4. However, in our hands, MNA did not 716 

significantly increase ROS or gst-4 activity, and the loss of gad-3 did not prevent lactate-driven 717 

longevity. This suggests that ANMT-1 may methylate additional substrates leading to 718 

activation of gst-4 or that anmt-1-dependent conversion of NAM to MNA regulates NAM 719 

metabolism by additional mechanisms.  720 

Taken together, our model proposes that lactate supplementation increases NADH levels, 721 

triggering increased mitochondrial respiration to regenerate NAD+ as well as protein 722 

hyperacetylation that activates SIR-2.1, which in turn initiates a signaling cascade that 723 

activates skn-1/Nrf-2 and promotes the expression of detoxification enzymes such as GST-4 724 

as well as changes in lipid metabolism. This model is supported further by our finding that 725 

knocking down cbp-1/CBP1, a key acyltransferase previously implicated stress 726 

response63,65,95 , not only abolished lactate-mediated longevity, but also, similar to what we 727 

observed in sir-2.1 mutants, led to reduced lifespan in response to lactate. While cbp-1 has 728 

previously been implicated with protein lactylation, our results indicate that lactylation levels 729 

were not significantly increased after lactate treatment, in contrast to a drastic increase in 730 

acetylation levels. Clarifying the exact role of cbp-1 for lactate-dependent changes in protein 731 

acylation levels will require more detailed characterization of the substrate scope of CBP-1 as 732 

well as of the changes to the protein acylation landscape in response to lactate treatment.  733 

Lactate is known for its protective effects96,97, but chronic high levels can be harmful98–100. In 734 

our study, lactate conferred SKN-1/Nrf2–dependent protection, markedly improving mid-life 735 

survival in N2 animals, with a smaller effect on maximum lifespan (Fig. 2). Lactate sustained 736 

GST4 activity through day 5, which may underlie its later detrimental impact, as prolonged 737 

SKN-1 activation is linked to reduced lifespan101. This biphasic effect parallels other 738 

interventions that are beneficial early but deleterious later in life102,103 and matches reports on 739 

the dual role of early reactive oxygen species exposure in promoting resilience and 740 

longevity72,104. Furthermore, lactate-induced protein acylation may play a role, with transient 741 

acetylation aiding stress adaptation, but persistent acetylation accelerating aging105,106. 742 

The final key observation in this study was a marked shift in metabolic pathways under lactate 743 

supplementation. Our untargeted metabolomics analysis revealed that changes in energy 744 

metabolism were detectable as early as day 1, preceding the transcriptomic alterations 745 

observed at day 5. We propose that lactate stimulates mitochondrial activity, thereby 746 

increasing protein acetylation and subsequently suppressing the expression of metabolic 747 
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genes, including those related to lipid mobilization. This aligns with previous findings linking 748 

elevated acetylation to downregulation of metabolism107 through sirtuin activity108. Although 749 

lactate’s physiological role in lipid regulation is not fully understood109,110, we found that 750 

supplementation decreased levels of several lipid-derived metabolites (Fig. 5) and required 751 

the lipid-associated factors NHR-49 and RICT-1 for lifespan extension. Notably, RICT-1 has 752 

not been implicated in lactate signaling before; it integrates nutrient cues and regulates 753 

metabolism, longevity, and Nrf-2/skn-1 activity. Interestingly, rict-1 knockdown, despite 754 

reducing lifespan on its own, enhanced lactate-mediated longevity (Fig. 6). 755 

Our investigation into lipid changes associated with lactate-driven longevity demonstrated that 756 

RNAi knockdown of the biosynthetic pathways for lysophospholipids (LPC/LPE) and for N-757 

acylethanolamines (NAE) produced distinct effects. Specifically, inhibition of LPC/LPE 758 

synthesis and suppression of NAE catabolism both significantly enhanced lactate-mediated 759 

lifespan extension (Fig. 8). These findings indicate that lactate promotes healthy aging, at 760 

least in part, by modulating lipid metabolic pathways. 761 

We propose a mechanistic model in which lactate promotes mitochondrial activity, resulting in 762 

increased metabolic activity through the production of pyruvate and acetyl-CoA. Increased 763 

mitochondrial function induces ROS and leads to increased protein acetylation, which in turn 764 

activates SIR-2.1 (Fig. 8G). This signaling cascade triggers cellular detoxification 765 

mechanisms mediated by SIR-2.1 and SKN-1. Concurrently, lactate, possibly through SIR-766 

2.1-mediated pathways, downregulates RICT-1, reducing lipid metabolism. Together, these 767 

coordinated metabolic and redox adaptations, occurring particularly in later stages of life, may 768 

contribute to enhanced longevity. 769 

 770 

Study limitations 771 

This model offers a framework for understanding the complex interplay between lactate 772 

metabolism, stress response pathways, and longevity regulation. However, several questions 773 

remain. First, the precise molecular mechanisms by which lactate-induced ROS promotes 774 

longevity are still unclear. Although our transcriptomic analyses revealed gene expression 775 

changes at later life stages, we hypothesize that early effects of lactate may be mediated 776 

through post-translational modifications, including acetylation. To address this, the effects of 777 

lactate at different life stages warrant further investigation. Second, while we investigated the 778 

systemic effects of lactate, its temporal and spatial dynamics remain to be elucidated. 779 

Because metabolic and signaling characteristics vary across tissues, it is crucial to determine 780 

whether lactate’s redox and lipid effects occur in the same or distinct tissues.  781 

 782 
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Figure legends: 796 
 797 
Figure 1: Lactate catabolism regulates longevity. 798 

A) Lifespan curves of N2 animals under control (black line) and lactate-supplemented (colored 799 

lines) diets. 800 

B) Schematic representation of metabolic pathways associated with the lactate 801 

dehydrogenase reaction and subsequent pyruvate oxidation to acetyl-CoA. 802 

C) Lifespan curves of N2 animals treated with ldh-1 RNAi, under control (black) or lactate- 803 

(blue) and pyruvate-supplemented (red) diets. 90 animals were scored per condition. 804 

Treatments were applied from the embryonic stage until death. 805 

D) Schematic representation of the LbNOX-dependent mechanism. 806 

E-F) Lifespan curves for animals expressing LbNOX in the cytoplasm (E) or in the 807 

mitochondria (F). Animals were grown on control (black) or lactate-enriched diet (blue). 808 

G-H) Lifespan curves of N2 animals under control diet (black) or different temporal lactate 809 

supplementation. Full treatment refers to continuous lactate exposure from the embryonic 810 

stage until death. Other conditions refer to stages when lactate supplementation was initiated 811 

and continued until the death of the animals tested.  812 

I) Quantification gst-4p::GFP fluorescence in day 1 adult animals treated with ldh-1 RNAi. 813 

Animals were grown under control (grey), lactate- (blue) or pyruvate-supplemented (red) diet. 814 

J) Experimental design for mid-developmental stages. For the Lac to Ctl condition, L4 animals 815 

were transferred from lactate-supplemented to control diet. For the  Ctl to Lac condition, L4 816 

animals were transferred from control to lactate-supplemented diet. gst-4p::GFP expression 817 

was quantified in day 1 adult animals, and each dot represents one animal. 818 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 819 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 820 

twice. P values for fluorescence measurements were calculated by unpaired, two-sided t-test 821 

with Welch correction. *P<0.05; **P<0.01; ****P<0.0001. ns: Not significant. Each 822 

fluorescence experiments were performed at least 3 times, and between 25-40 animals were 823 

measured per condition. 824 

 825 

Figure 2: Lactate extends longevity through redox changes 826 

A) Representative images of gst-4p::GFP reporter animals at day 1 (D1), day 3 (D3), and day 827 

5 (D5) of adulthood under control or lactate-supplemented (10 mM) diets. Quantification of 828 

gst-4p::GFP fluorescence intensity from animals shown in the images. Data represent pooled 829 

measurements from three independent experiments, each including between 20 and 40 830 

animals per condition. 831 
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B) Lifespan curve for skn-1(zu67) mutant animals maintained on control (circles, black line) 832 

or lactate-supplemented (squares, blue line, 10 mM) diets. 90 animals were scored per 833 

condition. 834 

C) Images of gst-4p::GFP reporter in day 1 animals. Animals were grown on L4440 RNAi 835 

vector and transferred on skn-1 RNAi at L4 stage. Quantification of gst-4p::GFP expression 836 

in animals treated with skn-1 RNAi. 837 

D) Quantification of gst-4p::GFP expression in animals treated under control, 10 mM lactate 838 

(lac), 5 mM N-acetylcysteine (NAC) or lactate + NAC (Lac + NAC) diets. Between 20 and 40 839 

animals were scored per condition. Experiment was repeated three times. 840 

E) Lifespan curves of N2 animals treated under control, 10 mM lactate (lac), 5 mM N-841 

acetylcysteine (NAC) or lactate + NAC (Lac + NAC) diets. 842 

F) Quantification of mitotracker-H2Xros staining of day 1 N2 animals. Samples were grown 843 

on control of lactate-supplemented diet.  844 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 845 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 846 

twice. P values for fluorescence measure were calculated by unpaired, two-sided t-test with 847 

Welch correction. *P<0.05; **P<0.01; ****P<0.0001. ns: Not significant. Each fluorescence 848 

experiment was performed at least 3 times, and between 25-40 animals were measured per 849 

condition. 850 

 851 

Figure 3: Lactate induces late transcriptomic changes 852 

A) Schematic representation of the experimental design used for RNA sequencing. 853 

B) Volcano plots representing differentially expressed genes between day 1 controls (D1 Ctl)  854 

and day 5 controls (D5 Ctl) (left) or day 5 lactate-supplemented animals (D5 Lac) (right).   855 

Significantly up-regulated (red) and down-regulated (blue) genes were identified using 856 

thresholds of fold-change ≥ 1.5 and false discovery rate (FDR) <0.05. 857 

C) Venn diagram showing numbers of differentially expressed genes (DEG) in aging (D1 Ctl 858 

vs D5 Ctl, grey) and in lactate-treated aging (D1 Ctl vs D5 Lac, blue). 859 

D) Gene Ontology (GO) analysis (Biological Process) for DEGs between day 5 lactate-treated 860 

animals and day 5 controls, performed using Wormcat43 . Enriched categories, with p adjusted 861 

value < 0.05, are shown. 862 

E-J) Lifespan curves for atf-7(gk715), rsks-1(ok1255), and isp-1(qm150) mutants under 863 

control (black) or lactate-supplemented (blue) diets. 864 

Differential gene expression (DEG) between D5 lactate and D1 control conditions was 865 

assessed using the unpaired, nonparametric Mann–Whitney test followed by Benjamini–866 

Hochberg correction for multiple comparisons. Cutoff for significance was fold change ≥1.5 867 

and P-adjusted value of ≤0.05. A list of transcripts specifically regulated by lactate was 868 
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generated by comparing DEG D5 Lactate vs D1 control vs D5 control vs D1 control. Gene 869 

ontology analysis for differentially regulated genes between day 5 ctl and day 5 lac animals 870 

was performed using Wormcat43 . Enriched categories with an adjusted P-value ≤0.05 were 871 

considered significant. 872 

Lifespan curves were compared using the log-rank (Mantel–Cox) method. For each condition, 873 

90 animals were analyzed (in triplicate). Each experiment was repeated at least twice. 874 

 875 

Figure 4: Protein acetylation regulates lactate-mediated longevity. 876 

A) Protein acetylation level as measured by western blot, for N2 and sir-2.1(ok434) animals 877 

under control and lactate-enriched diet. Tubulin is displayed as a loading control, and protein 878 

level is measured relative to control condition. 879 

B) Lifespan curve for N2 animals treated with cbp-1 RNAi. Worms were grown on control 880 

RNAi, under control (black) or lactate-supplemented (blue) diets, and transferred to cbp-1 881 

RNAi at L4 stage.  882 

C) Lifespan curve for N2 (dotted lines) and sir-2.1(ok434) (full lines) animals under control 883 

(black) or lactate-supplemented (blue) diets. 90 animals were scored per condition. 884 

D) Images of gst-4p::GFP reporter in wild-type and sir-2.1(ok434) background. Quantification 885 

gst-4p::GFP expression in day 1 animals under control or lactate-supplemented diet. Each dot 886 

represents one animal.  887 

E) Schematic of SIR-2.1-dependent ROS production via nicotinamide (NAM) and methyl 888 

nicotinamide (MNA).  889 

F) Lifespan curve for N2 (dotted lines) and anmt-1(gk457) (full lines) animals under control 890 

(black) or lactate-supplemented (blue) diets.  891 

G) Lifespan curves for sir-2.1(ok434) animals. Animals were treated under control (Ctl), 10 892 

mM lactate (Lac), 5 mM N-acetylcysteine (NAC) or 10 mM lactate + 5 mM NAC (Lac + NAC) 893 

diets. 894 

H) Quantification of mitotracker-H2Xros staining in N2 and sir-2.1(ok434) animals. Staining 895 

was applied to day 1 animals, under different treatments. Control (grey), Lactate 10 mM (blue), 896 

NAM 100 µM (red), MNA 1µM (purple) 897 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 898 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 899 

twice. P values for fluorescence measure were calculated by unpaired, two-sided t-test with 900 

Welch correction. *P<0.05; **P<0.01; ****P<0.0001. ns: Not significant. Each fluorescence 901 

experiment was performed at least 3 times and between 25-40 animals were measured per 902 

condition. 903 

Acetylation levels were normalized to tubulin and represented relative to the control condition. 904 

 905 
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Figure 5: Lactate impacts lipid metabolism 906 

A) Schematic representation of the untargeted metabolomic pipeline used in this study 907 

B) Comparative metabolite network between day 1 animals treated with lactate (10 mM) vs 908 

control. Metabolite levels are represented as a Log(2) fold change over day 1 control samples. 909 

C-F) Chromatogram of three lactate-regulated lysophosphatidylcholine (C), 910 

lysophatidylethanolamine (D), N-acylethanolamine (NAE) (E), and fatty-acylcarnitine (F). MS2 911 

spectra for the network were acquired in ESI(+) mode. Asterisk (*) indicates the measured 912 

peak. R in each schematic correspond of a fatty-acyl chain of variable length. Fig. S7 contains 913 

measures of all differential compounds related to this figure. 914 

 915 

Figure 6: Lactate-mediated longevity is influenced by lipid regulators 916 

A) Representative Images and quantification of N2 animals stained with Nile red. Animals 917 

were grown on control or lactate-supplemented (10 mM) diet and stained at day 1, 3 and 5 of 918 

adulthood. 919 

B) Quantification of Nile red staining experiment. Animals were grown on a control, lactate (10 920 

mM), and pyruvate (10 mM) diet and stained at day 1 post-adult. 921 

C-F) Lifespan curves for nhr-49(gk405), mdt-15(tm2182), sbp-1(ep79), and rict-1(ft7) loss-of-922 

function mutants under control (black) and lactate-enriched diet (blue). The dotted line 923 

corresponds to WT lifespan curves. Animals were grown on a control or lactate-supplemented 924 

diet. 925 

G) Representative images and quantification of fat-7::GFP reporter in day 1 animals. Animals 926 

were treated under a controlled diet, lactate (10 mM), N-acetylcysteine (5 mM), and a 927 

combination of lactate (10 mM) and N-acetylcysteine (5 mM). Between 20 and 40 animals 928 

were imaged at day 1 of adulthood. 929 

H) Lifespan curve for fat-7(wa36) animals under control or lactate-enriched (10 mM) diets. 930 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 931 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 932 

twice. P values for fluorescence were calculated by unpaired, two-sided t-test with Welch 933 

correction. *P<0.05; **P<0.01; ****P<0.0001. ns: Not significant. Each fluorescence 934 

experiment was performed at least 3 times, and between 25 and 40 animals were measured 935 

per condition. 936 

 937 

Figure 7: Lactate-dependent lipid changes require sir-2.1 and rict-1 938 

A-B) Quantification of Nile red staining in sir-2.1(ok434) (A) and rict-1(ft7)(B) under control or 939 

lactate-enriched diets. Fat content was measured at three life-stages (adult day 1, 3, and 5). 940 

40 to 50 animals were scored per condition/ per day. 941 
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C) Images of fat-7::GFP reporter in wild-type, sir-2.1(ok434) and rict-1(ft7) backgrounds. 942 

Animals were grown on a control or lactate-enriched diet, and the expression level was 943 

measured in day 1 adults. Quantification of fat-7::GFP level. Each dot represents an animal. 944 

D) Lifespan curves for rict-1(ft7) animals. Animals were treated under control (Ctl), 10 mM 945 

lactate (Lac), 5 mM N-acetylcysteine (NAC), or 10 mM lactate + 5 mM NAC (Lac + NAC) diets. 946 

E) Lifespan curves for sir-2.1(ok434); rict-1(ft7) animals. Animals were grown on a control or 947 

a lactate-enriched diet. 948 

F) Quantification of gst-4p::GFP reporter in WT and rict-1(ft7) mutants. Animals were grown 949 

on a control or lactate-enriched diet, and fluorescence was measured in day 1 adults. 950 

G) Quantification of gst-4p::GFP reporter in WT and sir-2.1(ok434); rict-1(ft7) background. 951 

Animals were grown on a control or lactate-enriched diet, and fluorescence was measured in 952 

day 1 adults. 953 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 954 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 955 

twice. P values for fluorescence were calculated by unpaired, two-sided t-test with Welch 956 

correction. *P<0.05; **P<0.01; ***P<0.001 ****P<0.0001. ns: Not significant. Each 957 

fluorescence experiment was performed at least 3 times, and between 25 and 40 animals 958 

were measured per condition. Nile-red staining levels were normalized to animals’ size to 959 

account for the size difference between N2, sir-2.1(ok434), and rict-1(ft7). 960 

 961 

Figure 8: Lipid associated molecules biosynthetic pathways regulate lactate longevity. 962 

A) Schematic of metabolomics experiments comparing N2 and sir-2.1(ok434) animals on a 963 

control or lactate-enriched diet. Samples were harvested at day 1 adult stage. 964 

B-D) Quantification of lactate-regulated LPC (B), fatty-acylcarnitine (C), and N-965 

acylethanolamine (NAE – D) in sir-2.1(ok434) (teal) mutants. 966 

E) Schematic of NAE biosynthesis pathway and lifespan curves of faah-1(tm5011) and faah-967 

4(lt121) animals grown on control diet or lactate (10 mM). Dotted lines correspond to wildtype 968 

curves. 90 animals were scored per condition. 969 

F) Schematic of LPC/LPE biosynthesis pathway and lifespan curves for N2 animals treated 970 

with L4440 (empty vector), cept-1, pcyt-1, or lpla-2 RNAi. Animals were grown on a control 971 

diet or lactate (10 mM). 90 animals were scored per condition. 972 

Statistics for lifespan curves were done using log-rank (Mantel–Cox) method. For each 973 

condition, 90 animals were analyzed (in triplicate), and each experiment was repeated at least 974 

twice. P-values for metabolite levels were calculated by an unpaired, two-sided t-test with 975 

Welch correction. *P<0.05; **P<0.01; ****P<0.0001. ns: Not significant. Metabolite measures 976 

represent one experiment, performed in triplicate. Each experiment was performed three 977 

times. 978 
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G) Graphical summary of the proposed model from this study, highlighting the key 979 

mechanisms and significant findings. 980 

 981 
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