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Abstract
Aging has been proposed to be a consequence of reproductive ability and longevity thus occurs as a
tradeoff with organismal reproduction1, 2. Lifespan extending interventions generally at the expense of
fertility3. How this principle extends to nutrition and metabolism is not understood. We considered dietary
methionine restriction (MR) that is linked to one carbon metabolism as well as to Mediterranean or plant-
based diets4 ,5 and known to in�uence cancer6, metabolic health7, and longevity3, 8. Using a chemically
de�ned diet (CDD) we developed for Drosophila melanogaster, we found that MR-mediated lifespan
extension indeed occurs at the expense of reproduction. A survey of the nutritional landscape in the
background of MR revealed that folic acid, a vitamin linked to one carbon metabolism, surprisingly was
the lone nutrient that restored reproductive defects without compromising lifespan extension. In vivo
isotope tracing, metabolomics and �ux analysis identi�ed the Tricarboxylic (TCA) cycle and redox
coupling as the primary determinants of MR bene�ts. Interestingly, the fecundity defect occurred through
altered sperm function and its restoration by folic acid supplementation also restored sperm
mitochondrial metabolism. Together these �ndings suggest that dietary interventions connected to
speci�c changes in metabolism can separate adverse effects that may occur by enhancing longevity.

Introduction
Why organisms lose �tness over time and thus age is a longstanding issue. It has been proposed that
aging is a necessary consequence of somatic maintenance including the need for reproductive capacity1,

2. Thus, commonly considered means of lifespan extension such as nutrition restriction3 and IGF
signaling reduction9, 10 tend to result in tradeoffs to proliferation. The molecular processes that mediate
this antagonism, particularly as they relate to metabolism and their potential for separability, which would
be desirable if any such intervention were to be considered in practice, are largely unknown10, 11. One
notable intervention that yields a consistent conserved lifespan extension (along with anti-cancer6, anti-
obesity12 and anti-diabetic properties13) is dietary methionine restriction3, 8. How methionine metabolism
is affected during the aging process and what tradeoffs may result are not generally known. One
limitation has been technology available to study nutrition in large scale systematic ways. An attractive
model is Drosophila melanogaster as, in addition to its established utility in aging studies3, 8, there may
exist possibilities to create synthetic diets that allow for controlled manners to survey diet and
metabolism.

Methionine restriction (MR) extends lifespan at the expense of reproduction in Drosophila

To investigate nutrition and metabolism systematically, we developed a modi�ed CDD for the fruit �y
Drosophila Melanogaster14–17. To test its utility, we fed Drosophila for the entirety of their lifespan with
the CDD, or standard cornmeal- or yeast-based diets (Extended Data Fig. 1a). Either no or modest
differences in lifespan (Extended Data Fig. 1b), fertility (Extended Data Fig. 1c), eclosion time (Extended
Data Fig. 1d), climbing ability (Extended Data Fig. 1e), and body weight (Extended Data Fig. 1f) were
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observed, consistent with previous results15. A panel of diets containing differing amounts of methionine
could then be constructed and their effects on health and lifespan investigated (Fig. 1a and Extended
Data Fig. 2a). Lifespan was found to be dose dependent with low concentrations reducing lifespan and
an optimal lifespan extension occurring at around 10% of the standard diet and concentrations up to 50%
surprisingly continuing to exhibit signi�cant effects on increased lifespan (Fig. 1b). Concomitantly,
lowering the levels of methionine reduced egg production with zero methionine resulting in the fewest
number of offspring (Fig. 1c and Extended Data Fig. 2b). Meanwhile 2-week windows of a 10%
methionine diet at earlier ages (weeks 0, 2, 4, or 6) extended lifespan incrementally (Extended Data
Figs. 3a–d, 3f-i) but not in older �ies (week 8) (Extended Data Figs. 3e, 3j), and lifespan extension comes
with reduced fertility (Extended Data Figs. 2c, 2g). Importantly the �ndings were sex independent
(Figs. 1d-h, Extended Data Figs. 2d-f, 2h-j, and Extended Data Fig. 3) and lifespan extension with reduced
fecundity was also observed when MR was administered at later ages to either sex (Figs. 1i-m). Thus,
dietary methionine extends longevity while maintaining health span at the expense of fertility.

MR restores redox balance and enhances TCA �ux that decline
during aging
Methionine is a nutrient metabolized in one carbon metabolism. Its impact can occur through numerous
metabolic processes7. Altered metabolism is a key feature of aging to but the general processes are not
known18. Thus we sought to investigate changes to metabolism during aging and next how they are
in�uenced by dietary methionine (Fig. 2a). Using liquid chromatography coupled with high resolution
mass spectrometry, we generated metabolite pro�les (Extended Data Fig. 4a) of young and old �ies
having eaten an MR or control CDD (Fig. 2a) and observed differences between the young and old
(Extended Data Figs. 4b-d). As expected, methionine related metabolites were suppressed in MR treated
young and old �ies (Fig. 2b). Prominently, redox (Fig. 2c), energy (Fig. 2d), and nucleotide (Fig. 2e) related
metabolites were altered as observed in other contexts MR6, 19. Importantly, the ratio of oxidized to
reduced glutathione and NAD+/NADH cytosolic redox ratio (Fig. 2c), the ATP/AMP ratio a measure of
energy status (Fig. 2d), and levels of di- and tri phosphate nucleotides (Fig. 2e) were each restored to
levels in young animals by MR in aging animals. Those �ndings are consistent with studies on the
bene�cial effects of reducing oxidation status and promoting energy balance on lifespan extension20–22.

To further study these metabolic effects, we modi�ed our CDD to incorporate heavy isotopes into the diet
(Fig. 2f). We �rst fed �ies with U-13C-Methionine to investigate methionine cycle �ux and developed a
computational scheme to quantify methionine �ux (Fig. 2g, methods). This revealed increased
methionine cycling activity during MR in young and old �ies indicating compensatory methyl donor
availability during MR. With U-13C-Sucrose and a computational, arti�cial intelligence-based method of
determining �uxes from isotope tracing (Fig. 2h, methods), we assessed metabolic �uxes in central
carbon metabolism. We found that consistent with changes to redox, energy and nucleotide metabolism,
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MR enhanced TCA cycle activity in young and old (Fig. 2i). Altogether these �ndings indicate that
enhanced TCA cycle activity is the major effect of MR.

Folic acid (FA) supplementation uncouples the lifespan-fertility
tradeoff induced by MR
To investigate the generality of this tradeoff induced by MR, we surveyed the nutritional landscape in the
background of a lifespan extending but fertility decreasing dose of MR (Fig. 3a). We supplemented the
methionine restricted diet with an array of nutrients in broad categories such as amino acids, vitamins,
and sugar, as well as nutrients speci�c to one carbon metabolism such as serine and folic acid (FA). In
nearly all situations, increasing dietary nutrient availability suppressed lifespan extension (Fig. 3b) with
the lone exception being FA supplementation which was able to maintain the lifespan effect. The
addition of FA alone led to no changes in the lifespan and the effects of FA on maintaining lifespan
extension in the background of MR could be achieved under high doses (up to 200 x tested) of FA
indicating that FA by itself functioned in the MR background and was not additive (Fig. 3c and Extended
Data Fig. 5a). The de�ciency of egg production surprisingly was completely restored (Fig. 3d) implying
the MR-induced lifespan-fecundity tradeoff could be separated by FA supplementation. Five times the
regular dose of FA was found to be optimal for maintaining longevity and restoring fertility (Figs. 3c, 3d).
Interestingly, these effects could be obtained even when males alone were fed the diets while females
were fed a control diet (Figs. 3e, 3f) and could be observed in aging �ies (Figs. 3g, 3h). To exclude the
involvement of gut microbiota-produced FA, we administered antibiotics into the diet23, demonstrating
that the effect is coming from dietary FA (Extended Data Figs. 5b-e). We then investigated the features of
metabolism that are linked to this �nding. Glycolytic �ux was attenuated but TCA cycle �ux enhanced
(Fig. 3i), in large part due to decreasing the demand for carbon units from glycolysis together suggesting
that FA supplementation during MR enhances mitochondrial function. Thus, the lifespan fecundity
tradeoff apparent under MR can be uncoupled and FA is the determinant of its separability.

FA supplementation rescues MR induced sperm viability and transfer
decline
Given the reproductive effects could be observed from MR administered exclusively to males, we
investigated the young and old �ies that were fed control, MR, MR-FA and FA diets, and sperm was assay
(Fig. 4a). To test whether spermatogenesis and mature sperm count were affected, testes24, 25, and sperm
numbers in the seminal vesicle26 were evaluated (Fig. 4b). No differences in spermatogenesis (Extended
Data Fig. 6) and sperm number in the seminal vesicle (Fig. 4c) was observed. However, sperm numbers
declined during aging (Fig. 4c). We next assayed sperm viability27, 28, and found that MR reduced, and FA
supplementation rescued sperm viability (Fig. 4d). This led us to investigate sperm count in the female
seminal receptacle28 (Fig. 4e). It was found that MR did indeed reduce sperm number in the receptacle
and this defect was fully rescued with FA supplementation (Fig. 4f). These �ndings indicate that sperm
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viability is the major source of reproductive defects along with the recovery induced by FA
supplementation.

MR-FA maintains sperm redox balance and enhances sperm energy
metabolism

Metabolically, sperm has a few speci�cations, and recent studies have shown29 that sperm can rapidly
respond to changes in diet. We therefore investigated the metabolism of Drosophila sperm in vivo by
feeding �ies isotopically labeled nutrients and collecting sperm (Fig. 5a). We generated metabolite
pro�les that are different between young and old (Extended Data Fig. 7a). Methionine related metabolites
were rescued by FA (Fig. 5b) as was cytosolic redox ratio (Fig. 5c) and energy status (Fig. 5d) but not
glutathione based redox (Fig. 5c) or methionine cycle �ux (Fig. 5f) which we initially suspected. Defects
in polyamine metabolism were rescued by FA in old �ies, but not in young �ies (Fig. 5e). Central carbon
metabolism however was rescued by FA indicating that TCA cycle �ux consistent with observations with
metabolite levels was the main source of the metabolic defects (Fig. 5g and Extended Data Fig. 7b).
Together these results map the metabolism of sperm in vivo and show the effects of both MR and the
aspects of FA supplementation that rescued the sperm metabolism and function.

Discussion
Our �nding that dietary MR extends lifespan at the expense of reduced fertility is consistent with the
lifespan and fertility trade-off theory of aging. However, a survey of the dietary landscape in the
background of MR found, in contrast to all other diets considered, that FA supplementation not only
maintained the lifespan extended by MR but also reversed the reduced fertility. Interestingly, the
reproductive effects occurred through the sperm, and by analyzing metabolism in vivo with metabolite
pro�ling, isotope tracing, and machine learning assisted �ux analysis, we found that redox balance and
the restoration/maintenance of TCA cycle metabolism homeostasis, in general, were the factors
in�uencing both sperm function and the longevity phenotype induced by MR (Fig. 5h). These �ndings
may have several implications. They show for example how a conserved metabolic pathway that can be
modi�ed by diet in�uences longevity, and con�rm that reproductive de�ciency can, in this case by vitamin
supplementation, be separated from lifespan extension through effects on the male.

Methods

Fly stocks and maintenance
Wild-type fruit �y Drosophila melanogaster w1118 strains were utilized in all experiments and sourced
from the Bloomington Stock Center. The �ies were maintained under standardized conditions, a
temperature of 25°C and relative humidity of 60%, with a 12-hour light/12-hour dark photoperiod. Flies
were collected as experimental within 8 hours post-eclosion, with 25 individuals per vial. Each vial diet
was replaced with fresh provisions every 2–3 days.
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Diet
The cornmeal diet was obtained from Genesee Scienti�c (# 66–112), while the yeast-based diet was
modi�ed from previously published recipes30, 31. Chemically De�ned Diet (CDD) was prepared and
modi�ed based on previous research14–17. Variations of the CDD, including methionine-restricted diets,
nutrient-enriched diets, a sulfa quinoxaline-added diet, and isotope tracing diets (U-13C5-Methionine and
U-13C6-Sucrose (Fructose)) were also developed. Diets can be stored at 4°C for several weeks (after which
they will shrink due to loss of water and pull away from the side of the vial).

Egg counting and egg development time
Mated female �ies were transferred to fresh diet vials every day to allow for observation of egg
production and egg development time. Egg counting from the 3rd day after mating lasts for 30 days.

Climbing activity and body weight
Fly climbing activities were assessed referring to a previously described32. Shortly, 10 single-sex �ies,
were transferred to an empty standard 23 × 95 mm plastic vial and then gently tapped to the bottom 3
times. The number of �ies that reached the top vial within 20 seconds was then scored as climbing.
Consecutive trials were separated by 1 minute of rest, and each experiment was performed on a
minimum of 3 vials of 10 �ies per condition repeated 3 times. Test every 5–10 days and follow up for 2
months.

For body weight, 50 �ies were collected, weighed every 10 days, and followed up for 2 months. Each
experiment was performed on at least 150 �ies (3 vials of 50 �ies per condition) and repeated 3 times.

Lifespan assessment
Flies were collected within 8 hours after eclosion and sorted under CO2 anesthesia. The individuals were
then randomly assigned to various feeding regimes, with 25 single-sex �ies placed in each vial.
Throughout the experiment, the �ies were transferred to a fresh vial containing the corresponding diet
every 2–3 days. Mortality was monitored daily by checking for dead �ies in the vials and recording the
number of deaths.

Folic acid concentration assay
Diets or 100 �ies were prepared and quanti�ed according to the Folic Acid Concentration Assay Kit
(Novus Biologicals NBP2-82433).

Tissue preparation
Separation of the male reproductive system, which consists of the testes, seminal vesicles, accessory
glands, and ejaculatory duct. Separation of the female reproductive system, which consists of the bursa,
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spermatheca, seminal receptacle, and ovaries. Tissues were observed or stored at -80°C for future
experiments.

Sperm was isolated as in previous studies27–29. The seminal vesicle and ejaculatory duct (90 minutes
after mating) were separated from the male reproductive system and torn using a dissecting needle. The
tissue was placed into a centrifuge tube containing 300 µl of ddH2O and mixed for 10 minutes at room
temperature (RT), seminal vesicles and ejaculatory duct were discarded, and the sperm was centrifuged
at 3000 rpm for 5 minutes at RT. Save the pelleted sperm for mass spectrometry or store it at -80°C for
future use.

Testes staining
The male reproductive system was dissected, and removed the seminal vesicles, glands, and ejaculatory
duct. W1118 male testes were harvested and dissected in PBS and �xed in 5% formaldehyde for 20
minutes, followed by washing in PBS + 0.1% Triton X-100 for 15 minutes. The samples were stained as
described26, with rhodamine-phalloidin (0.1 µM, Sigma-Aldrich, P1951) and DAPI (10 µM, Invitrogen
D1306) for 20 minutes. The images were captured using a Zeiss LSM510 confocal motorized inverted
microscope with an XM-10 monochrome camera.

Sperm number and sperm viability
Put the isolated seminal vesicles or seminal receptacle in 5–10 µl of PBS. The tissue was punctured
using a dissecting needle and allowed to rest for 10 minutes to release the sperm. Stain with DAPI or
SYBR28, 29. DAPI staining resulted in the blue staining of the sperm heads, while SYBR staining produced
green �uorescence in live sperm and red �uorescence in membrane-compromised sperm when used in
conjunction with propidium iodide. The SYBR staining procedure was carried out as follows: Sperm
samples were diluted in a live-cell imaging solution that contained 10% BSA. A stock solution of SYBR 14
dye was created by adding 900 µl of DMSO. Then, 1 µl of the SYBR 14 stock solution and 5 µl of
propidium iodide solution were mixed with the diluted sperm sample. The mixture was incubated at 37°C
for 5–10 minutes, following which the sample was observed using a confocal microscope.

Metabolite extraction
10 �ies or 30 (young)/90 (old) �ies’ sperm were collected under light CO2 anesthesia and rapidly frozen in
liquid nitrogen. The frozen �ies were then ground using a CryoMill. Metabolite extraction was performed
as described in the previous study33. The supernatant was transferred to a new Eppendorf tube and dried
in a vacuum concentrator at RT. The dry pellets were reconstituted into 30 µl sample solvent (15 µl water
and then 15 µl methanol/acetonitrile (1:1 v/v)) and 3 µl was further analyzed by liquid chromatography
coupled to high resolution mass spectrometry. Mobile phase A is water with 5 mM ammonium acetate,
pH 6.9, and mobile phase B is 100% acetonitrile.

An Ultimate 3000 UHPLC (Dionex) was coupled to Q Exactive-Mass Spectrometer (QE-MS, Thermo
Scienti�c) for metabolite separation and detection. For metabolite analysis, used a HILIC method, with an
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Xbridge amide column (100 × 2.1 mm internal diameter, 3.5 µm; Waters), for compound separation at RT.
The mobile phase and gradient information have previously been described33. The gradient is linear as
follows: 0 minute, 85% B; 1.5 minutes, 85% B; 5.5 minutes, 35% B; 10 minutes, 35% B; 10.5 minutes, 35%
B; 10.6 minutes, 10% B; 12.5 minutes, 10% B; 13.5 minutes, 85% B; and 20 minutes, 85% B. The �ow rate
is 0.15 ml/minute from 0 to 5.5 minutes, 0.17 ml/minute from 6.9 to 10.5 minutes, 0.3 ml/minute from
10.6 to 17.9 minutes, and 0.15 ml/minute from 18 to 20 minutes. The QE-MS is equipped with a heated
electrospray ionization probe, and the relevant parameters are listed: evaporation temperature, 120°C;
sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 3.6 kV for positive mode and 2.5 kV for
negative mode. The capillary temperature was set at 320°C, and S-lens was 55. A full scan ranges from
70 to 900 (m/z) was used. The resolution was set at 70,000. The maximum injection time was 200 ms.
Automated gain control was targeted at 3 x 106 ions.

Polyamine extraction
Metabolite extraction was performed as described in previous study34. The supernatant was transferred
to a new Eppendorf tube and dried in vacuum concentrator at RT. The dry pellets were reconstituted into
30 µl sample solvent (water: initial gradient, 1:4, v/v) and 3 µl was further analyzed by LC-MS. Initial
gradient is 99% A (2 mM ammonium acetate in 10% (v/v) acetonitrile) plus 1% B (0.4% (v/v) acetic acid in
10% (v/v) acetonitrile).

Ultimate 3000 UHPLC is coupled to QE-MS for polyamine pro�ling. A pH gradient-liquid chromatography
method employing a Scherzo SM-C18 column (50 x 2.0 mm i.d., 3 µm; Imtakt, Japan) at 30 oC is used for
polyamine separation34. The linear gradient used is as follows: 0 min, 1% B; 1 minute, 5% B, 3 minutes,
5% B; 5 minutes, 100% B, 10 minutes, 100% B. The �ow rate is 0.2 ml/minute. Then the system is washed
with 100% B for 10 minutes at �ow rate 0.2 ml/minute to wash polyamine carryover. Repeat this washing
step 4 times, then equilibrate column for 10 minutes with 1% B before analyzing next polyamine sample.
The equilibrium step right before sample analysis is crucial as initial condition signi�cantly impacts
polyamine separation. The QE-MS is equipped with a HESI probe with related parameters set as below:
heater temperature, 120°C; sheath gas, 30; auxiliary gas, 10; sweep gas, 3; spray voltage, 3.0 kV at
positive mode; capillary temperature, 320°C; S-lens, 55; A scan range (m/z) of 70 to 240 was used in
positive mode from 0.5 to 9 minutes; resolution: 70000; automated gain control (AGC), 3 × 106 ions.
Customized mass calibration was performed before data acquisition.

Metabolomics data processing and metabolic �ux analysis
(MFA)
Analytical LC-MS peak extraction and integration were performed using commercially available software
Sieve 2.2 (Thermo Scienti�c). The integrated peak intensities were used for further data analysis. Natural
abundance was corrected as previously described35 for tracing studies.

We constructed methionine and one-carbon metabolic �ux analysis (MFA). By setting �ux values, as
weights to a group of �ux values, predict the mass isotopomer distribution (MID) of target metabolites by
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an average of the MID of the precursors. Mode as:

    and  are element  in vector  and , respectively.  is a small number added to
maintain numerical stability. Sum of  for all target metabolites was regarded as the loss function 

 to minimize. The optimization problem was de�ned as:

    represents �ux balance requirement and other equality constraints.  and  are
lower and upper bounds for composite vector . The optimization method refers to previous
publication36, 37.

To reduce random errors in batch preparation and measurement, MIDs in all biological repeats are
averaged to be the target MID for MFA. Network diagrams with �ux values are plotted with the Python
package Matplotlib, the directions of a �ux arrow are set by directions of net �ux, and the transparency of
�ux arrows is set based on its value.

Statistical analysis and bioinformatics
Analysis of metabolites was carried out with software Metaboanalyst
(http://www.metaboanalyst.ca/MetaboAnalyst/) and software GENE-E
(https://software.broadinstitute.org/GENE-E/) using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway database (http://www.genome.jp/kegg/). All data are represented as Mean ± s.e.m. as
indicated. P values were calculated by a two-tailed Student’s t test unless otherwise noted. All
experiments were performed in at least three biological replicates and repeated in two to three
independent experiments. Prism 7 (GraphPad) was used to perform statistical analysis.
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Figure 1

Methionine restriction (MR) extends lifespan at the expense of reproduction in Drosophila. (a) Schematic
of methionine restriction (MR) diets. (b) Lifespan on MR diet. (c) Egg production in females as a function
of methionine concentration. (d-m), Schematic of 10% methionine dietary exposure in young (d) and old
(i) Drosophila. 10% methionine diet extends lifespan of male (e, j) and female (g, l), and reduces
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reproduction of male (f, k) and female (h, m). n=50 �ies per group. Mean ± s.e.m. *P < 0.05, **P < 0.01,
***P< 0.001 and ****P < 0.0001. P values were obtained by unpaired, two-tailed t-test.

Figure 2

MR restores redox balance and enhances TCA �ux. (a) Experimental design. (b-e), Metabolites related to
methionine (b), redox balance (c), energy status (d) and nucleotides (e). (f) 13C tracing experimental
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design. (g) Methionine cycle �ux analysis. (h) Central carbon metabolic �ux analysis experimental
design. (i) Central carbon metabolic �ux analysis. n=30 �ies per group. Mean ± s.e.m. NS = P > 0.05, *P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. P values were obtained by unpaired, two-tailed t-test.

Figure 3

Folic acid (FA) supplementation uncouples the lifespan-fecundity tradeoff induced by MR. (a)
Experimental design. (b) Median lifespan on different diets. (c) Median lifespan under differing doses of
folic acid (FA) supplementation. (d) Egg production under differing doses of FA supplementation. (e-h)
Lifespan and reproduction of young (e, f) and old (g, h) �ies. (i) Central carbon metabolic �ux analysis.
n=30. n=50 �ies per group. Mean ± s.e.m. NS = P > 0.05, *P< 0.05, **P < 0.01 and ****P < 0.0001. P values
were obtained by unpaired, two-tailed t-test.
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Figure 4

FA rescues MR-induced sperm viability and transfer decline. (a) Experimental design. (b) Reproductive
system and seminal vesicle staining of male Drosophila. (c) Sperm number in seminal vesicle. (d) Sperm
viability. (e) Reproductive system of female Drosophila. (f) Sperm number in seminal receptacle. n=25
�ies per group. Scale bar, 200 μm (reproductive system) and 10 μm (seminal vesicle staining). Mean ±
s.e.m. NS = P> 0.05, *P < 0.05, **P < 0.01 and ****P < 0.0001. P values were obtained by unpaired, two-
tailed t-test.
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Figure 5

MR-FA maintains redox balance and enhances sperm energy metabolism. (a) Experimental design. (b-d)
Metabolites related to methionine (b), redox balance (c) and energy state (d). (e) Metabolites related to
polyamine metabolism. (f) Methionine cycle �ux analysis. (g) Central carbon metabolic �ux analysis. (h)
Model. Green color represents lifespan and related factors; Brown color represents fertility and related
factors; The triangle supporting the balance mainly contains redox balance, energy balance, nucleotide,
and polyamine. Young �ies n=30 and old �ies n=90. Scale bar, 200 μm. Mean ± s.e.m. NS = P > 0.05, *P <
0.05, **P< 0.01, ***P < 0.001 and ****P < 0.0001. P values were obtained by unpaired, two-tailed t-test.
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