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Abstract

Metabolic adaptations occur with aging but the significance and causal roles of such changes are only partially known. In Drosophila, we find 
that skeletal muscle aging is paradoxically characterized by increased readouts of glycolysis (lactate, NADH/NAD+) but reduced expression 
of most glycolytic enzymes. This conundrum is explained by lactate dehydrogenase (LDH), an enzyme necessary for anaerobic glycolysis and 
whose expression increases with aging. Experimental Ldh overexpression in skeletal muscle of young flies increases glycolysis and shortens 
life span, suggesting that age-related increases in muscle LDH contribute to mortality. Similar results are also found with overexpression of 
other glycolytic enzymes (Pfrx/PFKFB, Pgi/GPI). Conversely, hypomorphic mutations in Ldh extend life span, whereas reduction in PFK, 
Pglym78/PGAM, Pgi/GPI, and Ald/ALDO levels shorten life span to various degrees, indicating that glycolysis needs to be tightly controlled 
for optimal aging. Altogether, these findings indicate a role for muscle LDH and glycolysis in aging.
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Aging is characterized by a number of changes that occur at the 
molecular, cellular, and organismal levels (1). Whereas some of these 
age-related changes do not affect the aging process itself, others are 
causal or conversely are adaptive stress responses that combat aging.

In addition to nutrient-sensing pathways, modulation of energy 
metabolism by environmental interventions and genetic mutations 
was found to regulate aging across species (2). For example, muta-
tion of Enigma, an enzyme responsible for fatty acid beta oxidation, 
extends life span in Drosophila (3), and a plethora of studies has 
demonstrated that various types of dietary restriction can prevent 
age-related diseases across species (4,5).

Metabolic profiling of aging has highlighted several metabolites 
that are biomarkers of aging and that in some cases also modulate 
life span (6–8), as exemplified by the finding that suppressing the 
age-dependent accumulation of S-adenosyl-homocysteine promotes 
longevity in Drosophila (9). However, the significance and causal 
roles of age-related metabolic changes have been explored only 
in part.

Glucose and its metabolic utilization via glycolysis are among the 
most prominent metabolic pathways in animals. However, the im-
pact of glycolysis on aging is incompletely understood. Some studies 

have shown that reducing glycolysis is beneficial for aging: Glucose 
restriction extends life span in Caenorhabditis elegans by inducing 
mitochondrial respiration and by increasing oxidative stress signaling 
(10,11). Moreover, supplementation of d-glucosamine, a glycolysis 
inhibitor, extends life span of mice and C.  elegans (12). However, 
other studies suggest that glycolysis is needed for optimal aging. In 
Drosophila, it was found that aging leads to loss of epigenetic fidelity 
and a drift in H3K27me3 marks, which impairs the expression of 
glycolytic enzymes. Glycolysis appears necessary for optimal energy 
production and redox homeostasis and, consequently, it was found 
that stimulation of glycolysis promotes longevity (13). Moreover, gly-
colysis is upregulated and is neuroprotective in amyotrophic lateral 
sclerosis (14), and depletion of glycolytic enzymes induces senescence 
in cell culture (15). Altogether, these studies indicate that glycolysis has 
a complex impact on aging and age-related conditions and that this 
varies depending on the context and mode of intervention.

Aerobic glycolysis leads to the production of pyruvate in 
normoxia, whereas anaerobic glycolysis (ie, the transformation of 
glucose to lactate) is the primary means and glucose/pyruvate util-
ization in hypoxia. Although anaerobic glycolysis occurs pervasively 
during normal aging in the human brain and blood cells (16,17) 
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and in C. elegans (18), there is limited understanding of the relative 
impact of aerobic versus anaerobic glycolysis on aging, especially 
with regard to skeletal muscle which is a major metabolic tissue in 
animals.

Skeletal muscle has high metabolic demand and key roles in 
life-span determination (18–21). Several metabolic pathways have 
been found to affect aging and life span when modulated specif-
ically in skeletal muscle (22–25). For example, transgenic AMPK 
overexpression in skeletal muscle of adult flies extends life span 
while AMPK RNAi reduces it (26). Moreover, life-span extension 
due to dietary restriction depends, in Drosophila, on a shift toward 
increased fatty acid synthesis and breakdown in skeletal muscle (27). 
Although glucose sensing has been found to play key roles in muscle 
homeostasis (28), relatively little is known on the impact of muscle 
glycolysis on organismal aging.

Here, we have examined whether aging modulates muscle gly-
colysis, and whether experimental modulation of glycolysis from 
young age affects organismal aging in Drosophila. We find that skel-
etal muscle aging is characterized by increased activity of lactate de-
hydrogenase (LDH), and that muscle-specific Ldh overexpression 
from young age shortens life span. Moreover, we find that 
hypomorphic Ldh mutations extend life span. Altogether, these find-
ings indicate that an age-related increase in muscle LDH decreases 
survival during aging.

Method

Fly Stocks
Fly stocks used in this study are reported in Table 1 and were obtained 
from the Transgenic Resource of the DPIM (Boston, MA, USA; https://
interfly.med.harvard.edu/transgenic_info.php) and the Bloomington 
stock center (Bloomington, IN, USA; https://bdsc.indiana.edu/).

Survival Analysis
Flies were maintained at 25°C with 60% humidity on 12-hour light/
dark cycles with standard cornmeal/soy flour/yeast fly food. The fly 

food was changed every 2–3 days at which time dead flies found 
on top of the food were counted. All experiments were done with 
male flies.

To avoid any contribution of genetic background mutations to 
the observed phenotypes, UAS- transgenes were backcrossed through 
10 generations against w1118 to obtain isogenic male siblings carrying 
either a UAS- or no transgene (distinguished by eye color: white+ 
and white−, respectively). Male siblings carrying either a UAS- or 
no transgene and having the same genetic background were then 
crossed to homozygous w1118;Mhc-Gal4 (rosy+ white−) females, and 
the resulting male progenies were sorted (based on eye color) into 
isogenic transgene-expressing and transgene-nonexpressing cohorts. 
UAS- transgene expression was confirmed by quantitative real-time 
polymerase chain reaction (qRT-PCR).

For adult muscle-specific manipulation, heterozygous Mhc-Gal4.
F3-580 (BDSC#38464 without Mhc-RFP; here indicated as MhcF3-
Gal4) female virgins were crossed to UAS lines to produce progenies 
that contain Gal4 and UAS- and are isogenic to littermate controls 
devoid of Gal4. MhcF3-Gal4 is a stronger driver than Mhc-Gal4 due 
to differences in the Mhc promoter sequences used and because of 
integration at different sites in the genome.

The GeneSwitch system and the Mhc-GeneSwitch-Gal4 and 
Act5c-GeneSwitch-Gal4 drivers (29) were also used for the drug-
inducible expression of transgenes. In these experiments, transgene 
expression is induced by adding RU486 (dissolved in ethanol) to a 
final concentration of 50 µM to the fly food; ethanol alone was used 
for the mock treatment of uninduced controls.

For experiments with EP lines, such lines (marked by white+) 
were backcrossed through 10 generations against w1118 to obtain 
isogenic homozygous (white++) and heterozygous (white+) mutants 
and wild-type controls (white−). Such lines reduce expression of 
the respective glycolytic enzymes (ie act as hypomorphic mutants) 
because the EP transposon is inserted in the 5′UTR and intron of 
transcripts (Pfk), promoter region and 5′UTR (Pglym78, Pgi, Ald), 
and promoter region (Ldh) of the target gene. Reduction in the ex-
pression of the respective glycolytic enzymes was confirmed by qRT-
PCR. In addition, because the EP element carries UAS sequences, the 
EP line for Ldh was also used for achieving Ldh overexpression in 
experiments with Gal4 drivers.

qRT-PCR and Oligonucleotide Sequences
qRT-PCR was done as previously (30). Specifically, total RNA 
was extracted from Drosophila thoraces using Trizol (Life 
Technologies, Carlsbad, CA, USA). For qRT-PCR, cDNAs were 
reverse-transcribed from 500 ng total RNA with the iScript cDNA 
Synthesis Kit (Bio-Rad, Hercules, CA, USA). qRT-PCR was per-
formed with SYBR Green and a CFX96 apparatus (Bio-Rad), and 
α-Tubulin84B was used as a reference gene. The qRT-PCR oligo-
nucleotide sequences here used are reported in Table 2.

Lactate Assays
Lactate assays were performed using the Cayman L-Lactate Assay 
kit (Ann Arbor, MI, USA; #700510). In brief, Drosophila thoraces 
were homogenized with a bullet blender in phosphate buffer saline 
(31), and proteins were precipitated with 1 volume of 0. 5 M meta-
phosphoric acid, followed by centrifugation at 10 000 g for 5 min-
utes at 4°C. The supernatant was collected and assayed following 
the recommended procedures for the Cayman L-Lactate Assay kit. 
Lactate concentration was estimated based on sample interpolation 
into the standard curves.

Table 1.  Fly Stocks Used

Name ID Use

w1118 Lab collection Reference strain
B3/ O1/ O3 From Dr. Trudy 

Mackay
Comparison of Ldh 
expression

MhcF3-Gal4 (F3.580) BL #38464 (RFP 
removed)

Adult skeletal muscle 
expression

Mhc-Gal4 Lab collection Adult skeletal muscle 
expression

Act5c-GS-Gal4 From Dr. John Tower Drug-induced 
ubiquitous expression

Mhc-GS-Gal4 BL #43641 Drug-induced skeletal 
muscle expression

UAS-Ldh = P(EP)Ldh BL #16829 Ldh overexpression
UAS-Pgi DPIM #2979 Pgi overexpression
UAS-Pfrx DPIM #1678 Pfrx overexpression
P(EP)Pfk BL #22605 Pfk mutant
P(EP)Ald BL #20862 Ald mutant
P(EP)Pglym78 BL #30063 Pglym78 mutant
P(EP)Pgi BL #17595 Pgi mutant

Note: Bloomington (BL) stock center: https://bdsc.indiana.edu/; Transgenic 
Resource of the DPIM (Harvard): https://interfly.med.harvard.edu/transgenic_
info.php
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LDH Activity
LDH activity was measured with the Sigma Lactate Dehydrogenase 
Activity Assay Kit (St. Louis, MO, USA; #MAK066). For this assay, 
Drosophila thoraces were homogenized with a bullet blender in the 
provided assay buffer, and tissue homogenates were briefly centri-
fuged to remove cuticle remnants. Subsequently, the supernatant was 
assayed following the assay kit protocol.

COX Activity
Cytochrome C oxidase (COX) activity was measured using the 
Biovision Cytochrome Oxidase Activity Colorimetric Assay 
(Milpitas, CA, USA; #K287-100). For this assay, Drosophila thoraces 
were homogenized in the Biovision Cell Lysis Buffer (#1067) using 
a Dounce homogenizer, and tissue homogenates were subsequently 
processed following recommended procedures.

NAD+/NADH Levels
Nicotinamide adenine dinucleotide (NAD+)/NADH levels were es-
timated with the Biovision NAD/NADH Quantitation colorimetric 
kit (#K337). Drosophila thoraces were homogenized with a bullet 
blender in the provided extraction buffer, and proteins were removed 
by precipitation with 1 volume of 0.5 M metaphosphoric acid, fol-
lowed by centrifugation at 10 000 g for 5 minutes at 4°C. The 
cleared supernatants were collected and assayed by following the re-
commended protocol to estimate total NADt and NAD+ levels. The 
NAD quantity was determined by subtracting the amount of NADH 
(supernatant sample after decomposition of NAD at 60°C for 30 
minutes) from total NADt (sample without decomposition of NAD).

Statistical Analysis
All experiments were performed with biological replicates unless 
otherwise indicated. The unpaired two-tailed Student’s t-test was 
used to compare the means of 2 independent groups to each other. 
One-way analysis of variance with Tukey’s post hoc test was used 
for multiple comparisons of more than 2 groups of normally distrib-
uted data. The “n” for each experiment can be found indicated in 
the figure legends and represents individual flies for survival analyses 
and batches of 10 thoraces each for biochemical assays and qRT-
PCR. Bar graphs present the mean ± SEM or ± SD, as indicated in the 
figure legend. Throughout the figures, asterisks indicate the signifi-
cance of the p value: *p < .05, **p < .01, ***p < .001. A significant 

result was defined as p < .05. Statistical analyses were done with 
Excel and GraphPad Prism (San Diego, CA, USA). Statistical analysis 
of survival data was done using OASIS (32).

Results

Glycolysis Increases in Drosophila Skeletal Muscle 
With Aging
To examine whether aging affects glycolysis in Drosophila skeletal 
muscle, we have examined the levels of lactate, the end-product of 
anaerobic glycolysis, in skeletal muscle (thoraces) of old (8 weeks) 
versus young (1 week) flies. Consistent with an age-related increase 
in anaerobic glycolysis, lactate levels were significantly higher in the 
skeletal muscle of old flies (Figure 1A), in parallel with an increase 
in LDH activity (Figure 1B). Conversely, COX activity, which is in-
dicative of mitochondrial oxidative phosphorylation, decreased with 
aging (Figure 1C), consistent with previous findings that mitochon-
drial function declines with aging (8).

NAD+ is utilized in its oxidized state as a cofactor and is converted 
to NADH as a byproduct of glycolysis. Consistent with an increase 
in glycolysis with aging, NAD+ and the NAD+/NADH ratio declines 
(Figure 1D and F) whereas NADH increases with aging (Figure 1E).

To examine the mechanistic basis for glycolytic changes with 
aging, we profiled the mRNA levels of glycolytic enzymes and found 
that 8 out of 14 have decreased expression in the skeletal muscle of 
old flies (Figure 1G). Specifically, the mRNA levels of Pfk/PFK, Ald/
ALDO, Tpi/TPI, Gapdh1/GAPDH, Pgk/PGK, Pglym87/PGAM, 
Eno/ENO, and Pyk/PK decline progressively in skeletal muscle 
during aging. Apart from Hex-C/HK expression, which transiently 
increases at 5 weeks, Ldh is the only glycolytic enzyme that is tran-
scriptionally upregulated with aging (Figure 1G).

Analysis of RNA-seq reads (TPM) revealed that Ldh is the glyco-
lytic enzyme with the lowest expression, apart from glycolytic enzymes 
(Hex-C and Pglym87) related to more abundantly expressed paralogs, 
that is, Hex-A and Pglym78 (Figure 1H). Altogether, these analyses 
indicate that Ldh mRNA levels are relatively low compared to other 
glycolytic enzymes and that therefore age-related changes are likely to 
affect lactate production, consistent with our finding that lactate levels 
and LDH activity increase in aging muscle (Figure 1A and B).

Another key feature that differentiates LDH from other glycolytic 
enzymes is that LDH is the most cyclic of them. Specifically, analysis of 
the Drosophila muscle circadian transcriptome (33) indicates that Ldh 

Table 2.  qRT-PCR Oligo Sequences

Gene Name NCBI Accession # Forward Sequence Reverse Sequence

Tub84B 40848 GTTTGTCAAGCCTCATAGCCG GGAAGTGTTTCACACGCGAC
Hex-A 45875 GTGCTGGTGAAGATGACCCA GCACTTCGGAATCCTGTCCA
Hex-C 44008 TCTCGCTGAAAGGTCACCAC ATGCGGTCTTCATGTCGTGT
Pgi 35886 CTTCCTCCGCTCAACCAGG GCAGGCGCAGGCTGTATTTT
Pfk 36060 CGAGGGTCATCCCATCACAG CCATGCGGCAAGCCAAAATA
Ald 43183 AAGAACACCCCCGAGGAGAT ACCTCCAGACAGGAAGGTCA
Tpi 43582 GTGCATTGCATCAGTAACGCT GGTGGTTCCGATGATACGGG
Gapdh1 35728 ACTCGACTCACGGTCGTTTC CTCCACCACATACTCGGCTC
Gapdh 2 32545 GATTTCCTCAGCGACACCCA CCATTCTACCGCGCCCTAAT
Pgk 33461 CGTGTGGAACGGACCCCC AGTGCCTCCGTGTTCCACTT
Pglym78 43447 GAGTTCCCCCAGTTCGAGTC GCGTCCTCAGAAAGGTTGTCTA
Pglym87 46246 CTGCCCGTTCTCGAAGTCAT CGGACTCTCCATGACGAACC
Eno 33351 CAAATCAGCAGTCAGCCAGC CATCTCGTTGCTGTCACAAGT
Pyk 42620 AAGGTTCTTGGCGAGAAGGG TGATCTCGTCCAGGTTGTGC
Ldh 45880 GCGAGGATCCAGAGAAGTGG CAATGCCATGTTCGCCCAAA
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is the glycolytic enzyme that has the highest amplitude of daily cyclic 
expression (Figure 1I and J). This suggests that age-related changes in 
LDH activity may affect the circadian regulation of glycolysis (34).

To start to assess whether age-related increases in LDH activity 
affect survival during aging, we compared Ldh mRNA levels in 
long-lived Drosophila strains (O1 and O3) that were experimen-
tally selected to have a long life span compared to a control B3 
strain (33,35). Consistent with an association between muscle Ldh 

expression and life span, Ldh mRNA levels are lower in long-lived 
O1 and O3 fly strains compared to the B3 strain (Figure 1J).

Muscle-Restricted Ldh Overexpression Reduces 
Life Span
To determine whether an age-related increase in muscle Ldh expression 
affects survival during aging, we experimentally increased Ldh expres-
sion from young age specifically in skeletal muscle by using the UAS/

Figure 1.  Glycolysis increases in Drosophila skeletal muscle with aging. (A) The levels of lactate, an end-product of glycolysis, increase in skeletal muscle of old 
(8 weeks) versus young (1 week) flies (n = 3). (B) The activity of lactate dehydrogenase (LDH) increases with aging (n = 4–10). (C) Cytochrome C oxidase (COX) 
activity decreases with aging, indicative of decreased mitochondrial function (n = 3). (D) NAD+, which is utilized in its oxidized state as a cofactor in glycolysis, 
declines with aging (n = 8). (E) NADH, which is a product of glycolysis, increases with aging (n = 8). (F) The NAD+/NADH ratio declines with aging (n = 8). (G) 
Expression of 8 out of 14 glycolytic enzymes declines with aging in skeletal muscle with the exception of Ldh, whose expression increases with aging (n = 4). (H) 
RNA-seq reads (TPM) of glycolytic enzymes in Drosophila skeletal muscles (n = 3). Apart Pglym87, Ldh is the glycolytic enzyme with the lowest expression. Note 
that Pglym78 and Pglym87 are paralogs, as for Hex-A and Hex-C. (I and J) Ldh is the glycolytic enzyme that has the highest amplitude of daily cyclic expression 
(n = 3). Ldh mRNA levels are lower in long-lived O1 and O3 fly strains compared to the parental B3 Drosophila strain (n = 3) at 1 week of age.
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Gal4 system and the muscle-specific Mhc-Gal4 driver. Importantly, we 
utilized an EP line that allows a Gal4-dependent ~2-fold increase in 
Ldh mRNA levels (Figure 2A), which is similar to the ~2.5-fold age-
induced upregulation in Ldh mRNA levels that is found with aging 
(Figure 1G). In parallel with increased Ldh expression, young flies with 
Ldh overexpression displayed increased Ldh activity (Figure 2B) al-
though this led to a marginal (nonsignificant) increase in lactate levels 
(Figure 2C). Whereas NAD+ levels do not change in response to Ldh 
overexpression (Figure 2D), NADH levels decline (Figure 2E) and the 
NAD+/NADH ratio increases (Figure 2F), which are likely explained 
by the utilization of NADH by LDH to convert pyruvate into lactate.

Survival analysis revealed that muscle-restricted Ldh 
overexpression with Mhc-Gal4 (Mhc>Ldh) significantly shortens life 
span (Figure 2G), compared to isogenic controls (Mhc>+). Altogether, 
these findings indicate that mimicking age-induced upregulation of 
Ldh in skeletal muscle reduces life span.

Induction of Glycolysis in Skeletal Muscle and 
Ubiquitously Shortens Life Span
In addition to Ldh, we next tested the impact of overexpression 
of 2 other glycolytic enzymes: Pfrx/PFK (phosphofructokinase, 

also known as Pfk) and Pgi/GPI (glucose-6-phosphate isomerase, 
also known as phosphoglucose isomerase). For these studies, we 
utilized the MhcF3-Gal4, which is specific for skeletal muscle but 
drives stronger expression than Mhc-Gal4. As expected, transgene 
overexpression led to higher Pfrx, Pgi, and Ldh mRNA levels, com-
pared to isogenic controls (Figure 3A) and to significantly higher 
lactate levels (Figure 3B).

Survival analyses revealed that Pfrx, Pgi, and Ldh overexpression 
reduces life span compared to no-transgene expression (Figure 3C–E). 
To further corroborate these findings, we next tested the impact of 
drug-induced Pfrx, Pgi, and Ldh transgenic overexpression with 
the muscle GeneSwitch Mhc-GS-Gal4 driver (29). Administration 
of 50 μM RU486 (dissolved in ethanol and added to the fly food) 
did not significantly affect life span compared to mock-treated con-
trol flies (Mhc-GS>+) that were fed food with ethanol but without 
RU486 (Figure 3F). However, RU486-induced expression of Pfrx, 
Pgi, and Ldh in skeletal muscle significantly reduced life span (Figure 
3G–I). We next examined whether ubiquitous Ldh overexpression 
with the drug-inducible Act5c-GS-Gal4 regulates life span and found 
that Ldh overexpression shortens life span compared to uninduced 
controls and to mock RU486 treatment (Figure 3J).

Altogether, these survival analyses demonstrate that muscle-
restricted and ubiquitous induction of glycolysis reduces life span.

Hypomorphic Mutations in Glycolytic Enzymes 
Have Distinct Outcomes on Life Span
To further test the impact of glycolysis on aging, we next examined 
the outcome on life span of mutations in glycolytic enzymes. Because 
complete loss of glycolysis is likely lethal, we identified hypomorphic 
mutations that only partially reduce the levels of Ldh, Pfk, Pglym78, 
Pgi, and Ald glycolytic enzymes due to insertion of P{EP} artificial 
transposons into the promoter and/or 5′-UTR regions of glycolytic 
enzymes (see Method).

Hypomorphic Ldh mutants reduce Ldh mRNA levels to ~55% 
of normal levels (Figure 4A) and extend survival late in life, that 
is, in middle and old-aged flies (Figure 4B). These findings indicate 
that, converse to muscle Ldh overexpression, partial Ldh loss ex-
tends life span.

Homozygous hypomorphic Pfk mutants reduce Pfk mRNA levels 
to ~25% of normal levels (Figure 4C) but do not affect life span 
(Figure 4D), suggesting that Pfk levels are normally not rate-limiting 
for glycolysis and/or life-span determination. Similarly, heterozygous 
Pglym78 mutants reduce Pglym78 mRNA levels to ~40% of normal 
levels (Figure 4E) but reduce life span only marginally (Figure 4F).

Despite a ~50% reduction in Pgi mRNA levels (Figure 4G), het-
erozygous Pgi mutations have a limited impact on life span (Figure 
4H). However, a stronger reduction in Pgi mRNA levels due to 
homozygous mutations leads to life-span shortening (Figure 4G and 
H). Lastly, mutations in Ald decrease Ald mRNA levels (Figure 4I) 
and reduce life span (Figure 4J), although to a lower extent com-
pared to Pgi (Figure 4G and H). Altogether, these findings indicate 
that hypomorphic, whole-body mutations in glycolytic enzymes 
have distinct outcomes on life span.

Discussion

Glycolysis is a key metabolic pathway that sustains physiologic 
homeostasis but that also drives pathological metabolic adaptations 
(36,37). In aging, glycolysis has been reported to counteract or to 
contribute to age-related degeneration, depending on the tissue and 
context analyzed (10–15). Therefore, much remains to be learned 

Figure 2.  Muscle-restricted overexpression of lactate dehydrogenase 
(Ldh) increases glycolysis and shortens life span in Drosophila. (A–C) Ldh 
overexpression in skeletal muscle significantly increases Ldh mRNA levels 
(A; n = 3) and LDH activity (B; n = 4) and marginally affects lactate levels (C; 
n  = 4). (D–F) Ldh overexpression does not affect NAD+ (D; n  = 4), reduces 
NADH levels (E; n  =  4), and increases the NAD+/NADH ratio (F; n  =  6). In 
A–F, the mean + SEM is indicated. (G) Muscle-restricted Ldh overexpression, 
driven by Mhc-Gal4, shortens life span, compared to isogenic controls; 
Mhc>+ (n = 43) and Mhc>Ldh (n = 97), p < .0001.
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about the complex interaction between glycolysis, metabolism, and 
aging in different organ systems.

In this study, we have found that skeletal muscle aging is char-
acterized in Drosophila by an increase in lactate levels and that 
this is due to age-related increases in LDH activity and expression. 
Conversely, the expression of other glycolytic enzymes declines with 
aging. Altogether, these findings suggest that whereas anaerobic gly-
colysis is limited to hypoxic states in skeletal muscles of young ani-
mals, it may more pervasively occur in the skeletal muscle of old 
animals. Interestingly, it was previously reported that declining mito-
chondrial function with aging leads to a pseudohypoxic state of skel-
etal muscle characterized by nuclear accumulation of HIF-1α under 
normoxic conditions in mice (38), suggesting that several age-related 
changes may promote anaerobic glycolysis even in the presence of 
oxygen. In agreement with these findings, lactate levels have been 
reported to increase with aging in mouse skeletal muscle, suggesting 
that there is an increase in anaerobic glycolysis during muscle aging 
(39). However, LDH activity has been reported to decline during 
aging in other studies that have analyzed older models (40,41): this 
may reflect the preferential age-related atrophy and loss of glycolytic 
myofibers compared to other myofiber types that rely primarily on 
oxidative metabolism (22,42).

Based on the results of our study in Drosophila, it is possible that 
LDH expression in glycolytic myofibers (such as mouse type 2b and 
human type 2x myofibers) indeed contributes to their preferential 
atrophy and degeneration with aging in mice and humans (22,42). 
Because there are no myofiber types in Drosophila as defined in 
higher organisms (43), we propose that Drosophila may represent a 
useful model organism to define the impact of muscle glycolysis and 
oxidative phosphorylation in aging irrespective of the role of these 
metabolic pathways in defining myofiber types.

Although our study is centered on skeletal muscle, it is possible 
that increased activity of LDH is detrimental across tissues during 
aging. In agreement with this scenario, it has been recently reported 

that Ldh overexpression in the brain fuels neurodegeneration and 
shortens life span in Drosophila (44).

By analyzing hypomorphic mutants of several glycolytic en-
zymes, we have found that they shorten life span to different degrees 
(Pglym78, Pgi, and Ald), have no meaningful effect (Pfk), or increase 
late survival (Ldh), compared to their isogenic controls (Figure 4). 
These findings suggest that certain glycolytic enzymes are more likely 
to affect glycolysis and life span in response to perturbation, perhaps 
because of their putative lower levels or enzymatic activities which 
make them rate-limiting or dispensable. For example, the production 
of ATP and of many glycolytic metabolites can still be accomplished 
without Ldh via oxidative metabolism of pyruvate. Therefore, the 
finding that partial Ldh loss extends life span may be explained by 
the fact that this intervention reduces anaerobic glycolysis but does 
not affect aerobic glycolysis. However, Pgi is essential for the forma-
tion of pyruvate and of many glycolytic metabolites and this might 
explain why Pgi loss had the greatest negative effect on life span. 
Thus, the specific roles of the glycolytic enzymes that are impacted 
may determine the overall outcome on aging and life span.

Although glycolytic enzymes have prominent metabolic roles, 
there is extensive evidence that they can also play signaling func-
tions that are unrelated to their enzymatic activities (45–47). On 
this basis, the different outcomes on life span of hypomorphic mu-
tants of distinct glycolytic enzymes (Figure 4) may also be explained 
by the differential impact of their respective signaling functions on 
life span.

Because we have found that muscle-specific and ubiquitous 
overexpression of Ldh and other glycolytic enzymes shortens life 
span (Figures 2 and 3), a decline in glycolysis was expected to lead 
to converse changes, that is, to extend life span, which was not the 
case apart for Ldh loss (Figure 4). This suggests that moderate re-
pression of anaerobic glycolysis might be beneficial but that tight 
control of aerobic glycolysis is also needed for ensuring optimal 
survival. However, a recent study on LDH in Alzheimer’s disease 

Figure 3.  Muscle-restricted overexpression of glycolytic enzymes increases glycolysis and shortens life span in Drosophila. (A) Overexpression of Pfrx, Pgi, 
and Ldh in skeletal muscle with MhcF3-Gal4 correspondingly increases Pfrx, Pgi, and Ldh mRNA levels (n = 3). (B) Muscle-restricted overexpression of Pfrx, 
Pgi, and Ldh increases lactate levels in muscle (n = 3). In A and B, the mean + SEM is indicated. (C–E) Overexpression of Pfrx (C), Pgi (D), and Ldh (E) in skeletal 
muscle with MhcF3-Gal4 shortens life span. In C, MhcF3>+ (n = 239) and MhcF3>Pfrx (n = 319), p = .0035. In D, MhcF3>+ (n = 185) and MhcF3>Pgi (n = 180),  
p < .0001. In E, MhcF3>+ (n = 103) and MhcF3>Ldh (n = 105), p = .0002. (F–I) Compared to uninduced controls, drug-induced, muscle-restricted overexpression of 
Pfrx (G), Pgi (H), and Ldh (I) with Mhc-GS-Gal4 shortens life span compared to mock-induction of no transgene (F). In F, Mhc-GS>+ is n = 38 (−RU486) and n = 37 
(+RU486), p = .9104. In G, Mhc-GS>Pfrx is n = 75 (−RU486) and n = 69 (+RU486), p < .0001. In H, Mhc-GS>Pgi is n = 58 (−RU486) and n = 51 (+RU486), p < .0001. 
In I, Mhc-GS>Ldh is n = 93 (−RU486) and n = 85 (+RU486), p < .0001. (J) Drug-induced, general tissue overexpression of Ldh with Act5c-GS-Gal4 shortens life 
span, compared to uninduced controls and mock no-transgene induction. In J, Act5c-GS>Ldh is n = 73 (−RU486) and n = 135 (+RU486), p < .0001; Act5c-GS>+ 
is n = 156 (-RU486) and n = 178 (+RU486).
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has found that both strong increases and decreases in LDH are 
detrimental in Drosophila (48), again suggesting that the level of 
modulation and tissue where glycolysis is perturbed might result 
in different outcomes on life span. Altogether, detrimental effects 
of decreases and increases in glycolytic activity may arise from 
multiple impacts of such interventions on signaling and metabolic 
homeostasis.

Another important factor to consider when examining the out-
come of glycolysis-based interventions on life span is the time at 
which glycolysis is perturbed. Specifically, whereas overexpression 
of Ldh and other glycolytic enzymes was induced in adulthood in 
our experiments (Figures 2 and 3), hypomorphic mutants (Figure 
4) reduce the activity of glycolytic enzymes from development 
and presumably across all tissues, which may have a different im-
pact on life span compared to adult-onset and tissue-restricted 
modulation of glycolysis. Future studies shall address whether the 
timepoint of repression or induction of glycolysis is a determinant 
of life span.

We have found that Ldh overexpression in skeletal muscle and 
in the whole organism reduces life span (Figures 2 and 3), suggesting 
that age-related increases in muscle Ldh expression and activity are 
detrimental and contribute to mortality during aging. These find-
ings reinforce the notion that modulation of metabolic pathways in 
skeletal muscle affects organismal survival (23). The mechanisms 
connecting muscle LDH activity with life span are likely multifa-
ceted and may include regulation of systemic metabolism as well as 
initiation of muscle systemic signaling via myokines (24,49,50). For 
example, because Ldh is the glycolytic gene with the highest cyclic 
amplitude of expression in skeletal muscle (Figure 1), age-related 
increases in LDH activity may also contribute to derangement of 
circadian oscillations in muscle metabolism (33,51,52), which 
have been found to have profound systemic consequences (51,52). 
Interestingly, lactate can also be released by skeletal muscle, in par-
ticular following exercise, and it has been proposed that circulating 
lactate may coordinate the metabolic and redox statuses of skeletal 
muscle with those of other tissues. On this basis, an age-induced 
increase in LDH activity and lactate levels may affect organism sur-
vival via systemic lactate signaling.

Conclusions

In summary, we have defined a causal role for increases in muscle 
LDH activity and lactate in life-span determination. Moreover, by 
modulating the levels of several glycolytic enzymes, we have found 
that glycolysis needs to be tightly controlled to sustain optimal sur-
vival during aging. Altogether, this study highlights a key role for 
skeletal muscle glycolysis in aging.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

Figure 4.  Hypomorphic mutations in glycolytic enzymes affect life span to 
different extents. (A and B) Hypomorphic Ldh mutants reduce Ldh mRNA 
levels (A) and extend survival late in life, that is, in middle-aged and old flies 
(B); +/+ (n = 83) and +/Ldh (n = 108), p =  .006. (C and D) Hypomorphic Pfk 
mutants reduce Pfk mRNA levels (C) but have minimal or no effect on life 
span (D). In C, n (WT) = 4 and n (HZ) = 2. In D, n (WT) = 100, n (HET) = 181, and 
n (HZ) = 91, p = .386 in WT vs HZ. (E and F) Heterozygous Pglym78 mutants 
reduce Pglym78 mRNA levels (E; n = 4) but have minimal effect on life span 

(F); n (WT) = 300 and n (HET) = 233, p < .0001. (G and H) Homozygous Pgi 
mutants strongly reduce Pgi mRNA levels (G; n  =  2) and life span (H); n 
(WT) = 185 and n (HET) = 241, n (HZ) = 57, p < .0001 in WT vs HZ. (I and J) 
Decline in Ald expression decreases Ald mRNA levels (I; n = 2) and life span 
(J); n (WT) = 161, n (HET) = 278, and n (HZ) = 156, p < .0001 in WT vs HZ. In A, 
C, E, G, and I, the mean + SEM is indicated. WT = wild-type (isogenic control); 
HET = heterozygous; HZ = homozygous.
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