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INTRODUCTION 
 
Aging is associated with changes in various molecular 
and cellular processes that ultimately lead to 
physiological decline and a concomitant increased risk 
for developing diseases, such as cancer, inflammation, 
and diabetes [1]. While aging affects all tissues, the 
brain is especially susceptible to age-related 
impairments due to its high energy demands. Brain 
aging is associated with increased mitochondrial 
dysfunction and dysregulated energy metabolism, which  

 

may cause decline in neuronal function leading to 
neurodegeneration [2, 3]. 
 
The causes of age-related brain deterioration have been 
addressed using a variety of approaches including 
comparative analysis of gene expression in the brains of 
young and old organisms. These studies revealed shifts 
in transcriptional profiles that may underlie age-related 
alterations in brain function. For example, postmortem 
analyses of human brain cortex reported significant age-
related reductions in genes involved in synaptic 
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ABSTRACT 
 
Lactate dehydrogenase (LDH) catalyzes the conversion of glycolysis-derived pyruvate to lactate. Lactate has 
been shown to play key roles in brain energetics and memory formation. However, lactate levels are elevated 
in aging and Alzheimer’s disease patients, and it is not clear whether lactate plays protective or detrimental 
roles in these contexts. Here we show that Ldh transcript levels are elevated and cycle with diurnal rhythm in 
the heads of aged flies and this is associated with increased LDH protein, enzyme activity, and lactate 
concentrations. To understand the biological significance of increased Ldh gene expression, we genetically 
manipulated Ldh levels in adult neurons or glia. Overexpression of Ldh in both cell types caused a significant 
reduction in lifespan whereas Ldh down-regulation resulted in lifespan extension. Moreover, pan-neuronal 
overexpression of Ldh disrupted circadian locomotor activity rhythms and significantly increased brain 
neurodegeneration. In contrast, reduction of Ldh in neurons delayed age-dependent neurodegeneration. Thus, 
our unbiased genetic approach identified Ldh and lactate as potential modulators of aging and longevity in flies. 
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plasticity, mitochondrial function, and vesicular 
transport; and increased expression of genes involved in 
response to oxidative stress and DNA repair [4]. Similar 
groups of genes are affected by age in multiple model 
organisms including Drosophila due to the conservation 
of molecular pathways associated with aging [5]. Most 
studies examining age-dependent transcriptional changes 
measured gene expression in samples collected at a 
single unspecified time of day; however, expression of 
hundreds of genes change in a daily pattern due to their 
circadian regulation [6]. Measuring gene expression in 
samples collected at multiple times of day revealed age-
related reprogramming of the diurnal transcriptome in 
various mammalian tissues [7–9]. Our recent RNA-seq 
study in Drosophila identified hundreds of genes with 
age-related changes in expression profiles in fly heads 
[10]. While many genes lost rhythmic expression with 
age, some genes gain a diurnal rhythmic expression 
pattern. The most prominent among the latter group was 
Ldh (also known as ImpL3) which encodes the metabolic 
enzyme lactate dehydrogenase. Expression of Ldh is low 
in the heads of young flies; however, it increases 
several-fold and becomes rhythmic in heads of old flies 
in light-dark (LD) conditions [10]. Here, we sought to 
determine whether elevated Ldh expression affects aging 
phenotypes and longevity in flies. 
 
Lactate dehydrogenase (LDH) is an enzyme that 
catalyzes the conversion of pyruvate, the end product of 
glycolysis, into lactate (and vice versa) with concomitant 
interconversion of NADH and NAD+. Mammalian LDH 
proteins are tetramers of subunits encoded mainly by the 
LdhA and LdhB genes [11, 12]. The proportion of LDHA 
and LDHB isoforms composing the tetrameric enzyme 
complex influences its kinetic and catalytic properties 
[13, 14]. In Drosophila, only one Ldh gene is expressed 
in adults; thus, the LDH enzyme complex exists as a 
homotetramer of LDH subunits, which share 71 and 
75% sequence similarity with the human LDHA and 
LDHB proteins, respectively [15]. 
 
Lactate produced by LDH has long been regarded as a 
glycolytic waste product; however, many reports 
suggest that lactate plays important roles in brain 
energetics. Lactate is considered a glucose sparing 
metabolite that can fuel neuronal energy production, 
modulate neuronal excitability, and facilitate memory 
formation [16, 17]. On the other hand, adverse effects 
associated with elevated lactate levels have been 
reported, for example, increased LDH activity and 
lactate levels have been associated with tumor 
malignancy [14, 18]. Elevated lactate levels have also 
been reported in the brains of aged mice [13, 19], 
Alzheimer’s disease (AD) patients [20], and in the 
heads of AD model flies [21]. The roles of LDH  
and lactate in brain functions remain a topic of debate 

[17, 22–24] and merit further molecular and organismal 
studies. 
 
Although increased LDH activity and lactate are 
observed during aging and in AD-related pathologies, it 
is unknown whether lactate is causally involved in the 
aging process. To address this question, we studied the 
biological significance of the age-related increase in 
Ldh gene expression in Drosophila. Here, we present 
evidence that increased Ldh expression is associated 
with elevated LDH protein levels, enzyme activity, and 
lactate concentrations in the heads of Drosophila. 
Additionally, we show that in vivo manipulation of Ldh 
gene expression alters lifespan, locomotor activity 
rhythms, and age-related neurodegeneration in a cell 
type-specific manner. 
 
RESULTS 
 
Aging is associated with increased Ldh expression 
and elevated lactate levels 
 
To determine the effect of age and time of day on Ldh 
mRNA expression, young (5-days old) and old (55-days 
old) white1118 (w1118) males reared in cycles of 12 hours 
of light and 12 hours of darkness (LD 12:12) were 
collected every six hours at Zeitgeber time (ZT) 0, 6, 12, 
and 18. The levels of Ldh mRNA were significantly (3-5 
fold) higher in the heads of old flies than in young at 
each time point tested (Figure 1A). Additionally, Ldh 
mRNA levels in the heads of old flies showed a diurnal 
rhythm with a peak at ZT12 (Figure 1A), in agreement 
with rhythmicity measured by RNA-seq [10]. To 
investigate changes in LDH protein levels, we performed 
immunoblot analysis of head extracts from young and 
old flies collected at the same time points as samples for 
Ldh mRNA. Due to the lack of a specific antibody 
against fly LDH, we screened several commercially 
available LDH antibodies by immunoblotting protein 
extracts derived from flies with elevated or reduced Ldh 
gene expression. We determined that the antibody 
against human LDHA (PA5-26531) reacted with fly 
LDH (Supporting Information Supplementary Figure 1). 
LDH protein levels were considerably higher in the 
heads of old flies at each time point, albeit without 
evidence of significant rhythmic changes (Figure 1B). 
Since the function of LDH is to catalyze the 
interconversion of pyruvate and lactate with concurrent 
changes in the NADH/NAD+ redox couple, we next 
determined LDH enzymatic activity for both reactions 
by measuring the increase or decrease in NADH over 
time for each reaction. In both age groups, the activity of 
LDH was higher for the pyruvate to lactate reaction 
compared to the conversion of lactate to pyruvate. 
Notably, the conversion of pyruvate to lactate was 
significantly increased in the heads of old compared to 
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young, while the conversion of lactate to pyruvate 
remained similar between age groups (Figure 1C). 
 
Given that LDH protein levels and enzymatic activity of 
the pyruvate to lactate reaction increase in the heads of 
old flies, we used 1D 1H nuclear magnetic resonance 
(NMR) to determine whether the concentration of 
lactate changes in fly heads as a function of age. Polar 
metabolites were extracted from heads of young and  
old flies collected at ZT0 and ZT12. Overall, we 
detected a significant age-dependent increase in lactate 
concentration at both time points examined (Figure 1D, 

Supporting Information Supplementary Figure 2). In 
addition, the level of lactate was significantly higher at 
ZT12 compared to ZT0 in old flies (Figure 1D) 
suggesting development of diurnal rhythm during aging, 
corresponding to the Ldh gene expression rhythm 
(Figure 1A). In contrast to lactate, pyruvate 
concentrations were not significantly different between 
the two age groups or time points (Figure 1E). Based  
on our NMR concentration data, we determined  
that the lactate to pyruvate ratios were significantly 
increased in the heads of old flies at both time points 
(Figure 1F). 

 

 
 

Figure 1. Age-related increase in Ldh expression is associated with elevated LDH protein levels, enzyme activity, and lactate 
concentration. (A) Profile of Ldh mRNA expression in the heads of young (5-days-old) and old (55-days-old) w1118 flies measured by qRT-PCR. 
Compared to young, old flies have increased Ldh mRNA levels at each time point with a peak at ZT12. Values are averages of 4 biorepeats 
reported as a percentage of expression relative to young at ZT0 set to 100%. (B) Representative western blot of LDH protein levels in young 
and old fly heads with tubulin as a loading control. (C) Graph showing LDH enzyme activity for both the pyruvate to lactate and lactate to 
pyruvate reactions in the heads of young (grey bars) and old (blue bars) flies. Enzymatic activity of LDH is higher in the heads of old flies 
compared to young for the pyruvate to lactate reaction (*p<0.05 by unpaired one-tailed t-test with Welch’s correction). (D) Lactate levels are 
significantly higher in the heads of old flies (blue bars) at both time points compared to young. In old flies, there is also a significant difference 
in lactate levels between ZT0 and ZT12 (n=4; p<0.001 by unpaired t-test with Welch’s correction). (E) Pyruvate levels do not significantly 
change between young (grey bars) and old (blue bars) (n=4). (F) Average lactate/pyruvate ratios increase in old flies (blue bars) (n=4). Error 
bars in A, C–F indicate standard error of the mean (SEM). Significance between age groups and time of day in each graph determined by 2-
Way ANOVA with Bonferroni's correction (**p<0.01, ***p<0.001, and ****p<0.0001). 
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Ldh overexpression shortens fly lifespan 
 
To investigate whether the age-related increase in the 
expression of Ldh mRNA is protective or detrimental 
during Drosophila aging, we measured the lifespan of 
flies with genetically manipulated Ldh expression. 
Given the rhythmic expression of Ldh in old flies 
(Figure 1A), we first overexpressed Ldh in all circadian 
clock-containing cells using transgenic flies carrying the 
promoter region of the clock gene timeless fused to 
GAL4 (tim-GAL4); these flies were crossed to flies 
carrying UAS-Ldh construct (tim>Ldh) or to w1118 flies 
(tim>w) for control. Highly increased Ldh mRNA levels 
were detected in the heads of both 10-day and 55-day 
old tim>Ldh males relative to age-matched tim>w 
control flies (Figure 2A). We also detected significant 
increases in LDH enzyme activity in the heads of  

55-day old tim>Ldh flies compared to tim>w for the 
pyruvate to lactate reaction (Figure 2B). Finally, NMR 
analysis revealed significantly increased lactate levels in 
the heads of 55-day old tim>Ldh flies (Figure 2C). 
Given that overexpression of Ldh increased lactate 
levels in fly heads compared to age-matched controls, 
we tested whether the rate of aging is affected in these 
flies. Overexpression of Ldh in all clock cells (a subset 
of neurons and glia) significantly reduced the median 
lifespan of tim>Ldh males by 17 days (20%) compared 
to tim>w control (Figure 2D). 
 
Since tim-GAL4 drives expression in a variety of cell 
types, including pacemaker neurons, photoreceptors, 
and most adult glial cells [25, 26], we also evaluated the 
effects of overexpressing Ldh selectively in neurons or 
glia. Ldh is expressed throughout fly development [27]; 

 

 
 

Figure 2. Flies overexpressing Ldh have increased mRNA levels, LDH activity, elevated lactate, and shortened lifespan. (A) Ldh 
mRNA levels were significantly increased in the heads of young and old tim>Ldh compared to age-matched tim>w control flies. Values are 
reported as a percentage of expression relative to age-matched tim>w set to 100% (n=4). (B) LDH enzyme activity was significantly increased 
for the pyruvate to lactate reaction in the heads of 55-day old tim>Ldh flies compared to tim>w controls (n=4). (C) Lactate concentrations 
were significantly higher in the heads of tim>Ldh flies compared to age-matched tim>w controls (n=4). Error bars in A-C indicate SEM. 
Statistical significance was determined by Unpaired t-test with Welch’s correction (***p<0.001; **p<0.01; *p<0.05). (D) Survival curves of 
tim>Ldh (n=193) and tim>w (n=170) males. Median lifespan was significantly reduced in tim>Ldh flies compared to control (Gehan-Breslow-
Wilcoxon test; p<0.0001). 



www.aging-us.com 1045 AGING 

therefore, we employed the TARGET system [28] to 
manipulate expression only in adults. Cell-type specific 
GAL4 driver lines were combined with a tub-GAL80ts 
construct active in all cells, which blocks the action of 
GAL4 during development at 18°C. After eclosion, the 
flies were transferred to 27°C or 25°C, which 
inactivates GAL80ts to varying degrees, allowing GAL4 
to induce the expression of the UAS-Ldh construct in all 
clock cells via tim-GAL4, all neurons via elav-GAL4, 
or all glia via repo-GAL4 (full genotypes are shown in 
Supporting Information Supplementary Table 1). 
 
Flies overexpressing Ldh in all clock cells transferred 
from 18°C to 27°C after eclosion had significantly 
reduced median lifespan by 26% compared to timts>w 
control flies (Figure 3A). A less dramatic but significant 
lifespan reduction of 11% was observed in elavts>Ldh 

flies with pan-neuronal Ldh overexpression compared to 
elavts>w control flies (Figure 3B). Flies overexpressing 
Ldh in all adult glial cells had an 8.5% decrease in 
median lifespan compared to controls (Figure 3C). 
Given the abrupt mortality of timts>Ldh flies at 27°C 
(Figure 3A), we also recorded the lifespan of timts>Ldh, 
elavts>Ldh, repots>Ldh, and the respective control flies 
transferred to 25°C after eclosion. At 25°C, the lifespan 
of timts>Ldh flies was also significantly reduced relative 
to controls (Figure 3D) but less dramatically than in 
27°C. Overexpression of Ldh in neurons reduced 
lifespan by 15% while glial overexpression reduced 
lifespan only by 8% when adult flies were maintained in 
25°C (Figure 3E, 3F). The median and maximum 
lifespan data of all Ldh overexpressing flies and 
controls are provided in Supporting Information 
Supplementary Table 2. 

 

 
 

Figure 3. Adult specific overexpression of Ldh shortens fly lifespan. (A–F) Survival curves of adult males overexpressing Ldh in all 
clock cells via timts (A, D), in neurons via elavts (B, E), or in glia via repots (C, F) each graphed relative to their control group at 27°C and 25°C, 
respectively. Overexpression of Ldh via each driver resulted in decreased median lifespan compared to their respective controls in both 27°C 
and 25°C (Gehan-Breslow-Wilcoxon test; p<0.05 for graphs B and C and p<0.0001 for graphs A, D, E, and F). See Supporting Information 
Supplementary Table 2 for experimental details. 
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Overexpression of Ldh in neurons increases 
neurodegeneration and disrupts circadian locomotor 
activity rhythms 
 
We hypothesized that reduced lifespan of flies with 
elevated Ldh gene expression could be linked to brain 
neurodegeneration. To test this, we evaluated the 
formation of vacuoles in the brains of elavts>Ldh, 

repots>Ldh, and their respective controls. Vacuoles are 
a reliable biological marker to measure the extent of 
neurodegeneration during normal aging or in fly models 
of neurodegenerative diseases [29–31]. At 55 days of 
age, the average number and area of vacuoles were 
significantly higher in elavts>Ldh brains than in age-
matched elavts>w brains (Figure 4A–4D). In contrast  
to neuronal overexpression of Ldh, no significant 

 

 
 

Figure 4. Flies with neuronal overexpression of Ldh show increased neurodegeneration and accelerated decline in locomotor 
activity rhythms. (A, B) Representative brain section images of 55-day old control elavts>w (A) and elavts>Ldh flies (B) in 25°C (arrows 
indicate vacuoles). (C, D) Graphs show the average area (C) and number (D) of vacuoles per brain in the brains of elavts>Ldh flies and age-
matched controls. Both area and the number of vacuoles were significantly increased in elavts>Ldh (n=36) flies compared to elavts>w (n=38). 
****p<0.0001; unpaired t-test with Welch’s correction. (E, F) There was no significant difference in the average area (E) and number (F) of 
vacuoles in 55-day old repots>Ldh (n=19) brains compared to age-matched repots>w control (n=18). Error bars indicate SEM. (G) Percent of 
rhythmic elavts>Ldh flies was markedly reduced with age compared to elavts>w controls. (H) Representative actrograms of individual 50-day 
old elavts>w (rhythmic) and elavts>Ldh (arrhythmic) flies. Gray areas indicate lights off. (I) Percentage of rhythmic repots>Ldh flies were similar 
to repots>w controls across lifespan. At least 30 flies were tested for each age group and each genotype. (J) Representative actograms of 
rhythmic 50-day old repots>w and repots>Ldh flies. (K) Total daily activity of 35-day old elavts>Ldh (n=31) flies averaged over six days in 
constant darkness was significantly reduced relative to control elavts>w (n=30) flies. (L) Total daily activity of 35 days-old repots>Ldh (n=30) 
flies was also significantly lower than in controls (n=31). Statistical significance by unpaired t-test with Welch’s correction (****p<0.0001). 
Error bars indicate SEM. 
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differences were detected in the number or area of 
vacuoles in 55-day old repots>Ldh brains compared to 
repots>w brains (Figure 4E, 4F). Thus, neurodegenerative 
phenotypes seem to be specifically related to the elevated 
expression of Ldh in neurons, which also causes more 
dramatic lifespan reduction (see Figure 3E, 3F). 
 
In addition to the increased risk of neurodegeneration, 
aging is associated with decline in locomotor activity 
rhythms [32, 33]. Therefore, we monitored the quality 
of circadian activity rhythms in elavts>Ldh, repots>Ldh, 
and their respective control at 20, 35, and 50 days of 
age. To assess endogenous circadian activity rhythms, 
we analyzed the robustness of rhythms over the course 
of 6 days in constant darkness (DD). Among 20-day old 
flies, 97% of elavts>w control flies and 63% of 
elavts>Ldh flies displayed rhythmic activity (Figure 4G). 
At 35 and 50 days of age, a high proportion of control 
flies remained rhythmic while less than 20% of 
elavts>Ldh flies displayed behavioral rhythmicity 
(Figure 4G, 4H). In contrast, repots>Ldh flies showed 
only modest decreases in the percentage of rhythmic 
flies in all age groups (Figure 4I, 4J). In addition to 
rest/activity rhythms, we tested the effects of Ldh 
overexpression on overall locomotor activity levels by 
recording the daily locomotor activity counts of 35-day 
old flies in DD. Compared to their respective controls, 
the average daily activity counts of both elavts>Ldh and 
repots>Ldh flies were significantly lower (Figure 4K, 
4L). Taken together, these data suggest that accelerated 
loss of locomotor activity is a common feature of Ldh 
overexpression in both neurons and glia. However, 
neuronal Ldh overexpression also accelerates the loss of 
circadian activity rhythms while Ldh overexpression in 
glia had a modest effect on rhythmicity. 
 
Reduced Ldh expression extends fly lifespan and 
delays neurodegeneration 
 
Data showing that Ldh expression at the mRNA and 
protein level is elevated with age (Figure 1) and that 
overexpression of Ldh reduced lifespan (Figure 3) 
suggests that Ldh is involved in negative regulation of 
longevity. This hypothesis predicts that decreased Ldh 
expression during aging should enhance longevity. To 
test this, we used flies with reduced Ldh expression in 
clock cells, neurons, or glia, obtained by crossing the 
respective tub-GAL80ts containing GAL4 lines to flies 
carrying a UAS-LdhRNAi construct. For controls, the 
same tub-GAL80ts were crossed to w1118. Among flies 
held in 27°C as adults, lifespan was significantly 
extended in those with reduced Ldh expression in all 
clock cells, all neurons, or all glia compared to their 
respective controls (Figure 5A–5C). We also measured 
survivorship of flies housed at 25°C as adults and 
observed significant, but moderate increases in median 

lifespan in timts>LdhRNAi and repots>LdhRNAi flies 
compared to controls (Figure 5D and F, respectively), 
while considerable lifespan extension of 21% was 
recorded in elavts>LdhRNAi flies (Figure 5E). The 
median and maximum lifespan data of all LdhRNAi 
expressing flies and controls are provided in Supporting 
Information Supplementary Table 3. 
 
Given that flies with pan-neuronal knockdown of Ldh 
showed the most substantial lifespan extension, we asked 
whether reduced Ldh expression may have 
neuroprotective effects. To test this, we evaluated 
vacuolization in the brains of elavts>LdhRNAi flies using as 
controls progeny of elavts flies crossed to UAS-RNAicontrol 
flies, which have the same genetic background as LdhRNAi 
but carry no RNAi construct (Supporting Information 
Supplementary Table 1). First, we confirmed that the 
heads of 55-day old elavts>LdhRNAi flies had significantly 
reduced expression of Ldh mRNA compared to age-
matched elavts>RNAicontrol (Figure 6A). Similar to the 
data shown in Figure 5E, the median lifespan of 
elavts>LdhRNAi flies was significantly increased compared 
to elavts>RNAicontrol flies (Figure 6B, Supporting 
Information Supplementary Table 3). To account for the 
extended lifespan of elavts>LdhRNAi flies and the fact that 
55-day old elavts>w control flies show very few vacuoles 
per brain (Figure 4A); we tested brains of 75-day old flies 
that show more advanced neurodegeneration to facilitate 
observing differences between control and experimental 
flies. Compared to elavts>RNAicontrol, the brains of 
elavts>LdhRNAi flies had a significantly smaller number 
and area of vacuoles (Figure 6C–6F). Taken together, 
these data suggest that reducing Ldh expression in 
neurons may protect flies from age-associated 
neurodegeneration. 
 
DISCUSSION 
 
Recent high-throughput techniques have demonstrated 
that aging correlates with many changes in gene 
expression and metabolite levels. However, it is often 
not clear whether these changes are protective to an 
aging organism or rather negatively affect healthspan 
and longevity. In this study, we first show that age-
related increase in Ldh mRNA and protein levels are 
associated with elevated lactate levels in the heads of 
Drosophila melanogaster. We then demonstrate that 
adult-specific overexpression of Ldh significantly 
reduced fly lifespan and that neuronal overexpression 
increased brain neurodegeneration and accelerated loss 
of rest/activity rhythms compared to age-matched 
controls. In contrast, RNAi-mediated decrease in Ldh 
expression, especially in neurons, significantly extended 
lifespan and showed neuroprotective effects. Together, 
these data suggest that Ldh and lactate play causative 
roles in the modulation of aging and longevity in flies. 
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We assume that these effects are related to late-life Ldh 
mRNA manipulations; however, because Ldh expression 
was altered through most of adult life, we cannot 
exclude that chronic changes in LDH enzyme activity 
could contribute to the observed phenotypes. Likewise, 
we cannot exclude the possibility that changes in 
‘moonlighting’ functions of LDH upon UAS/GAL4 
induced Ldh overexpression contribute to the phenotypes 
reported in these flies. 
 
While adult-specific overexpression of Ldh in either 
neurons or glia significantly reduced fly longevity, only 
pan-neuronal Ldh overexpression caused a significant 
increase in brain neurodegeneration and decay of 
circadian rest/activity rhythms. This suggests that 
elevated Ldh levels in neurons have additional 

detrimental effects. This is supported by the fact that 
neuronal overexpression of Ldh shortened lifespan by 
15% while glial overexpression shortened lifespan by 
only 8%. 
 
We show that age-related increase in Ldh mRNA 
expression results in significantly elevated levels of 
LDH protein and lactate in fly heads. Given that Ldh 
mRNA is expressed in a diurnal rhythm in the heads of 
old flies, we measured lactate and pyruvate levels at 
ZT0 and ZT12. Indeed, in the heads of old flies, lactate 
levels were significantly higher at ZT12 than at ZT0, 
which is suggestive of diurnal rhythm. Diurnal 
rhythmicity in lactate levels have been reported in 
whole young flies [34], fly bodies [35], and human 
blood plasma [36]. Our data suggest that putative 

 

 
 

Figure 5. Decreased Ldh expression in adult brain extended lifespan. Survival curves of males with reduced Ldh expression via 
LdhRNAi combined with timts (A, D), elavts (B, E), or repots (C, F) and their controls at 27°C and 25°C, respectively. Ldh decrease significantly 
extends lifespan compared to controls (pairwise comparison by Gehan-Breslow-Wilcoxon test yielded p<0.0001 for all graphs except p<0.05 
for repots> LdhRNAi versus control at 25°C). See Supporting Information Supplementary Table 3 for experimental details. 
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SUPPLEMENTARY MATERIALS 
 
Supplementary Figures 
 
 

 
 

Supplementary Figure 1. LDH antibody validation. Western blot analysis of head extracts from 10-day-old flies overexpressing Ldh in all 
circadian clock cells (tim>Ldh), flies with Ldh downregulated by expression of an RNAi construct (tim>LdhRNAi), and control tim>w flies. The 
higher molecular weight of LDH in tim>Ldh flies, compared to endogenous LDH in control flies, is attributed to an incorporated triple HA tag 
within the Ldh transgene (Supporting Information Supplementary Table 1). 
 

 

 
 

Supplementary Figure 2. Representative NMR spectrum data. (A) Representative 1D 1H NMR spectrum of young male fly heads 
collected at ZT12. (B) Representative overlay of NMR spectra obtained from the heads of young (light blue) versus old (dark blue) flies 
collected at ZT12. The region shown (1.2 to 1.4 ppm) contains the strong doublet for the lactate methyl group. Spectra were normalized to 
the DSS internal standard peak for comparison. 
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Supplementary Tables 
 
Supplementary Table 1. Names and genotypes of the flies used in this study. 

Name used Genotype 
tim>Ldh w;tim-GAL4/+;{UAS-ImpL3.ORF.3xHA.GW} 
tim>w w;tim-GAL4/+;+/+ 
timts>Ldh yw;tim-GAL4/+;tub-GAL80ts/{UAS-ImpL3.ORF.3xHA.GW} 
timts>w yw;tim-GAL4/+;tub-GAL80ts/+ 
elavts>Ldh ;elav-GAL4/+;tub-GAL80ts/{UAS-ImpL3.ORF.3xHA.GW} 
elavts>w ;elav-GAL4/+;tub-GAL80ts/+ 
repots>Ldh ;tub-GAL80ts/+;repo-GAL4/{UAS-ImpL3.ORF.3xHA.GW} 
repots>w ;tub-GAL80ts/+;repo-GAL4/+ 
w>Ldh w;;{UAS-ImpL3.ORF.3xHA.GW} 
    
timts>LdhRNAi yw;tim-GAL4/+;tub-GAL80ts/P{y+ v+ UAS-Ldh-RNAi}attP2/+ 
timts>w yw;tim-GAL4/+;tub-GAL80ts/+ 
elavts>LdhRNAi ;elav-GAL4/+;tub-GAL80ts/P{y+ v+ UAS-Ldh-RNAi}attP2 
elavts>w ;elav-GAL4/+;tub-GAL80ts/+ 
elavts>RNAicontrol ;elav-GAL4/+;tub-GAL80ts/P{y+CaryP}attP2 
repots>LdhRNAi ;tub-GAL80ts/+;repo-GAL4/P{y+ v+ UAS-Ldh-RNAi}attP2 
repots>w ;tub-GAL80ts/+;repo-GAL4/+ 
w>LdhRNAi w;;P{y+ v+ UAS-Ldh-RNAi}attP2 

 

Supplementary Table 2. Longevity data of Ldh overexpressing flies and controls. 

Temperature  Genotype N 
Lifespan (Days) Gehan-Breslow-Wilcoxon  

p-value Median Max 
18°C - 27°C 

 
timts>Ldh 104 49 63 -  
timts>w 86 66.5 77 < 0.0001  

elavts>Ldh 99 63 85 -  
elavts>w 94 71 82 0.0129  

repots>Ldh 99 63 82 -  
repots>w 95 69 76 0.0124  
w>Ldh 102 79 90 < 0.0001* 

18°C - 25°C 
 

timts>Ldh 96 67 79 -  
timts>w 84 79 95 < 0.0001 

BR1 elavts>Ldh 97 79 107 - 
elavts>w 98 85.5 102 0.0022 

BR2 elavts>Ldh 180 74 102 - 
elavts>w 176 85 110 < 0.0001  

repots>Ldh 99 79 97 -  
repots>w 101 85 102 < 0.0001  
w>Ldh 97 94 107 < 0.0001* 

*p-values of this control genotype are in comparison to all genotypes with overexpressed Ldh. 
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Supplementary Table 3. Longevity data of LdhRNAi expressing flies and controls. 

Temperature  Genotype N 
Lifespan (Days) Gehan-Breslow-Wilcoxon  

p-value Median Max 
18°C - 27°C 

 
timts>LdhRNAi 81 77 90 -  

timts>w 86 66.5 77 < 0.0001  
elavts>LdhRNAi 97 84 94 -  

elavts>w 94 71 82 < 0.0001  
repots>LdhRNAi 93 76 84 -  

repots>w 95 69 76 < 0.0001  
w>LdhRNAi 97 73 90 < 0.0001* 

18°C - 25°C 
 

timts>LdhRNAi 97 88 106 -  
timts>w 84 79 95 < 0.0001  

elavts>LdhRNAi 97 104 114 -  
elavts>w 98 85.5 102 < 0.0001  

repots>LdhRNAi 104 87.5 106 -  
repots>w 101 85 102 0.0287  

w>LdhRNAi 91 79 101 < 0.0001*       

BR1 elavts>LdhRNAi 187 98 112 - 
elavts>RNAicontrol 195 79 103 < 0.0001 

BR2 elavts>LdhRNAi 98 91 117 - 
elavts>RNAicontrol 124 78 114 < 0.0001 

*p-values of this control genotype are in comparison to all genotypes expressing LdhRNAi. 


