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B I O C H E M I S T R Y

Perturbation of NAD(P)H metabolism with the LbNOX 
xenotopic tool extends lifespan and mitigates 
age-related changes
Shweta Yadav1†, Xingxiu Pan2†, Shengxi Li3, Paige LaRae Martin1, Ngoc Hoang1, Kejin Chen1,  
Aditi Karhadkar1, Jatin Malhotra1, Austin L. Zuckerman2,4, Subrata Munan2, Markus K. Klose5,  
Lin Wang3, Valentin Cracan2,6*†, Andrey A. Parkhitko1,7*†

Aging involves widespread metabolic dysregulation, including a decline in total nicotinamide adenine dinucleotide 
(NAD) levels. While NAD precursor supplementation elevates total NAD levels, it does not reveal tissue-specific ef-
fects of an altered NADH [reduced form of NAD+ (oxidized NAD)]/NAD+ balance. To address this, we generated 
transgenic Drosophila expressing the genetically encoded xenotopic enzyme LbNOX, which converts NADH to 
NAD+. LbNOX expression modulated both NAD(H) and NADP(H) (reduced form of NAD phosphate) metabolites in a 
sex-dependent manner and rescued neuronal cell death induced by mutant αB-crystallin–associated reductive 
stress. We demonstrate that tissue-specific targeting of redox NAD metabolism shows distinct outcomes: Muscle-
specific LbNOX expression confers stronger protection against paraquat-induced oxidative stress than whole-body 
expression, emphasizing tissue-dependent redox sensitivity. Notably, LbNOX expression in nonneuronal tissues 
restored youthful sleep patterns in aged flies. Together, these findings establish LbNOX as an efficient xenotopic tool 
for in vivo redox manipulation and reveal tissue- and sex-specific NAD(P)H mechanisms underlying aging, stress 
resilience, and sleep regulation, providing a framework for NAD-based interventions in aging.

INTRODUCTION
Metabolic dysregulation represents one of the major driving forces 
in aging, leading to impaired organismal fitness, an age-dependent 
increase in susceptibility to diseases, a decreased ability to mount a 
stress response, and increased frailty (1). Dysregulation of nico-
tinamide adenine dinucleotide (NAD) metabolism has emerged 
as a contributing factor in the pathogenesis of aging and multiple 
age-related diseases (2–4). NAD in cells is found in both oxidized 
(NAD+) and reduced (NADH) forms, which together furnish cells 
with a key NADH/NAD+ redox pair that sits at the core of redox 
metabolism and signaling (5). In addition, NAD+ also serves as 
an essential substrate for nonredox NAD+-dependent enzymes, in-
cluding sirtuins, CD38, ARTs, SARM1, and poly(ADP-ribose) poly-
merases (5, 6).

The total NAD pool declines with age and under various pathologi-
cal conditions in a tissue-specific manner, potentially contributing to 
the exacerbation of the pathological state. However, whether this oc-
curs universally across different species and tissues remains unclear 
(7). Multiple preclinical studies in rodents provide evidence of the ben-
eficial effects of supplementation with NAD biosynthetic precursors 
that boost total cellular NAD levels (7–10). However, supplementa-
tion studies do not provide an assessment of the tissue-specific role of 

restoring NAD levels or how does the NADH/NAD+ redox potential 
itself regulates the aging process.

Here, we used an alternative approach to directly manipulate 
NADH/NAD+ ratio by introducing an enzyme from a different 
species (“xenotopic approach”) (11). We used Lactobacillus brevis 
H2O-forming NADH oxidase (LbNOX) (12) as a genetically en-
coded xenotopic tool previously used for a compartment-specific 
decrease of the NADH/NAD+ ratio in living cells. We reasoned that 
a prooxidative shift (a decrease) in NADH/NAD+ ratio would be 
beneficial as an elevated NADH/NAD+ ratio (sometimes referred to 
as NADH-reductive stress) is linked to various pathological states 
ranging from primary mitochondrial diseases to neurodegeneration, 
as well as to aging-associated metabolic changes (13–15). There are 
existing genetic tools to express transgenes in Drosophila, which al-
low for targeted expression of LbNOX in different tissues or popula-
tion of cells. The application of this model system can directly address 
how manipulation of cellular NADH/NAD+ ratio affects various 
organismal processes.

We show that cytosolic LbNOX expression in transgenic Drosophila 
flies affects both NADH/NAD+ and NADPH [reduced form of NAD 
phosphate (NADP+)]/NADP+ ratios to a different extent and in a 
sex-dependent manner. We further show that LbNOX expression 
promotes resistance to oxidative and starvation stress and extends 
lifespan and that targeting NAD metabolism in different tissues may 
have drastically diverse outcomes. Last, we demonstrate that tissue-
specific LbNOX expression improves sleep profiles in aged flies back 
to a youthful state.

In summary, we demonstrate the broad impacts of modulating 
NADH-consuming activity using the xenotopic tool LbNOX in the 
context of multiple aging-associated metabolic changes. We anticipate 
that our work will further clarify tissue-specific roles of NAD metabo-
lism in the aging process and aid in the design of “combinatorial” 
clinical trials that can target both redox-neutral and redox-dependent 
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aspects of NAD metabolism or combine NAD precursors with xeno-
topic tools.

RESULTS
LbNOX expression alters NAD(P)H/NAD(P)+ ratios in 
Drosophila in a sex-dependent manner
NAD boosters/precursors supplementation can increase organismal 
NAD levels; however, supplementation studies do not allow for test-
ing tissue-specific roles of an altered NADH/NAD+ ratio in regulating 
different biological processes, nor can they distinguish the impact of 
redox reactions from nonredox pathways (10). Therefore, we turned 
our attention to LbNOX as a genetically encoded xenotopic tool for 
inducing a compartment-specific decrease in the NADH/NAD+ ratio 
(12). LbNOX catalyzes the conversion of NADH to NAD+ generating 
water as a byproduct (Fig.  1A) (12). We cloned LbNOX into the 
pWALIUM10-roe Drosophila expression vector and created trans-
genic flies carrying the LbNOX transgene on the 2nd (line #128) or on 
the 3rd (line #129) chromosome at a defined genetic locus. To con-
firm the expression of LbNOX in flies, we expressed LbNOX in adults 
ubiquitously using the tubulin-Gal4, tubulin-Gal80ts temperature-
inducible system (16). Gal80ts is active at 18°C and represses Gal4; 
while at 29°C, Gal80ts is inactivated, allowing for the Gal4-dependent 
expression of LbNOX. Genetic crosses were set at 18°C and main-
tained until the progeny eclosed followed by switching to 29°C to in-
duce expression of LbNOX for 7 days. As a control, we used the same 
parental line that we had injected with the UAS-LbNOX construct to 
produce the transgenic UAS-LbNOX flies. We confirmed expression 
of LbNOX in flies by Western blotting (fig. S1A). Although NAD me-
tabolites are known to be compartmentalized within the cell, we de-
cided not to use mitochondria-targeted LbNOX as it will likely 
dissipate more reduced NADH/NAD+ redox potential (compared to 
the cytosol) and divert electrons away from oxidative phosphoryla-
tion and adenosine 5′-triphosphate production. As we were interested 
in assessing the effects of altering NADH/NAD+ ratio in aged flies 
and wanted to explore sex-specific differences, we confirmed that the 
expression level of LbNOX is similar across male and female flies and 
at different ages (fig. S1A).

We tested the impact of ubiquitous LbNOX expression on NAD+ 
levels and related metabolites, i.e., NADH, NADP+, and NADPH in 
whole flies. Unexpectedly, we observed notably different effects on 
NAD(P)(H) levels and corresponding redox ratios between male 
and female flies, which reflects sex-specific alterations (Fig. 1, B to 
E). In male flies of both transgenic lines 128 and 129, we observed a 
decrease in NADH, which also translated to a robust decrease in 
NADH/NAD+ ratio but with no observed effect on the total NAD 
pool (NAD+ + NADH) (Fig. 1B). At the same time, in female flies of 
both transgenic lines 128 and 129, neither NADH levels nor the 
NADH/NAD+ ratio was affected compared to controls, and no al-
teration in the total NAD pool was observed (Fig. 1C).

LbNOX expression in both male and female flies of the trans-
genic lines 128 and 129 led to a robust increase in NADPH levels 
(Fig. 1, D and E) with an increase in NADPH/NADP+ ratio only in 
the female flies of the line 128 (Fig. 1E). We also observed that the 
total NADP pool (NADP+ + NADPH) was increased in both fe-
males and males in transgenic lines 128 and 129 (Fig. 1, D and E). As 
an illustration, we plotted on the same graph all four coenzymes 
NAD+, NADH, NADP+, and NADPH measured in control male 
and female flies to highlight that the NAD pool is ~20 times larger 

than the NADP pool and that the NADP pool is mostly in the re-
duced form (fig. S1, B and C). While total cellular levels of NADH 
and NADPH are comparable in females, males exhibit a relative en-
richment of NADPH over NADH, suggesting potential sex-specific 
differences in redox homeostasis (fig.  S1, B and C). We note that 
observed impact of LbNOX on both NAD(H) and NADP(H) coen-
zymes can be due to productive rebalancing between NAD and 
NADP pools. Recent studies suggest that accumulation of NADH 
due to dysfunctional electron transport chain (ETC) can affect 
NADPH production (17, 18). We therefore reasoned that modula-
tion of NADH consumption by LbNOX might explain improved 
NADPH production in a subset of our experiments.

We intentionally used the TARGET system (tubulin-Gal4 and 
tubulin-Gal80ts) for biochemical validations as the GeneSwitch (GS) 
system (used later for lifespan studies) may be leaky, has a weaker 
expression, and may be mosaic across different cell types, that would 
mask potential biochemical effects (19). In summary, we have creat-
ed a previously unknown transgenic xenotopic tool that perturbs 
NAD(P)(H) metabolites in Drosophila in a sex-dependent manner.

LbNOX expression rescues neurodegeneration associated 
with CryAB-induced reductive stress in female flies
Reductive stress is defined as an excessive level of reducing equiva-
lents in the form of NADH, NADPH, or GSH (reduced form of glu-
tathione) (13, 15, 20) or low abundance of reactive oxygen species 
(ROS) due to inactive ETC or hyperactivity of the antioxidant 
systems (21). Previous studies have described a model of reductive 
stress in Drosophila via expression of the dominant R120G mutation 
in the αB-crystallin (CryAB) gene (CryABR120G) (22). In humans, 
the autosomal dominant R120G mutation in the CryAB gene 
(CryABR120G) manifests as adult-onset cataracts, skeletal muscle weak-
ness, and heart failure (23). When mutant CryAB is expressed in 
Drosophila eye, it causes neuronal cell death that can be easily visu-
alized by the appearance of fused glossy disorganized ommatidia 
under the light microscope (22). The current model of CryABR120G 
reductive stress predicts that overabundance of both NADPH and 
GSH exacerbates the phenotype where lowering cellular NADPH or 
GSH levels can ameliorate the observed phenotypes seen in flies ex-
pressing CryABR120G (22). We decided to explore how sex-dependent 
modulation of NAD(P)(H) levels imposed by LbNOX expression 
affects the CryABR120G phenotype in Drosophila. LbNOX expression 
alone did not affect eye morphology in female (Fig. 2A) or male flies 
(Fig.  2C). As was previously demonstrated, expression of mutant 
CryABR120G resulted in a strong neuronal cell death phenotype in 
both female (Fig. 2B) and male flies (Fig. 2D) characterized by loss 
of pigmentation, presence of fused ommatidia, and extra interom-
matidial bristles. The phenotype in male flies is relatively drastic 
with an additional effect of reduced eye size and pronounced loss of 
pigmentation. Expression of LbNOX transgenic line 128 (but not 
line 129) completely rescued the neuronal cell death phenotype in 
female flies (Fig. 2, B and E), while the neuronal cell death pheno-
type in males was not modified (Fig. 2, D and F). We note that Lb-
NOX expression boosted NADPH levels in both female lines 128 
and 129, while it reliably increased NADPH/NADP+ ratio only in line 
128, where LbNOX expression completely rescued the CryABR120G 
phenotype. We also note that the CryABR120G eye phenotype is much 
more severe in males compared to females (Fig. 2, B and D). The 
observed rescue with only one line would also rule out the pos-
sibility of rescue due to simple Gal4 dilution. LbNOX expression 
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Fig. 1. LbNOX expression alters NAD(P)H/NAD(P)+ ratios in Drosophila in a sex-dependent manner. (A) Schematic showing the chemical reaction catalyzed by Lb-
NOX enzyme. (B) Levels of different NAD metabolites measured in 1-week-old male flies expressing LbNOX in the two independent lines 128 and 129. (C) Levels of differ-
ent NAD metabolites measured in 1-week-old female flies expressing LbNOX in the two independent lines 128 and 129. (D) Levels of different NADP metabolites measured 
in 1-week-old male flies expressing LbNOX in the two independent lines 128 and 129. (E) Levels of different NAD metabolites measured in 1-week-old male flies expressing 
LbNOX in the two independent lines 128 and 129. Values indicated in (B) to (E) are from individual biological replicates having 10 flies each. The statistical significance 
indicated for (B) to (E) represents a one-way analysis of variance (ANOVA) followed by uncorrected Fisher’s Least Significant Difference (LSD) test. The error bars in (B) to 
(E) represent means ± SD. The full genotype of flies is as follows: “cont” is tubulinGAL80ts/+, tubulinGal4/control; “128” is tubulinGAL80ts/UAS-LbNOX128, tubulinGal4/+; and 
“129” is tubulinGAL80ts/+, tubulinGal4/UAS-LbNOX 129. ns, not significant. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.
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Fig. 2. LbNOX expression rescues neurodegeneration associated with CryAB-induced reductive stress in female flies in a sex-dependent manner. Representative 
bright-field images of Drosophila compound eye in (A), female flies expressing control and LbNOX line 128 and 129 using GMR-Gal4. (B) Female flies expressing the 
CryABR120G along with the control and LbNOX line 128 and 129 using GMR-Gal4. (C) Male flies expressing control and LbNOX line 128 and 129 using GMR-Gal4. (B) Male 
flies expressing the CryABR120G along with the control and LbNOX line 128 and 129 using GMR-Gal4. (E and F) Quantification of the rough eye phenotype in female and 
male flies expressing CryABR120G and LbNOX as indicated in the genotype. Each data point represents an individual fly scored. A total of six to nine flies were scored for each geno-
type. The statistical significance indicated for (E) and (F) represents one-way ANOVA with Dunnett’s post hoc test. The error bars represent SEM. The full genotype of flies 
expressing LbNOX in (A) is GMR-Gal4/UAS-LbNOX 128 and GMR-Gal4/UAS-LbNOX 129. The full genotype of flies expressing LbNOX in (B) is GMR-Gal4,UAS-CryABR120G/
UAS-LbNOX 128 and GMR-Gal4,UAS-CryABR120G; UAS-LbNOX 129/+.
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appeared to rescue the reduced eye size in male flies but did not 
rescue the neuronal death (Fig. 2D). We quantified the rough 
eye phenotype using a semiquantitative approach, scoring the 
presence or absence of specific visual parameters, summarized in 
(Fig. 2, E and F).

Our data suggest that the minor differences observed between 
the two LbNOX transgenic lines in their effects on total levels of 
NAD(P)(H) nicotinamide dinucleotides may have a strong impact 
on the functional outcome as we observed in a model of reduc-
tive stress. Notably, female flies showed a unique capacity to buffer 
NADH/NAD+ ratio as despite expression of LbNOX, no decrease in 
the NADH/NAD+ ratio was observed in females from LbNOX lines 
128 and 129.

LbNOX expression protects against the detrimental effects 
of oxidative stress
We further tested how different stress conditions (starvation, oxida-
tive stress, or aging used as a model of integrative stress) affect levels 
of NAD(P)(H) nicotinamide dinucleotides and their ratios in 
whole flies and whether LbNOX expression can modify these chang-
es and increase survival of flies under these conditions. We placed 
1-week-old control female flies on food containing only 1% agar (for 
inducing starvation stress) or food containing 1% agar with 5% 
of sucrose and 10 mM of methyl viologen dichloride hydrate (para-
quat) (redox cycler that induces oxidative stress) (24). We also aged 
flies for 3 weeks at 29°C as an additional stress condition (aging, in 
this case). Both starvation and oxidative stress dramatically reduced 
NADH levels, as well as the NADH/NAD+ ratio, with no effect on 
the NAD+ levels or the total NAD pool (Fig. 3, A to C, and fig. S2A). 
All three stress conditions substantially decreased NADPH levels 
and the total NADP pool, except for aging, which did not affect the 
total NADP pool (Fig. 3, D to F, and fig. S2B).

To test whether LbNOX expression restores the decreased NADH 
and NADPH levels and the decreased NADH/NAD+ and NADPH/
NADP+ ratios in flies under oxidative stress, we placed 1-week-old con-
trol or LbNOX-expressing female flies on food containing 1% agar 
with 5% sucrose and 10 mM of paraquat and compared NAD(H) 
and NADP(H) levels, as well as NADH/NAD+ and NADPH/NADP+ 
ratios, to control flies kept on a standard diet. We observed that 
expression of LbNOX partially rescued the alterations associated 
with the oxidative stress for both NAD(P)H levels and NAD(P)H/
NAD(P)+ ratios (fig. S2, C to F). It is quite remarkable that while 
LbNOX biochemically catalyzes the conversion of NADH to NAD+, 
its expression in combination with oxidative stress (induced by 
paraquat) substantially increases both NAD(P)H levels and NAD(P)
H/NAD(P)+ ratios, suggesting that a productive rebalancing between 
the NAD and NADP pools might underlie the observed antioxidant 
response.

We next explored how LbNOX expression affects the survival of 
flies under oxidative stress or starvation stress. LbNOX expression 
significantly improved the survival of female flies under oxidative 
stress (Fig. 3G) with a moderate effect in male flies (fig. S2G). Under 
starvation condition, we observed only a minor effect of LbNOX 
expression on the survival of female flies with no effect on male flies 
(Fig. 3H and fig. S2H). To avoid the potential contribution from ex-
perimental artifacts associated with the Gal4/Gal80ts system and the 
differences in the genetic background of the flies, we used inducible 
GS Gal4/UAS expression system (25, 26), where UAS-transgene 

expression is driven by Gal4 when flies are fed mifepristone (RU486). 
We used Daughterless-GS (Da-GS-Gal4) to drive expression of a 
control parental line and LbNOX line 128 and tested the ability of 
these flies to withstand oxidative stress after 10 days of feeding the 
drug RU486 (referred to as RU in figures) or ethanol (EtOH, the 
vehicle control). We did not observe any difference in the response 
of flies expressing control line across ethanol or RU treated flies 
(Fig. 3I). Flies expressing LbNOX line 128 that were fed RU486 
showed significant and robust resistance to oxidative stress com-
pared to flies fed ethanol (Fig. 3J). In summary, we demonstrate that 
LbNOX expression, despite promoting NADH consumption, can 
counteract the detrimental effects of oxidative stress by robustly 
boosting both NAD(P)H levels and NAD(P)H/NAD(P)+ ratios.

LbNOX expression prolongs Drosophila lifespan in a 
sex-dependent manner
We further sought to evaluate the effects of LbNOX expression on 
lifespan using both the 128 and 129 lines. For lifespan analysis, we 
preferred to use the GS-Gal4 system to be able to perform the ex-
periment at the ideal rearing temperature for flies (i.e., 25°C). 
Expression of LbNOX 128 line significantly extended lifespan in 
female flies using two different ubiquitous GS Gal4 drivers: Da-
GS-Gal4 and Actin-GS (Actin-GS-Gal4) (Fig. 4, A and C). LbNOX 
128 expression extended lifespan by 17.9% (P < 0.0001, log-rank 
test) under Da-GS-Gal4 and by 16.3% (P < 0.0001, log-rank test) 
with Actin-GS-Gal4. In males, LbNOX 128 expression did not 
have a significant effect on lifespan under Da-GS-Gal4 (P = 0.1947, 
log-rank test) and extended lifespan by 6% under Actin-GS-Gal4 
(P = 0.0081, log-rank test) (Fig. 4, B and D). LbNOX 129 expres-
sion extended lifespan by 7.7% under Da-GS-Gal4, but the effect 
was not statistically significant (P = 0.8332, log-rank test) in 
females, whereas its expression did not affect lifespan in males 
(Fig. 4, E and F). LbNOX 129 expression extended lifespan by 3.1% 
under Actin-GS-Gal4, but the effect was not statistically significant 
(P = 0.5842, log-rank test) in females, while its expression signifi-
cantly decreased lifespan by 3.1% in males (P = 0.0086, log-rank 
test) (Fig. 4, G and H). In summary, we demonstrate that ubiq-
uitous LbNOX expression extends Drosophila lifespan in a sex-
dependent manner.

NAD precursor supplementations do not further extend 
lifespan of Drosophila expressing LbNOX ubiquitously
We further tested whether the effects of ubiquitous LbNOX expres-
sion are comparable to those of supplementation with the com-
mon NAD precursors nicotinamide riboside (NR) and nicotinamide 
mononucleotide (NMN) based on NAD(P)(H) levels and NAD(P)
H/NAD(P)+ ratios in whole flies. Supplementation of NMN has 
previously been shown to significantly rescue the shortened lifespan 
in a Drosophila model of Werner syndrome (27). Similarly, supple-
mentation of NR significantly rescues impaired muscle function in a 
Drosophila model of Barth syndrome (28). We first supplemented 
control flies with either NR (100 μM or 1 mM) or NMN (100 μM) 
for 7 days and measured the levels of NAD(H) and NADP(H) coen-
zymes in whole flies. In these experiments, we used only female flies 
as the beneficial effect of LbNOX expression in the model of re-
ductive stress was observed exclusively in females. Supplementation 
with either NR or NMN increased levels of NAD+ as well as the total 
NAD pool and promoted a robust prooxidative shift (a decrease) in 
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Fig. 3. LbNOX expression protects against detrimental effects of oxidative stress. Levels of NAD+ (A), NADH (B), and NADH/NAD+ ratios (C) in female flies that were 
1 week old (young), 3 weeks old (old), and subjected to starvation or oxidative stress for 16 hours. Levels of NADP+ (D), NADPH (E), and NADPH/NADP+ ratios (F) in female 
flies that were 1 week old (young), 3 weeks old (old), and subjected to starvation or oxidative stress for 16 hours. Survival of 1-week-old female flies expressing either attp2 
(control) or LbNOX ubiquitously with the tubulin-Gal4 driver when subjected to oxidative stress (G) or starvation stress (H). Survival of 1-week-old female flies expressing ei-
ther control or LbNOX line 128 ubiquitously with the Da-GS-Gal4 driver when subjected to oxidative stress (I) or starvation stress (J). Values indicated in (A) to (F) are from 
independent biological replicates having 10 flies each. The statistical significance indicated for (A) to (F) represents a one-way ANOVA followed by uncorrected LSD test. The 
error bars in (A) to (F) represent means ± SD. The error bars in (G) to (J) represent means ± SEM. Total number of flies tested per genotype in (G) to (J) are six independent rep-
licates with 12 flies each (N = 72). The full genotype of flies expressing LbNOX in (G) and (H) is tubulinGAL80ts/UAS-LbNOX128; tubulinGal4/+, and tubulinGAL80ts/+; tubulinGal4/
UAS-LbNOX129. The full genotype of flies in (I) is Da-GS-Gal4/control, and in (J) is UAS-LbNOX128/+; Da-GS-Gal4/+. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,****P < 0.0001.
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NADH/NAD+ ratio (Fig. 5, A to C, and fig. S3A). In contrast, only 
supplementation with NMN increased NADP+ levels (with no sig-
nificant effect on the total NADP pool) and decreased NADPH/
NADP+ ratio (Fig. 5, D to F, and fig. S3B). We did not observe any 
significant differences between the two NR concentrations tested.

We further tested how supplementation of nicotinic acid (NA), β-
hydroxybutyrate (BHB), and N-acetyl-cysteine (NAC) affected levels 

of NAD(H) and NADP(H) coenzymes in whole flies. NA has pre-
viously been shown to increase the intracellular NAD levels in Hs68 
cells and Caenorhabditis elegans (C. elegans), as well as to extend 
worm’s lifespan (29). In Drosophila, expression of Drosophila nicotin-
amidase (D-NAAM/NAMase) converts nicotinamide to NA, which 
decreases NADH/NAD+ levels and extends lifespan (30). BHB is a 
circulating ketone body, which is metabolized into acetoacetate by 
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Fig. 4. LbNOX expression prolongs Drosophila lifespan in a sex-dependent manner. (A) Ubiquitous adult-onset expression of LbNOX 128 with Da-GS-Gal4 increases 
lifespan in females. P < 0.0001. (B) Ubiquitous adult-onset expression of LbNOX 128 with Da-GS-Gal4 does not affect lifespan in males. P = 0.1947. (C) Ubiquitous adult-
onset expression of LbNOX 128 with actin-GS-Gal4 increases lifespan in females. P < 0.0001. (D) Ubiquitous adult-onset expression of LbNOX 128 with actin-GS-Gal4 in-
creases lifespan in males. P = 0.0081. (E) Ubiquitous adult-onset expression of LbNOX 129 with Da-GS-Gal4 does not affect lifespan in females. P = 0.8332. (F) Ubiquitous 
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supplementation. RU refers to the drug RU486. The full genotype of flies expressing LbNOX in (A) and (B) is UAS-LbNOX128/+; Da-GS-Gal4/+, in (C) and (D) is Actin-GS-Gal4/
UAS-LbNOX 128, in (E) and (F) is UAS-LbNOX 129/Da-GS-Gal4, and in (G) and (H) is Actin-GS-Gal4/+; UAS-LbNOX 129/+.
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BHB dehydrogenase 1 in mitochondria of target tissues, thereby gen-
erating NADH. In humans, food supplementation with BHB or sodi-
um butyrate has been associated with multiple health benefits (31). 
Last, NAC is associated with lifespan benefits across different species 
(1) and may indirectly affect NAD(P) pools by acting as an antioxi-
dant. We found that supplementation of 2 mM NA did not affect 
NADH/NAD+ or NADPH/NADP+ ratios in Drosophila (Fig. 5G and 
fig. S3, C to G). However, supplementation of 30 mM NAC or 2 mM 
BHB significantly (but less potently than NR or NMN) decreased 
NADH/NAD+ without affecting the NADPH/NADP+ ratio (Fig. 5G 
and fig. S3, C to G).

As NR significantly decreased NADH/NAD+ ratio (Fig. 5C) and 
LbNOX expression significantly increased the NADP pool (Fig. 1E) 
and prolonged lifespan (Fig. 4C) in female flies, we further tested 
whether the combination of NR supplementation and LbNOX ex-
pression would be more efficient than LbNOX expression alone. In 
female flies, supplementation of 0.5 mM NR along with LbNOX ex-
pression did not significantly extend lifespan compared to LbNOX 
expression alone (Fig. 5H). In summary, we assessed how different 
NAD boosters or modulators (NR, NMN, NA, BHB, and NAC) 
affect NAD metabolism in Drosophila and demonstrated that the 
lifespan extension achieved via LbNOX expression cannot be fur-
ther extended with NR supplementation.

LbNOX expression reprograms Drosophila metabolism with 
a strong impact on de novo NAD biosynthesis
To better understand the mechanism of lifespan extension by Lb-
NOX expression, we performed metabolomic profiling on either 
control flies or two different LbNOX-expressing lines under the 
control of the ubiquitous temperature-sensitive (tubulin-Gal4 and 
tubulin-Gal80ts) driver after 7 days of expression (Fig. 6, A to C, 
and table S1). Principal components analysis of the measured me-
tabolites clearly distinguished control flies from LbNOX lines 128 
and 129 (fig. S4). We identified 70 metabolites that were signifi-
cantly altered in the LbNOX 128 line, and 19 metabolites were 
significantly altered in the LbNOX 129 line, while 18 metabolites 
were significantly and commonly changed in both LbNOX lines 
(Fig. 6D). To understand which metabolic pathways were among 
the most significantly changed by LbNOX expression, we applied 
Metabolite Set Enrichment Analysis. We found that the tricarbox-
ylic acid (TCA) cycle and tryptophan metabolism were among the 
metabolic pathways most affected by LbNOX expression (Fig. 6, E 
and F, and table S2. LbNOX expression dramatically altered the 
levels of several metabolites (tryptophan, kynurenine, kynurenic 
acid, quinaldic acid, tryptamine, indole-3-acetic acid, indole-3-
carboxylic acid, and indoleacetic acid) in the tryptophan meta-
bolic pathway that are involved in de novo NAD biosynthesis 
(Fig. 6, G and H). We also noted that LbNOX expression in both 
lines 128 and 129 robustly decreased levels of metabolites attrib-
uted to the indole pyruvate pathway, which is typically linked 
to tryptophan and kynurenine metabolism (32–36). The results of 
our metabolomic profiling may explain the stronger effects of Lb-
NOX expression on cellular metabolism in the 128 line. In addi-
tion, increase in the NADP pool under LbNOX expression may 
be explained by the up-regulation of NAD de novo biosynthesis 
[e.g., NAD+ subsequently is converted to NADP+ by NAD kinase 
(NADK)] and depletion of metabolites in the tryptophan meta-
bolic pathway.

Muscle-specific LbNOX expression protects against oxidative 
stress and improves neuromuscular function at old age
Ubiquitous LbNOX expression protected against oxidative stress 
with a negligible effect on starvation resistance. Since NAD metab-
olism may play different roles across tissues, we used our ge-
netic tool to test the impact of tissue-specific LbNOX expression. 
We expressed it in two metabolically active tissues—muscles and 
neurons. LbNOX was expressed in adult muscles using the Dmef-Gal4, 
tubulin-Gal80ts, or in neuronal tissues using the Elav-Gal4, tubulin-
Gal80ts temperature-inducible system. Muscle-specific LbNOX 
expression significantly enhanced resistance to oxidative stress in 
female flies (Fig. 7A) compared to that conferred by ubiquitous ex-
pression, while no beneficial effect was observed in male flies 
(Fig. 7B). We also observed significant resistance to starvation stress 
in both female and male flies expressing the line 128 (fig. S5, A and B). 
Pan-neuronal LbNOX expression did not affect resistance to oxi-
dative stress in female flies (Fig. 7C), while it was detrimental in 
male flies (Fig. 7D). We also observed that pan-neuronal LbNOX 
expression did not affect resistance to starvation stress in both fe-
male and male flies (fig. S5, C and D).

The beneficial effects of expressing LbNOX in muscles, com-
pared to neurons, led us to explore the impact of muscle-specific 
LbNOX expression on lifespan and neuromuscular health during 
aging. Although using a GS line is the gold standard for aging-
related studies, Poirier et al. (37) tested several major GS drivers 
for their expression without an inducer and found leakiness associ-
ated with the myosin heavy chain GS line (MHC-GS-Gal4) in the 
thoracic flight muscles and leg muscles of the flies. Robles-Murguia 
et al. (38) generated a new GS Gal4 driver for drug-induced trans-
gene expression in flight muscles, Act88F-GS, which did not drive 
significant transgene expression in the absence of RU486. How-
ever, they found that RU486 represses the expression of nuclear-
encoded mitochondrial genes and reduces the activity of succinate 
dehydrogenase. As all these findings could potentially complicate 
the interpretation of muscle-specific LbNOX expression using the 
muscle-specific GS system, we performed all our experiments us-
ing the Dmef-Gal4, tubulin-Gal80ts line. We found a significant 
extension of lifespan in flies expressing LbNOX with Dmef-Gal4 
(Fig. 7, E and F). The beneficial effects were also observed in male 
flies. We tested the climbing ability of flies as a proxy for neuro-
muscular health at different ages and found that flies expressing 
LbNOX only in muscles exhibited significantly higher climbing 
ability compared to control flies, particularly at older ages (Fig. 7, 
G and H). Again, this beneficial effect was observed in both male 
and female flies. Overall, these results highlight the tissue-specific 
impact of modulating NADH consumption, which differs from ef-
fects observed through whole-body manipulations.

Tissue-specific LbNOX expression improves sleep profiles in 
aged flies back to a youthful state
Recent studies have shown the importance of NAD(P) metabolism 
in the regulation of sleep in Drosophila (39, 40), mice (41, 42), and 
humans (43, 44). As the key genes regulating circadian rhythm 
have been identified (45) and are conserved from flies to humans 
(46, 47), LbNOX represents a unique tool to dissect the role of 
NAD(P) metabolism across different tissues and populations of 
cells. Sleep is defined in Drosophila as a prolonged period of im-
mobility longer than 5 min (48) and can be measured using the 
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Fig. 6. LbNOX expression reprograms Drosophila metabolism with a strong impact on de novo NAD biosynthesis. Volcano plots of targeted metabolomics of fe-
male Drosophila LbNOX lines 128 (A) and 129 (B) relative to controls as well as comparison between 128 and 129 lines (C). Accumulated metabolites are shown in red dots, 
decreased metabolites are shown in blue dots, and gray dots represent statistically nonsignificant changes. The statistical significance for (A) to (C) represents P value 
cutoff = 0.05, fold change cutoff = 0.5. (D) Venn diagrams of metabolites significantly altered in LbNOX expression lines 128 and 129. (E) Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways analysis based on MetaboAnalyst platform for metabolites with LbNOX expression line 128 relative to controls. Orange and blue depict path-
ways that are up-regulated or down-regulated, respectively (based on the abundance of the corresponding metabolites). Heatmaps of the most affected metabolites of 
TCA cycle (F) and tryptophan metabolism and indole pyruvate pathway (G) in female LbNOX lines 128 and 129. In heatmaps [(F) and (G)], each column represents a bio-
logically independent sample. (H) A simplified schematic of the kynurenine and indole pyruvate pathways in Drosophila. Two consecutive arrows assume multiple reac-
tion steps. Metabolites from the heatmap (G) are in blue color. The full genotype of flies is as follows: cont or ctrl is tubulinGAL80ts/+; tubulinGal4/control, 128 is tubulinGAL80ts/
UAS-LbNOX128; tubulinGal4/+, and 129 is tubulinGAL80ts/+; tubulinGal4/UAS-LbNOX 129.

D
ow

nloaded from
 https://w

w
w

.science.org on February 02, 2026



Yadav et al., Sci. Adv. 12, eady0628 (2026)     2 January 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 19

A B

C D

E

H

F

G

Oxidative stress Oxidative stress

Oxidative stress Oxidative stress

0 24 48 72
0

20

40

60

80

100

Control
LbNOX 128
LbNOX 129

0 24 48 72 96 120
0

20

40

60

80

100

Time (in hours)

Control
LbNOX 128
LbNOX 129

0 14 28 42 56
0

25

50

75

100

Age (in days)

Control
LbNOX 128

%
 S
u
rv
iv
al

1 
wk

2 
wk

3 
wk

4 
w k

5 
wk 1 

wk
2 
wk

3 
wk

4 
wk

5 
wk

DmefGal4; tubulinGAL80ts>DmefGal4; tubulinGAL80ts>

Control

Control

%
 S
u
rv
iv
al
 o
n
 1
0 
m
M
 P
Q

%
 S
u
rv
iv
al
 o
n
 1
0 
m
M
 P
Q

%
 S
u
rv
iv
al
 o
n
 1
0 
m
M
 P
Q

%
 S
u
rv
iv
al
 o
n
 1
0 
m
M
 P
Q

Time (in hours)Time (in hours)

Time (in hours)

ElavGal4; tubulinGAL80ts>ElavGal4; tubulinGAL80ts>

DmefGal4; tubulinGAL80ts>DmefGal4; tubulinGAL80ts>

Control

DmefGal4; tubulinGAL80ts>UAS-LbNOX 128DmefGal4; tubulinGAL80ts>UAS-LbNOX 128

C
on
tro

l

C
on
tro

l

Fig. 7. Muscle-specific LbNOX expression efficiently protects against oxidative stress and supports muscle health in old age. Survival of female (A) and male 
(B) control flies and flies with muscle-specific LbNOX expression under oxidative stress. Survival of female (C) and male (D) control flies and flies with neuron-specific 
LbNOX expression under oxidative stress. (E) Muscle-specific adult-onset expression of LbNOX #128 with Dmef-Gal4 increases lifespan in females (P < 0.001, log-rank test) 
(N = 170 flies for control; N = 137 flies for LbNOX). (F) Muscle-specific adult-onset expression of LbNOX #128 with Dmef-Gal4 increases lifespan in males (P < 0.001, log-rank 
test) (N = 208 flies for control; N = 200 flies for LbNOX). (G and H) Climbing ability of female and male flies expressing LbNOX #128 with Dmef-Gal4 compared to control 
flies at mentioned ages, respectively. A total of 120 flies were tested that were spread across 10 independent replicates. For data shown in (A) to (D), a total of 50 flies were 
tested for each genotype that were spread across four independent replicates. The full genotype of flies expressing LbNOX in (A), (B), and (E) to (H) is tubulinGAL80ts/
UAS-LbNOX128; DmefGal4/+, and tubulinGAL80ts/+; DmefGal4/UAS-LbNOX129, and in (C) to (D) is ElavGal4/+; tubulinGAL80ts/UAS-LbNOX128. The error bars in (A) to (D), (G), 
and (H) represent SEM. The statistical significance indicated in (G) and (H) represents unpaired two-tailed Student’s t test. wk, week/weeks. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 
0.001, ****P < 0.0001.
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Drosophila activity monitors (DAMs) by determining the number 
and duration of sleep bouts.

Because we found the beneficial effects of LbNOX selectively in 
female flies, we monitored sleep in control female flies aged from 1 to 
5 weeks. We found that aging is associated with disruption of mul-
tiple sleep parameters, namely sleep profile, average total sleep, 
sleep bout length, and bout number. These changes first appeared at 
3 weeks of age at 29°C and persisted thereafter (Fig. 8, A to D). We 
observed a significant change in the sleep profile at 3 weeks com-
pared to 1 week (Fig.  8A). In control flies (tubulin-Gal4, tubulin-
Gal80ts crossed to the parental line), aging was associated with an 
increase in average total sleep (Fig. 8B), which was accompanied by 
an increase in bout length (Fig. 8C) and a decline in bout number 
(Fig. 8D). We further tested whether whole-body LbNOX expression 
could rescue the aging-associated disruption of the sleep profile. We 
found that ubiquitous expression of LbNOX line 128 significantly 
rescued the average sleep profile in 3-week-old flies (Fig. 8E). It also 
rescued the disrupted total sleep, sleep bout length, and sleep bout 
number in aged flies (Fig. 8, F to H).

Sleep is known to be regulated by neuronal inputs; hence, we tested 
whether neuron-specific LbNOX expression could also rescue aging-
associated sleep deficits. We expressed LbNOX using the Elav-Gal4, 
tubulin-Gal80ts driver, and it rescued the disrupted sleep profile in 
3-week-old flies (Fig. 8I). The neuronal expression rescued the aver-
age total sleep but did not significantly alter the sleep bout number 
and length at old age (fig. S6, A to C). The beneficial effects observed 
with muscle-specific expression of LbNOX on lifespan, muscle func-
tion, and stress tolerance prompted us to further test whether muscle-
specific expression of LbNOX could exert any beneficial effects on 
sleep as well. Intriguingly, expression of LbNOX using the Dmef-Gal4, 
tubulin-Gal80ts driver completely rescued the sleep profile in aged flies 
(Fig. 8J), demonstrating that tissue-specific modulation of NAD me-
tabolism is sufficient to drive beneficial effects at the organismal level. 
Besides the sleep profile, it also showed rescue of the average total 
sleep as well as sleep bout length and number (fig. S6, D to F).

In summary, we demonstrate that utilization of LbNOX allows 
for the assessment of tissue-specific roles of NAD metabolism in dif-
ferent cellular processes and its impact on overall health and lifespan 
in Drosophila. Furthermore, we provide evidence that modulation of 
muscle-specific metabolism is sufficient to restore aging-associated 
sleep deficits.

DISCUSSION
Exploiting xenotopic tools to manipulate metabolism
In recent years, manipulations of over a hundred different metabolic 
enzymes have been shown to prolong lifespan in different organisms 
(1). However, targeting only species-specific enzymes may not be 
sufficient to reverse age-dependent changes in a particular metabolic 
pathway and will only partially reverse age-dependent processes. An 
alternative approach to targeting an organism’s own enzymes is to 
bring a novel function from other species (a xenotopic approach) that 
would resolve or reprogram a metabolic pathway in a beneficial way 
for an organism to achieve healthy aging (11). The yeast Saccharomyces 
cerevisiae NADH dehydrogenase internal 1 (NDI1) and the sea-squirt 
Ciona intestinalis alternative ubiquinol oxidase (AOX) are probably 
among the most commonly used xenotopic tools in Drosophila to 
study the role of the mitochondrial ETC in aging and aging-related 
diseases (49–52). Alternative yeast NADH dehydrogenase NDI (faces 

matrix) can bypass mitochondrial complex I (CI), and AOX can by-
pass CIII and CIV. We have previously created and tested several ad-
ditional xenotopic tools including Methioninase (53), LbNOX (12), 
TPNOX (54), and EcSTH (55). We created transgenic flies expressing 
Methioninase, a bacterial enzyme capable of degrading methionine to 
ammonia, α-ketobutyrate, and methanethiol, and demonstrated that 
either whole-body or tissue-specific Methioninase expression can dra-
matically extend Drosophila health- and lifespan and exert physiologi-
cal effects associated with methionine restriction (53). Here, we created 
transgenic flies carrying the LbNOX tool and demonstrated its utility 
in studying NAD(P) metabolism in vivo.

L. brevis water-forming NADH oxidase
Unlike other bacterial NADH oxidases, LbNOX does not generate 
H2O2 and is strictly NADH specific (Fig. 1A). In our original study, 
LbNOX was expressed in HeLa cells [both untargeted (LbNOX) and 
mitochondria-targeted (mitoLbNOX) versions] to demonstrate that 
direct NAD+ recycling is sufficient to restore proliferation in cells 
with impaired ETC activity (12). Currently, LbNOX and mitoLb-
NOX are commonly used reagents to dissipate cytoplasmic or mito-
chondrial NADH pools (with a concomitant decrease in NADH/
NAD+ ratio) in settings of both dysfunctional and intact mitochon-
drial ETC (11). In males, LbNOX expression resulted in a decrease 
in NADH levels and a concomitant decrease in NADH/NAD+ ratio, 
while in both males and females, expression of LbNOX resulted in 
both a robust increase in NADPH and the NADPH/NADP+ ratio 
(Fig. 1, B, D, and E). These findings highlight the importance of test-
ing xenotopic tools in vivo as results previously obtained in mam-
malian cell culture cannot be extrapolated to model organisms.

Moreover, LbNOX can be coupled with other xenotopic tools target-
ing redox stress [TPNOX (54) or EcSTH (17, 55)] to obtain different 
outcomes in NADH/NAD+ and NADPH/NADP+ ratios. Previously, we 
used Drosophila to create a complex genetic background that allowed for 
the simultaneous targeting of several cancer-related genes (56). As we 
have limited knowledge of tissue-specific metabolic dysregulation with 
aging (57) and how different interventions interact in extension of 
health- and lifespan (58), a similar approach can be applied to combine 
different xenotopic tools targeting redox stress (or other processes) to 
study these combinations and their effects on lifespan in vivo.

Targeting NAD metabolism to delay aging
Multiple studies in different organisms have demonstrated a decline 
in the total levels of NAD+ with age in a tissue-specific manner. This 
has led to the hypothesis that a decline in NAD+ levels with age is 
one of the major contributing factors to the aging process (2–4). 
Multiple preclinical studies in rodents have provided evidence for 
the beneficial effects of supplementation with NAD biosynthetic 
precursors that boost total cellular NAD levels (7–10). However, 
supplementation studies neither allow testing of the tissue-specific 
roles of restoring NAD+ levels nor do they allow investigation of how 
NADH/NAD+ ratio itself regulates the aging process. Moreover, in a 
systematic review of aging-related NAD changes across different or-
ganisms, the authors noted that there are no published papers that 
address whether NAD+ levels decline with age in Drosophila model 
(7). Despite this, targeting NAD metabolism in Drosophila via whole-
body or neuron-specific expression of D-NAAM/NAMase decreased 
NADH/NAD+ ratio and extended lifespan (30).

By using LbNOX as a genetically encoded xenotopic tool (12) 
and a binary UAS/GAL4 system (59), we were able to test whether 
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Fig. 8. Tissue-specific LbNOX expression improves sleep profiles in aged flies back to a youthful state. (A) Average sleep profile of control flies (tubulin-Gal4; tubulin-
GAL80ts crossed to the parental line) at 1 and 3 weeks of age. ZT time refers to Zeitgeber time with respect to the onset of light. (B) Average total sleep of control flies of 
mentioned ages. (C) Average sleep bout length of control female flies at mentioned ages. (D) Average sleep bout number of control female flies at mentioned ages. 
(E) Average sleep profile of control and LbNOX-expressing (line 128) female flies driven by tubulin-Gal4; tubulin-GAL80ts at 1 week (young) and 3 weeks (old) of age. ZT time 
refers to Zeitgeber time with respect to the onset of light. (F) Average total sleep of flies of mentioned genotypes at 1 week and 3 weeks of age. (G) Sleep bout length of 
mentioned genotypes at 1 week and 3 weeks of age. (H) Sleep bout number of mentioned genotypes at 1 week and 3 weeks of age. (I) Average sleep profile of flies of 
control or LbNOX-expressing (line 128) flies driven by Elav-Gal4, tubulin-GAL80ts at 1 week and 3 weeks of age. (J) Average sleep profile of flies of control or LbNOX-
expressing (line 128) flies driven by Dmef-Gal4, tubulin-GAL80ts at 1 week and 3 weeks of age. For (A) to (J), a total of 32 flies were loaded onto the DAM cassette per geno-
type. Analysis platform automatically removed data from flies that died during acquisition of data. Error bars represent means ± SEM; significance was determined by t 
test. The full genotype of flies in (A) to (D) is tubulinGAL80ts/+; tubulinGal4/control, and in (E) to (H) is tubulinGAL80ts /UAS-LbNOX 128; tubulinGal4/+, in (I) is ElavGal4/+; 
UAS-LbNOX128/tubulinGAl80ts, and in (J) is tubulinGAL80ts/UAS-LbNOX128; DmefGal4/ +. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P < 0.0001.
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directly manipulating NADH/NAD+ ratio ubiquitously (mimicking 
supplementation of NAD precursors) or in a tissue-specific manner 
affects Drosophila aging. We tested how NAD levels change with age 
and in response to stress, identifying whether LbNOX expression 
phenocopies supplementation of NAD precursors and whether alter-
ing NADH/NAD+ ratio alone or in combination with NAD precur-
sors prolongs lifespan. Unexpectedly, we found that NADH/NAD+ 
and NADPH/NADP+ ratios were significantly altered under stress 
conditions but not with aging (Fig. 3, C and F). This finding agrees 
with a recent study demonstrating that NADH/NAD+ and NADPH/
NADP+ ratios do not change in mice with healthy aging because 
they are buffered by the activities of fatty acid desaturases that pro-
mote NAD+ recycling activity (14). Accordingly, with an oxidative 
stress–induced decrease in NADH/NAD+ and NADPH/NADP+ ra-
tios, we demonstrate a protective role of LbNOX expression that 
robustly increases both ratios under stress conditions despite the 
NADH-consuming activity of the LbNOX enzyme (fig. S2, D and F). 
Although we do not observe age-induced changes in NADH/NAD+ 
and NADPH/NADP+ ratios, we did observe the beneficial effects of 
LbNOX expression on lifespan (Fig. 4, A and C). There could be 
several explanations for these beneficial effects. First, age-induced 
changes in NADH/NAD+ and NADPH/NADP+ ratios are not ho-
mogeneous across different tissues and may not be unidirectional. 
McReynolds et al. (60) used isotope tracing and mass spectrometry 
(MS) to probe age-related changes in NAD metabolism across tis-
sues in aged mice. They found that the decline in NAD with healthy 
aging is relatively subtle and tissue dependent (for example, the re-
duced forms of NADH and NADPH significantly declined with age 
in the liver and increased in the brain) (60). This will result in the 
absence of aging-induced whole-body changes, while NAD(P) levels 
can be altered dramatically at the tissue-specific level. Second, age-
induced changes in NAD(P) metabolism can be compensated by 
other metabolic pathways (14). Lien et al. (14) observed that levels of 
NAD+, NADH, and the NADH/NAD+ ratio were unchanged in 
plasma, liver, gastrocnemius muscle, and brain tissues with healthy 
aging; however, aging tissues, particularly the brain, exhibited evi-
dence of up-regulated fatty acid and sphingolipid metabolism reac-
tions that regenerate NAD+ from NADH.

In addition to testing tissue-specific effects of NAD(P) metab-
olism, the application of LbNOX as a tool combines two different 
strategies for maximizing the benefits of extending lifespan: (i) sup-
plementation with NAD precursors (such as NR and NMN) and (ii) 
directly altering NADH/NAD+ and NADPH/NADP+ ratios (Fig. 9, 
A and B). By testing this strategy in Drosophila, we found that com-
bining ubiquitous LbNOX expression with the administration of NR 
in food did not result in an extended lifespan. We have tested a vari-
ety of other NAD boosting compounds and found that NR and 
NMN were among the most effective. In line with this, Rimal et al. 
(61) found that in old flies experiencing NADH-reductive stress (an 
elevated NADH/NAD+ ratio) genetic or pharmacological inhibition 
of reverse electron transfer at mitochondrial CI partially normalized 
NADH/NAD+ ratio and extended Drosophila lifespan. Testing dif-
ferent strategies will help identify the most effective combination for 
potential human translation to forestall aging.

Rebalancing of reducing equivalents between NAD and 
NADP pools
The NAD and NADP pools are interconnected via mitochondrial 
transhydrogenase (nicotinamide nucleotide transhydrogenase) and 

multiple dehydrogenases in different cellular compartments with 
dual NAD(P) specificity (54, 62, 63). In our study, we also found that 
expression of the NADH-consuming enzyme (i.e., LbNOX) af-
fects both NAD(H) and NADP(H) metabolites. We observed that 
LbNOX expression can increase NADP(H) levels and NADPH/
NADP+ ratio (Fig. 9, A and B). Our findings are in agreement with 
recent studies that identify NADPH regeneration as an important 
metabolic parameter under ETC inhibition and elevated NADH/
NAD+ (18, 64, 65). Therefore, in principle, a prooxidative shift (a 
decrease) in NADH/NAD+ ratio promoted by LbNOX can boost 
NADPH levels. Notably, in our measurements of NAD(P)(H) me-
tabolites, we use enzymatic cycling and whole-body fly homoge-
nates. Further studies are needed to better understand the role of 
compartment-specific changes in both NADH/NAD+ and NADPH/
NADP+ using genetically encoded sensors in healthy aging as well 
as under various stress conditions. In flies (as well as in humans), the 
only route to produce NADP+ from NAD+ is NADK (both cytosolic 
and mitochondrial versions exist), but, unexpectedly, very little at-
tention has been given to NADK regulation in the context of aging 
(66). One promising future direction will be to use knockout flies in 
concert with genetically encoded tools LbNOX, TPNOX, or EcSTH 
to dissociate NAD metabolism from NADP metabolism as well as to 
uncouple the regulation of NADP(H) production from cellular me-
tabolism linked to ROS.

A

B

Fig. 9. Proposed model of LbNOX-mediated modulation of NAD(P)(H) levels 
and cellular metabolism. (A) Under normal physiological conditions, accumulat-
ed NADH partially inhibits cellular systems responsible for NADPH regeneration 
(red line). (B) Expression of LbNOX drives robust NADH consumption, resulting in 
increased NADPH levels and expansion of the NADP pool (green line). This shift in 
redox balance leads to downstream effects including enhanced stress resistance, 
lifespan extension, and sleep rejuvenation. Notably, LbNOX expression in flies also 
reduces levels of metabolites associated with the indole pyruvate and kynurenine 
pathways. Blue arrows indicate electron flow between reduced and oxidized forms 
of NAD(P) and across their respective pools, which are highlighted in red boxes. 
Black arrows represent nonredox reactions. For clarity, NAD and NADP pools are 
not drawn to scale, and subcellular compartmentalization is not depicted.
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Sleep
Sleep disturbances are observed with aging and may serve as a risk 
factor for developing cognitive impairment and Alzheimer’s disease 
(67–69). Drosophila is a powerful genetic model system for study-
ing sleep (70). Previous studies have established the importance of 
NAD(P) metabolism in the regulation of sleep in Drosophila (39, 40), 
mice (41, 42), and humans (43, 44). Using LbNOX allows us to test 
the involvement of NAD(P) metabolism in different tissues in the 
regulation of sleep. Excitingly, we find that perturbing NAD(P) 
metabolism in nonneuronal cells is sufficient to rejuvenate sleep 
profiles to a youthful stage. Lane et al. (71) found genetic loci for 
self-reported insomnia symptoms encompassing genes expressed in 
skeletal muscle. Using LbNOX or other xenotopic tools will allow us 
to dissect nonneuronal mechanisms of sleep regulation.

Sex-specific effects
The regulation of aging-related processes is often sex specific, and tar-
geting of a multitude of metabolic pathways often delays aging in one 
sex but not in another (1). In agreement with this, we observed marked 
sex-dependent effects of LbNOX expression in Drosophila. These sex-
specific effects of alterations in NAD metabolites are also observed 
in healthy humans as women have lower plasma NADH/NAD+ ratios 
than men (72). Accordingly, Van der Velpen et al. (73) demonstrated 
sex-specific alterations in the levels of intermediates in NAD metabo-
lism comparing wild-type (as well as AD-relevant) mice of different 
sexes. We observed that male and female flies have drastically different 
phenotypes under LbNOX expression. In general, LbNOX expression 
has stronger protective effects against different stresses and in extend-
ing lifespan in females than in males. In Drosophila, sex determination 
is achieved in a cell-specific manner by a balance of female determi-
nants on the X chromosome and male determinants on the autosomes. 
As we observe that LbNOX expression just in one tissue has a signifi-
cant effect on the whole organismal physiology in a sex-specific man-
ner, in the future, we can use available Drosophila tools together with 
LbNOX to alter sex only in specific tissues to determine whether it 
would reverse these LbNOX-associated phenotypes. This would allow 
studying interactions between NAD metabolism and sex-specific ef-
fects on a tissue-specific level.

Overexpression of mutated human CryAB (CryABR120G) was pre-
viously used to model reductive stress in both mice and flies (22, 74). 
It is believed that CryABR120G overexpression leads to protein ag-
gregation, which triggers NRF2 activation and up-regulation of 
antioxidant machinery, ultimately leading to an elevated GSH/oxi-
dized glutathione (GSSG) ratio (13). Xie et al. (22) demonstrated 
that CryABR120G expression in Drosophila mounts impaired cardiac 
function when expressed in the heart or severely impaired eye de-
velopment when expressed in the eye. The authors concluded that 
CryABR120G expression in Drosophila leads to reductive stress, at 
least in part through an elevated GSH/GSSG ratio by demonstrating 
that RNA interference–mediated knockdowns of multiple NADPH-
producing enzymes (G6PD, PGD, IDH, and MEN) suppress this 
CryABR120G pathology (22). Paradoxically, our study shows that the 
eye phenotype is only rescued by LbNOX expression line 128, in 
which LbNOX expression leads to an increase in NADPH levels and 
NADPH/NADP+ ratio (Figs. 2E and 1E). We also note that the ma-
jor difference between males and females expressing LbNOX is that 
in males, we observe a clear decrease in the total NADH/NAD+ ra-
tio, while in females, this is not the case (Fig. 1, B and C). Reductive 

stress is a relatively unexplored concept, and the exact mechanism 
by which reductive stress contributes to impaired cardiac function 
or eye pathology is unknown (22). Nonetheless, our results suggest 
a useful paradigm to study this phenomenon in more depth.

Limitations
(i) Although we observed tissue-specific effects of LbNOX expres-
sion, we do not know whether these effects are attributed to NAD(P)
(H) changes, specifically in these tissues, indirectly through system-
ic NAD(P)(H) changes, through secondary effects associated with 
perturbed downstream redox signaling, or through other NAD(P)
(H)-independent effects associated with LbNOX expression. (ii) As 
the known muscle-specific GS lines are leaky or have nonspecific 
effects on the expression of nuclear-encoded mitochondrial genes 
(37,  38), which could potentially complicate the interpretation of 
muscle-specific LbNOX expression using the muscle-specific GS 
system, we could not use muscle-specific GS lines to validate our 
findings with the GAL80ts system. (iii) In this study, we were only 
able to examine Drosophila expressing the nontargeted version of 
LbNOX, which is assumed to be predominantly cytoplasmic but 
may also be transported to various subcellular compartments or in-
directly affect NAD(P)(H) levels in other compartments. Future 
work should characterize compartment-specific versions of LbNOX 
and compare their effects in parallel with the current non-targeted 
version. (iv) Most of the experiments use the GAL4/GAL80ts sys-
tem because of its advantages: stronger expression than the GS sys-
tem, nonleakiness, lack of mosaic expression patterns in the target 
tissue, ubiquitous expression, and nonchemical transgene induc-
tion. However, the main limitations of this system are the use of 
a nonoptimal temperature to induce transgene expression and the 
possibility of observing substantial changes due to differences in ge-
netic background rather than transgene expression.

MATERIALS AND METHODS
Generation of LbNOX flies
LbNOX was amplified from the pUC57-LbNOX plasmid obtained 
from Addgene (#75285) and cloned into the pWALIUM10-roe vec-
tor according to the standard protocol (both the plasmid sequence 
and the reported protocol are available at https://fgr.hms.harvard.
edu/trip-plasmid-vector-sets). Transgenic flies carrying the LbNOX 
transgene on either the 2nd (line #128) or the 3rd (line #129) 
chromosome were generated following the standard protocol 
at the DRSC/TRiP Functional Genomics Resources Center (https://
fgr.hms.harvard.edu/protocols).

Drosophila stocks and maintenance
Flies (Drosophila melanogaster) were maintained on a standard 
cornmeal medium, commercially obtained as “Fly Food J” from 
LabExpress (Ann Arbor, MI) containing yeast, dextrose, sucrose, 
and molasses and reared at 25°C in incubators with a 12-hour light-
dark cycle. For all experiments, the closest genetic control flies (used 
to generate the transgenic line) were used and treated the same way 
as the experimental flies. The list of fly stocks used in the study is 
detailed in the Key Resource Table (table S3). Flies with GS driver 
were reared at 25°C throughout the experiment. Flies with Gal80ts 
driver were reared at 18°C during development and were moved to 
29°C post collection.
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Acquisition of eye pictures and rough eye phenotype 
(REP) quantification
All the flies were collected within 24  hours of eclosion and were 
aged for 5 days at 25°C followed by snap-freezing on dry ice. For 
each genotype, five to six individual fly eyes were imaged using 
Nikon SMZ1270 microscope at different focal lengths and were 
combined later using the freely available CombineZP software. For 
REP quantification, six to nine flies were scored per genotype. 
Quantification was done by scoring eye images for the presence or 
absence of four features: (i) loss of pigmentation, (ii) extra interom-
matidial bristles, (iii) disrupted eye curvature or shape, and (iv) 
fused ommatidia. Presence was scored as 1, absence as 0, and a rela-
tively enhanced or suppressed feature as ±0.5.

Lifespan analysis
Flies were collected within 24 to 48 hours from eclosion and allowed 
to mate for 1 to 2 days followed by sorting by sex under CO2 anes-
thesia. Postseparation, the flies were reared at standard density (20 
to 25 flies per vial) at 25°C (unless otherwise mentioned) and 60% 
humidity with 12 hours on/off light cycle. The flies were flipped onto 
fresh vials every 2 days, and the dead flies were counted. For flies 
carrying GS element (GS lines), gene expression was induced by 
feeding flies on fly food containing the chemical RU-486 (Cayman 
chemicals, item no. 10006317) dissolved in ethanol at a final con-
centration of 200 μM (86 μg/ml). The control flies were reared on 
food containing equal amounts of the vehicle/solvent (ethanol).

Starvation assay
All the flies were allowed to mate for 1 to 2 days posteclosion fol-
lowed by separation by sex and were reared at appropriate tempera-
ture for one week or 3 weeks as referred in the text. For induction of 
starvation stress, the separated flies were placed on vials having 
freshly prepared 1% agar. The total fly density per vial was kept be-
tween 12 and 15 flies, and the number of dead flies was counted 
twice a day (morning and evening) until all flies died.

Oxidative stress assay
All the flies were allowed to mate for 1 to 2 days posteclosion fol-
lowed by separation by sex and were reared at appropriate tempera-
ture for 1 week or 3 weeks as referred in the text. For induction of 
oxidative stress, the flies were placed on freshly prepared food con-
taining 1% agar, 5% sucrose, and 10 mM of paraquat. The total fly 
density per vial was kept between 12 and 15 flies, and the number of 
dead flies was counted twice a day (morning and evening) un-
til all died.

Climbing assay
Flies were collected, mated, and maintained in the same way as de-
scribed for the lifespan analysis. For each genotype, 110 to 120 flies 
were typically scored (10 independent replicate vials were used, 
each containing 11 to 12 flies). To assess climbing ability, the flies 
were transferred into an empty vial (90 mm in height, marked at the 
midpoint), which was tapped sharply on the table three times to ini-
tiate a negative geotaxis response, followed by counting the number 
of flies that crossed the midline after 10  s. Three trials were con-
ducted for each vial. After testing, the flies were returned to a regular 
fly food vial. The same set of flies was tested every week until 5 weeks 
of age. During aging, vials containing fewer than five flies were 
not tested.

Quantification of NAD+, NADH, NADP+, and NADPH
Ten flies were placed into Precellys Hard Tissue Homogenizing Kit 
2-ml Reinforced Tubes (Precellys, # P000916-LYSK0-A.0), and, im-
mediately, 600 μl of wet ice-cold 1:1 mixture of phosphate-buffered 
saline (PBS) and 1% dodecyl trimethylammonium bromide (DTAB) 
in 0.2 M NaOH was added. Flies were homogenized using Bertin Pre-
cellys 24 Lysis Biological Tissue Homogenizer. Immediately after ho-
mogenization step tubes were centrifuged at 21,000 rcf speed for 
10 min to pellet down debris, and two 200 μl aliquots were used to 
process oxidized and reduced nucleotides as previously described 
(54) with minor modifications indicated below. When transferred to 
all-white 96-well plates, the samples for NADH and NAD+ determi-
nation were diluted five times with the dilution buffer (equal volumes 
of PBS, base solution with 1% DTAB, 0.4N HCl, and 0.5M Trizma) 
containing 10 μM ascorbic acid (10 μl sample + 40 μl of the dilution 
buffer). This dilution is critical to maintain NAD(H) nucleotides in 
the linear range of the calibration curve. Samples for NADPH and 
NADP+ estimation were not diluted as flies contain ~10 times smaller 
NADP pool compared to NAD pool. Calibration curves were con-
structed for NAD+, NADH, NADP+, and NADPH nucleotides pre-
pared in the dilution buffer containing 10 μM ascorbic acid. To each 
50 μl of samples and standards in all-white 96-well plates, another 
50 μl of the corresponding NAD/NADH-Glo or NADP/NADPH-Glo 
Detection Reagent (Promega, catalog no. G9071 and G9081) were 
added, and luminescence was measured over 2 hours using BioTek 
Cytation C10 Confocal Imaging Reader (Agilent Technologies). In 
our luminescence-based assays, we do not take end-time points. In-
stead, we monitor changes in luminescence over time and take a de-
rivative of that change in the linear portion of the reaction progress 
curve to maximize the accuracy and reproducibility of our measure-
ments (both samples and standards). In all figures, we report the total 
amount of nucleotides in picomols from 10 flies taking into account 
all dilutions during sample preparation.

Immunoblotting
For immunoblot analysis, five adult flies were lysed in radioimmu-
noprecipitation assay lysis buffer (Cell Signaling Technology) with 
added phosphatase and protease inhibitors (Roche), using the bul-
let blender tissue homogenizer. The lysates were resolved on mini-
Protean TGX gel (Bio-Rad) by electrophoresis followed by transfer 
on polyvinylidene difluoride membrane (Immobilon P, Millipore), 
blocked in tris-buffered saline Tween-20 buffer (Cell Signaling 
Technology) containing 2.5% dry milk, and probed with the men-
tioned antibodies diluted in this buffer. For detecting LbNOX, anti-
FLAG antibody 12C6c (DHSB) was used at 1:4000 dilution. For 
loading control, antibody against β-actin (13E5, Cell Signaling tech-
nology) was used at 1:1000 dilution.

Metabolomics
Metabolic profiling was performed as previously described (75). Brief-
ly, 10 to 20 flies per sample (four biological replicates) were collected, 
and intracellular metabolites were extracted using 80% (v/v) aque-
ous methanol. Liquid chromatography was performed on an Xbridge 
BEH amide HILIC column (Waters) with a Vanquish UHPLC system 
(Thermo Fisher Scientific). Solvent A was 95:5 water:acetonitrile with 
20 mM ammonium acetate and 20 mM ammonium hydroxide at 
pH 9.4. Solvent B was acetonitrile. The gradient used for metabolite 
separation was 0 min, 90% B; 2 min, 90% B; 3 min, 75%; 7 min, 75% B; 
8 min, 70% B, 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 
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25% B; 14 min, 25% B; 16 min, 0% B, 21 min, 0% B; 21 min, 90% B; 
and 25 min, 90% B. MS analysis was performed on an Orbitrap Explo-
ris 480 mass spectrometer (Thermo Fisher Scientific) by electrospray 
ionization with parameters as follows: scan-mode, full MS; spray volt-
age, 3.6 kV (positive) and −3.2 kV (negative); capillary tempera-
ture, 320°C; sheath gas, 40 arb; aux gas, 7 arb; resolution, 120,000 
(full MS); scan m/z range 70 to 1000. Web-based platform Metabo-
Analyst was used to analyze and visualize metabolomics data.

Sleep measurements
DAM from Trikinetics Inc. (Waltham MA, USA) were used to 
monitor sleep and activity in flies. One- or 3-week-old flies (as men-
tioned in the Results section) were housed individually inside bo-
rosilicate glass tubes (65-mm length, 5-mm diameter) containing 
regular fly food at one end (coated with paraffin wax to avoid dry-
ing) and a cotton plug at the other end. Caution was taken while 
loading the 3-week-old flies to not expose them to CO2 longer than 
3 min while loading. Locomotor activity data were collected under 
LD (12-hour light/12-hour dark). Locomotor activity was recorded 
over a period of 4 days, and sleep was analyzed using ShinyR-DAM 
(https://karolcichewicz.shinyapps.io/shinyr-dam/). For all the sleep-
related plots, the data were analyzed over 2 days (day 3 and day 4 
from the start of experiment).

NAD precursor supplementation
The flies were collected within 24 to 48 hours from eclosion and al-
lowed to mate for a day followed by sorting by sex under CO2 anes-
thesia. Postseparation, the flies were placed on fly food containing 
specific NAD precursor. The flies were flipped onto fresh food vials 
every 2 days throughout the treatment. The following NAD precur-
sors were used in the study: NA from Sigma-Aldrich, catalog no. 
N4126; NAC from Sigma-Aldrich, catalog no. A7250; BHB from 
Sigma-Aldrich, catalog no. 54965; NR chloride from Selleckchem, cata-
log no. S2935 was used for NAD+ measurements; NR from Cayman 
Chemical, catalog no. 36941 was used for lifespan analysis; and NMN 
from Cayman Chemical, catalog no. 32883.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Tables S1 to S3
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