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Reverse electron transfer is activated during aging
and contributes to aging and age-related disease
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Abstract

Mechanisms underlying the depletion of NAD* and accumulation
of reactive oxygen species (ROS) in aging and age-related disorders
remain poorly defined. We show that reverse electron transfer
(RET) at mitochondrial complex I, which causes increased ROS pro-
duction and NAD* to NADH conversion and thus lowered NAD"/
NADH ratio, is active during aging. Genetic or pharmacological
inhibition of RET decreases ROS production and increases NAD*/
NADH ratio, extending the lifespan of normal flies. The lifespan-
extending effect of RET inhibition is dependent on NAD*-
dependent Sirtuin, highlighting the importance of NAD*/NADH
rebalance, and on longevity-associated Foxo and autophagy path-
ways. RET and RET-induced ROS and NAD*/NADH ratio changes
are prominent in human induced pluripotent stem cell (iPSC)
model and fly models of Alzheimer’s disease (AD). Genetic or phar-
macological inhibition of RET prevents the accumulation of faulty
translation products resulting from inadequate ribosome-
mediated quality control, rescues relevant disease phenotypes, and
extends the lifespan of Drosophila and mouse AD models. Deregu-
lated RET is therefore a conserved feature of aging, and inhibition
of RET may open new therapeutic opportunities in the context of
aging and age-related diseases including AD.
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Introduction

A decline in mitochondrial activity and quality is associated with
aging and a wide range of age-related disorders (Wallace, 2005;
Guarente, 2008; Cho et al, 2011; Sun et al, 2016). Along with loss of
proteostasis, cellular senescence, deregulated nutrient sensing, stem
cell exhaustion, epigenetic alteration, genome instability, telomere
attrition, and altered intercellular communication, mitochondrial

dysfunction is considered as one of the hallmarks of aging (Lopez-Otin
et al, 2013). These aging-associated changes are not mutually exclu-
sive, however. For example, mitochondrial dysfunction has been
shown to contribute to proteostasis failure (Lu & Guo, 2020), cellular
senescence (Campisi et al, 2019), and stem cell exhaustion (Zhang
et al, 2018), highlighting the fundamental role of mitochondria in the
aging process.

Mitochondria are the major source of ROS (Murphy, 2009),
whose role in the aging process has been controversial. The free
radical theory of aging proposed by Denham Harman dominated
aging and longevity research for decades (Harman, 1956). However,
this theory has been challenged by recent observations that while
excessive ROS accumulation may be detrimental, moderately
increased mitochondrial ROS can be beneficial during aging
(Balaban et al, 2005), in part by triggering mitohormesis that elicits
stress response and promotes mitochondrial repair and function
(Ristow & Zarse, 2010; Yun & Finkel, 2014; Bar-Ziv et al, 2020).

Mitochondria are also critical for NADH/NAD" metabolism. Dur-
ing the tricarboxylic acid (TCA) cycle, NAD" gains two electrons
and a proton to be reduced to NADH. NADH is in turn oxidized to
NAD* upon donation of the electrons to NADH dehydrogenase
(Complex I) of the electron transport chain (ETC). The central roles
of NAD" and NADH in TCA and ETC, respectively, underscore the
importance of maintaining optimal NAD*/NADH ratio to mitochon-
drial function (Chini et al, 2021). Beyond this metabolic function,
the biosynthesis, transport, and catabolism of NAD" and its key
intermediates critically regulate the activities of NAD*-consuming
enzymes, such as Sirtuins, poly-ADP-ribose polymerases (PARPs),
and CD38/157 ectoenzymes, which are directly or indirectly
involved in the aging process (Houtkooper et al, 2012; Imai & Guar-
ente, 2014; Bonkowski & Sinclair, 2016; Covarrubias et al, 2021).
NAD*/Sirtuin modulates longevity through the activation of mito-
chondrial stress responses such as the unfolded protein response
(UPR™) and the nuclear translocation and activation of Foxo
(Mouchiroud et al, 2013), providing a molecular link between mito-
chondrial stress signaling and longevity. Although it is shown that
NAD* level declines with age (Yoshino et al, 2011; Gomes
et al, 2013; Mouchiroud et al, 2013) and that replenishing NAD" by
supplementation of NAD* precursor offers beneficial effects on
aging and age-related disorders (Rajman et al, 2018), the causes of
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NAD™" depletion during aging are not well understood. Deciphering
the cellular mechanisms influencing NADH/NAD* homeostasis may
offer new ways to counter age-related NAD™ decline.

During oxidative phosphorylation (OxPhos), NADH is oxidized
to NAD" at mitochondrial complex I (C-I) and electrons are trans-
ferred from NADH to ubiquinone through several Fe-S cluster-
containing proteins within C-I (Hinchliffe & Sazanov, 2005; Hirst &
Roessler, 2016). Under certain thermodynamic conditions, for exam-
ple, when forward electron transport (FET) is blocked or when suc-
cinate accumulates to high level, RET can occur, moving electrons
from ubiquinol to NAD™, producing a significant amount of ROS
(RET-ROS) in the process (Scialo et al, 2017; Onukwufor et
al, 2019). Described many decades ago (Chance & Hollunger, 1961)
and initially regarded as some sort of in vitro phenomenon, RET has
been linked to physiological processes such as macrophage activa-
tion in response to bacterial infection (Mills et al, 2016). However,
excessive RET-ROS is implicated in ischemia-reperfusion injury
(Chouchani et al, 2014; Brand et al, 2016). Another outcome of RET
is the conversion of NAD* to NADH, thereby decreasing NAD" and
lowering NAD*/NADH ratio, which has been shown to promote
noncanonical Notch signaling in cancer stem cell growth and brain
tumor settings (Ojha et al, 2022). Whether RET-induced NAD*/
NADH imbalance contributes to aging and age-related neurodegen-
erative disease is not known.

Here, we show that RET is active during aging, contributing to
age-associated ROS accumulation and depressed NAD*/NADH
ratio. Genetic or pharmacological inhibition of RET extended the
lifespan of normal Drosophila. This lifespan-extending effect of
RET inhibition could be recapitulated by NAD* precursor nicotin-
amide mononucleotide (NMN) supplementation and depended on
the NAD*/Sirtuin, Foxo, and autophagy pathways, pathways inti-
mated linked to aging (Riera et al, 2016), supporting that RET-
induced NAD*/NADH dyshomeostasis contributes to the normal
aging process. We also found that genetic or pharmacological inhi-
bition of RET effectively extended the lifespan and rescued disease
phenotypes of Drosophila and mouse models of AD. Our results
identify RET as a previously unrecognized mechanism by which
mitochondrial dysfunction leads to hallmarks of aging and contrib-
utes to age-related neurodegenerative disease and further suggest
that rebalancing NAD*/NADH through inhibition of RET may be
exploited for therapeutic purposes in the context of aging and age-
related diseases.
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Results
RET is active during Drosophila aging

Increased ROS and decreased NAD" levels are frequently observed in
aging and age-related diseases (Hur et al, 2014), but whether these
phenomena are connected is not known. We examined brain samples
of flies aged at 7 days (young), 30 days (middle aged), and 45 days
(old), and observed significantly increased H,O, as measured with
the CM-H,DCFDA dye in brain samples of aged flies, and a more
moderate increase of H,0, in middle-aged flies, compared with young
flies (Fig 1A and B). Staining with the mito-SOX dye revealed
increased mitochondrial ROS in aged brains (Fig EV1A and B). We
also observed an age-dependent gradual decrease in NAD*/NADH
ratio (Fig 1C), consistent with age-related decline of NAD* observed
in other species (Yoshino et al, 2011; Gomes et al, 2013; Mouchiroud
et al, 2013).

We wondered whether RET might be the mechanism responsible
for the observed ROS and NAD*/NADH ratio changes, as RET can
simultaneously increase mito-ROS and decrease NAD'/NADH
ratio (Ojha et al, 2022). To test this possibility, we treated flies with
the small molecule 6-chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-
mecapto-7-methoxyquinazolin-4(3H)-one (CPT2008 or CPT), which
acts as an RET inhibitor by binding to complex I (C-I) 30 kD subunit
(C-130 or NDUFS3) and altering its interaction with other proteins in
the soluble matrix arm of C-I involved in electron transfer (Ojha et
al, 2022). Both the increased ROS production and depressed NAD*/
NADH ratio in aged flies were rescued by CPT treatment (Fig 1A
and B), supporting that RET is a major mechanism accounting for
the age-related ROS and NAD*/NADH ratio changes. To further test
the involvement of RET in conferring the aging-associated ROS and
NAD*/NADH ratio changes, we used mDivi-1, a reversible C-I inhib-
itor and RET inhibitor (Bordt et al, 2017), and rotenone, a C-I inhibi-
tor that preferentially inhibits RET at lower concentrations (Cino &
Del Maestro, 1989; Liu et al, 2002). Both mDivi-1 and rotenone
mimicked CPT in rescuing age-related ROS and NAD*/NADH ratio
changes, albeit at lesser efficiencies than CPT (Fig 1A and B). We
also treated flies with compounds that disrupt two of the driving
forces of RET, mitochondrial membrane potential (MMP) and
ubiquinol (CoQH2). CCCP was used to depolarize MMP, and
dimethyl malonate (DMM), a competitive inhibitor of succinate
dehydrogenase was used to lessen CoQH2 (Chouchani et al, 2014;

Figure 1. Active RET leads to increased ROS and decreased NAD*/NADH ratio in aged flies.

A, B CM-H,DCFDA staining (A) and data quantification (B) showing H,0, level in different aged fly brains with and without treatment with the indicated RET inhibitors

(n =5 per group).

AT - Oommoo
ag

Quantification of NAD*/NADH ratio in different aged flies with and without CPT treatment (n = 3 groups, 20 flies per group).

BN-PAGE showing mitochondrial complex and supercomplex assembly in 10-day, 35-day and 45-day-old flies.

TMRM staining assessing mitochondrial MMP in different aged flies and in old flies treated with CPT (n = 3).

Quantification of mitochondrial succinate level in different aged flies and in aged flies treated with CPT.

Quantification of RET-ROS in mitochondria isolated from different aged flies and respiring under FET (G) or RET (H) condition (n = 4).
Dose-dependent effect of CPT on RET-ROS in mitochondria isolated from 45-day-old flies and respiring under RET condition (n = 4).
Quantification of the effect of CPT on NAD*/NADH ratio in mitochondria isolated from 45-day-old flies and respiring under RET condition (n = 4).
CM-H,DCFDA staining showing H,0, level in young flies treated with DES or DES + CPT (n =5 per group).

L Live imaging with SoNar showing NAD™ (green) and NADH (blue) levels in different aged fly brains with or without treatment with the indicated chemicals.

Data information: Data are representative of at least three repeats. Data are shown as mean + SEM. Asterisks indicate statistical significance (**P < 0.01, *P < 0.05)
using single-factor ANOVA with Scheffe’s analysis as a post hoc test to compare two sets of data.
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Figure 1.

Mills et al, 2016). Both CCCP and DMM rescued age-related ROS
(Fig 1A and B) and NAD*/NADH ratio (Fig EV1C) changes.

We further studied mechanisms underlying aging-related RET
changes. We first characterized complex I assembly using blue native
polyacrylamide gel electrophoresis (BN-PAGE) on 10-day-, 35-day-,
and 45-day-old flies. We found that supercomplex (C-I+C-III2)
assembly observed in young flies was reduced with old age (Fig 1D).
Correspondingly, holo-complex I level was increased in old animals
(Fig 1D), which was also confirmed by examining the level of C-I

© 2023 The Authors

protein Ndufs3 (Fig EV1D), although C-V level was not significantly
changed. Not that our assignment of the identity of C-I and super-
complex bands on BN-PAGE is consistent with that previously
reported for fly mitochondrial complexes (Murari et al, 2020). As
supercomplex formation limits ROS production from C-I (Maranzana
et al, 2013), presumably because supercomplex is not conducive to
RET due to the lack of C-II, this offered one mechanism of age-
associated RET change. We further examined other factors that could
affect RET and found significantly increased MMP in aged fly

EMBO reports 24: e55548 2023 3 of 21
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samples (Fig 1E). Moreover, mitochondrial succinate level was also
increased in old flies (Fig 1F). Both were rescued by CPT treatment.
Although the mechanisms of MMP and succinate change remain
to be determined, because both can serve as drivers of RET,
their changes offered another mechanism of age-associated RET
increase. To more directly measure age-related RET change, we
used mitochondrial purified from fly tissues in in vitro assays by
supplying mitochondrial complex I with RET (succinate) and
FET (malate + glutamate) substrates. We found that while FET-
ROS was modestly increased with age, RET-ROS was increased
dramatically in old age (Fig 1G and H). Using this in vitro
assay, we analyzed the effect of CPT on RET and FET. We
found that CPT decreased RET-ROS in a dose-dependent manner
(Fig 1I), with 2.5 pM CPT being an optimal dose to decrease
RET-ROS in purified mitochondrial samples (Fig 1I), while no
such effect was observed for FET-ROS (Fig EVI1E), supporting
that CPT preferentially inhibits RET. The mild reduction of FET-
ROS by CPT could be due to an antioxidant property of the -SH
group in CPT. The amelioration of RET-induced NAD*/NADH
ratio change by CPT in purified mitochondria (Fig 1J), and the
lack of effect of CPT on NAD"/NADH ratio under FET condition
(Fig EV1F), also supported the RET inhibitor activity of CPT.
Our previous study demonstrated that RET is associated with
altered protein—protein interactions within C-I (Ojha et al, 2022).
We found that NDUFV1 interaction with NDUFS3 was decreased
with age while NDUFV2 interaction with NDUFS3 was increased.
Treatment with CPT lessened NDUFS3 interaction with NDUFV2
and Notch but strengthened NDUFS3 interaction with NDUFV1
(Fig EV1G). Finally, we tested whether we could induce age-
related changes by activating RET. Treatment of young flies with
diethylsuccinate (DES), a cell-permeable form of the complex II
substrate succinate that can drive RET (Mills et al, 2016; Ojha et
al, 2022), efficiently induced ROS and decreased NAD*/NADH,
effects that were inhibited by CPT (Figs 1K and EV1H and I).
Together, these data demonstrate that multiple mechanisms can
contribute to age-related RET increase and that CPT serves as a
specific RET inhibitor to block aging-associated RET-ROS and
NAD*/NADH changes.

To further examine the effect of aging on NAD*/NADH levels, we
used flies expressing a genetically encoded NAD*/NADH reporter
SoNar (Bonnay et al, 2020). SoNar fluorescence is intrinsically ratio-
metric with two excitation wavelengths having opposing responses
to NAD" and NADH, allowing quantitative determination of NAD* or
NADH ratiometrically (Zhao et al, 2015). With this approach, we
observed a gradual drop in NAD*/NADH ratio with age, and CPT
treatment significantly restored NAD*/NADH ratio in aged flies
(Figs 1L and EV1J). As controls, we showed that feeding flies with
the NAD™ precursor nicotinamide mononucleotide (NMN) had simi-
lar effect as CPT in restoring NAD*/NADH ratio (Figs 1L and EV1J),
and the effect of CPT on the SoNar reporter was dampened by NADH
co-treatment (Figs 1L and EV1K). We also measured C-I activities
using two approaches: (i) In vitro C-1 activity assay using malate and
glutamate as substrates (Fig EV1L) and (ii) In-gel C-I activity assay
(Fig EVIM). In both assays, we did not find a significant change in C-
I activity during fly aging. In-gel activity assays of C-II, C-III, and C-
IV also did not reveal significant changes (Fig EVIM). These data
strongly support that RET is active during aging and contributes to
age-related ROS increase and NAD"/NADH ratio decrease.
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Inhibition of RET from midlife onwards extends
Drosophila lifespan

Given the effect of CPT on ROS and NAD*/NADH metabolism, two
key parameters associated with aging, we tested the effect of CPT
treatment on fly lifespan. Consistent with previous finding that
genetic manipulations of mitochondria-related functions throughout
the adulthood might not have obvious impact on longevity, whereas
initiating the same manipulations from midlife onwards could sig-
nificantly extend lifespan (Rana et al, 2017), we found that continu-
ous feeding of newly eclosed flies with CPT did not have obvious
effect on lifespan (Fig EV2A), whereas treating flies with CPT
starting from midlife (days 20, 35, and 45) onwards resulted in sig-
nificant extension of median and maximal lifespans in both males
(Fig 2A-D) and females (Fig EV2B and C), except day 45 females
(Fig EV2D). We also found that 10 or 20 pM CPT produced robust
lifespan extension, whereas 5 or 40 pM CPT failed to show obvious
effect (Figs 2E-H and EV2E). As diet restriction could extend life-
span, we tested whether CPT might affect food intake. Using food
mixed with the Brilliant Blue dye to follow intake, we found CPT
did not affect feeding (Fig EV2F). Because midlife 10 pM CPT treat-
ment resulted in pronounced lifespan extension while consuming
less drug, this regime was used for further studies.

RET inhibition maintains proteostasis, improves mitochondrial
function, and extends healthspan in aged flies

To better understand the effect of CPT on organismal health, we
examined parameters of health span. We observed age-related
decline in locomotor activity as measured with the climbing assay,
and this deficit was significantly rescued by CPT (Fig 3A). Loss of
intestinal barrier function is a hallmark of aging (Rera et al, 2011).
To determine the impact of CPT on intestinal barrier integrity, we
used the “Smurf” assay that monitors the presence of nonabsorbed
dyes outside of the digestive tract after feeding (Rera et al, 2011).
This assay revealed improved intestinal barrier integrity after
10 days of CPT treatment (Fig 3B; Appendix Fig S1A).

Proteostasis failure and mitochondrial dysfunction are cellular hall-
marks of aging. To test whether CPT treatment affected these features,
we examined brain and indirect flight muscle tissues of control and
CPT-treated flies. Aged fly brains accumulated ubiquitin-positive pro-
tein aggregates, indicating proteostasis failure (Fig 3C). Treatment with
CPT from midlife onwards remarkably reduced the size and number of
ubiquitin-positive protein aggregates (Fig 3C). Similar result was seen
in flight muscle (Appendix Fig S1B). However, we did not observe a
significant effect of CPT treatment on global ubiquitination level
(Appendix Fig S1C), suggesting that CPT may affect proteostasis
through other mechanisms, or that the ubiquitination of only a small
subset of proteins is affected that is beyond our current detection.

Mitochondrial function is intimately linked to morphological
dynamics regulated by fission and fusion. Previous studies in fly
muscle revealed decreased fission/increased fusion with age and
that upregulation of fission from midlife onwards was sufficient to
extend fly lifespan (Rana et al, 2017). Consistent with this observa-
tion, we found that mitochondria labeled with a mito-GFP reporter
in dopaminergic neurons (Fig 3D), or immunostained with anti-
ATP5a in flight muscle (Appendix Fig S1D), were more fused and
aggregated in aged flies and that CPT treatment resulted in smaller

© 2023 The Authors
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A-D Survival curves comparing overall survival (by logrank test) and maximum lifespan (by Wang-Allison test) of control flies and flies fed with food containing 10 pM
CPT from 20 days (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (A), 30 days (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (B), or 45 days (**P < 0.01 logrank,

**P < 0.01 Wang-Allison) (C) onwards. Bar graphs (D) show the quantification of mean and maximal lifespan (n = 3 groups, 20-25 flies per group).
Survival curves comparing control flies and flies fed with food containing 5 pM CPT (E), 10 pM CPT (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (F), or 20 pM CPT

(**P < 0.01 logrank, **P < 0.01 Wang-Allison) (G) from 35 days onwards. Bar graphs (H) show the quantification of mean and maximal lifespan (n = 3 groups, 20—
25 flies per group), using single-factor ANOVA with Scheffe’s analysis as a post hoc test.

Data information: Data are representative of at least three repeats. (D, H) Data are shown as mean £ SEM. Survival curves were analyzed with logrank test along with
Wang-Allison test for maximum lifespan. Asterisks indicate statistical significance (**P < 0.01, *P < 0.05). Dashed lines mark time points of 50% survival.
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Figure 3. Effect of RET inhibition by CPT on healthspan in Drosophila.

A Climbing assay of young flies, old flies, and old flies treated with CPT (n = 3 groups, 20 per group).

B Smurf assay of intestinal integrity in aged flies with or without CPT treatment (n = 3 groups, 20 per group).

C  Images and data quantification showing accumulation of protein aggregates in the brains of aged flies with or without CPT treatment (n = 5).

D  Images and data quantification showing DA neuron mitochondrial morphology in the brains of aged flies with or without CPT treatment (n = 5).

E F

Images (E) and data quantification (F) showing 4-HNE levels within or near TH-positive DA neurons in young flies, old flies, and old flies treated with CPT (n = 4

sets, 5 samples per set). Arrows point to HNE signals co-labeled with TH- positive DA neurons.
G Quantification of ATP levels in young flies, old flies, and old flies treated with CPT.

Data information: Data are representative of at least three repeats. Data are shown as mean £ SEM. Asterisks indicate statistical significance (**P < 0.01) in single-
factor ANOVA with Scheffe’s analysis as a post hoc test.
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and less aggregated mitochondria, suggesting that CPT promoted fis-
sion. No significant change in mitochondrial mass was observed
(Appendix Fig S1H). As we observed increased RET-ROS with age,
and ROS-induced oxidative damage is another hallmark of aging,
we assessed the effect of CPT on ROS-induced oxidative damage to
lipids (lipid peroxidation) using the anti-4-Hydroxynonenal (HNE)
antibody. Treatment with 10 pM CPT for 10 days significantly
reduced age-associated lipid peroxidation in the brain (Fig 3E and
F). Finally, consistent with mitochondrial function being improved
by CPT, the decline of ATP production in aged fly muscle was ame-
liorated by CPT treatment (Fig 3G), supporting that CPT does not
significantly inhibit FET or OxPhos.

Knockdown of NDUFS3 or supplementation of NAD* precursor
mimics the effect of pharmacological RET inhibition on
lifespan extension

To further support the idea that inhibition of RET is the mechanism
responsible for lifespan extension by CPT, we sought a genetic
approach. Previous studies identified NDUFS3 (C-130) and NDUFV1
of C-1 as potential binding targets of CPT (Ojha et al, 2022). We tested
whether inhibition of RET by RNAi of NDUFS3, NDUFV1, or a closely
associated NDUFS2, might mimic the effect of CPT. We performed
tissue-specific knockdown of NDUFS2, NDUFS3, and NDUFV1 in
muscle or neuronal tissues. We observed significant extension of life-
span when NDUFS3 and NDUFS2 were knocked down in muscle
using the Mhc-GAL4 (Fig 4A and B), with the effect of NDUFS3 seem-
ingly stronger than NDUFS2. However, the effect was not as promi-
nent with neuronal knockdown using the elav-GAL4 (Fig EV3A and
B). By contrast, reduced lifespan was observed when NDUFV1 was
knocked down (Fig 4C). Correlating with the lifespan effects, both
NDUFS3- and NDUFS2-RNAi attenuated age-related ROS elevation
(Fig 4D) and NAD*/NADH decline (Fig 4E), indicating that they
inhibited RET and thus mimicked the CPT effect. Although ROS level
reduction could be caused by a reduction of mitochondrial mass, no
obvious change in mitochondrial mass by NDUFS3- or NDUFS2-
RNAi was observed (Appendix Fig S1E). On the contrary, NDUFV1-
RNAi further reduced NAD*/NADH ratio (Fig 4E). Given that
NDUFV1 is the only subunit in C-I that accepts NADH and initiates
FET, its knockdown might have reduced NADH entry into the ETC,
resulting in NADH accumulation and NAD* shortage and explaining
its lifespan effect. We also performed qRT-PCR analysis to assess
knockdown efficiency. NDUFS2 and NDUFS3 mRNA levels were
reduced by 55 and 59 %, respectively, whereas NDUFV1 was reduced

Figure 4.
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by 85% (Appendix Fig S1F). NDUFS3 protein knockdown was con-
firmed with antibody that is available (Appendix Fig S1G). Thus,
another possibility is that mild knockdown of C-I subunits involved in
RET is beneficial, whereas excessive knockdown as in NDUFV1 RNAi
is detrimental. Further studies are needed to test this possibility.

To further test the idea that inhibition of RET-induced NAD*/
NADH ratio change is the mechanistic basis of the observed lifespan
extension by CPT, we treated flies with the NAD* precursor NMN.
Wild-type flies treated with 3 mM NMN from 35 days onwards
extended their lifespan to similar extent as with CPT (Fig 4F), with-
out obvious effect on food intake (Fig EV3C). This was correlated
with the restoration of NAD*/NADH ratio reduced by aging (Fig 4G).
Moreover, similar as CPT, NMN also restored proteostasis in aged fly
muscle (Fig 4H) and maintained intestinal integrity (Fig EV3D).
These data support that RET-induced NAD*/NADH ratio change is a
major contributor to aging which is antagonized by CPT.

We further tested the contribution of increased NAD*/NADH
ratio and reduced mito-ROS to the antiaging effect of CPT by evalu-
ating CPT behavior in combination with other drugs, such as oxi-
dants/antioxidant and NMN. When flies were fed both CPT and
NMN, their lifespan was similar as that provided by CPT
(Fig EV3E), suggesting that CPT and NMN act through similar mech-
anisms to extend lifespan. Interestingly, flies fed with mito-Tempo,
a mitochondrial-targeted antioxidant (Jiang et al, 2009), exhibited
increases lifespan, suggesting that mito-ROS is generally detrimental
to fly lifespan. However, mito-Tempo and CPT co-treatment did not
provide additional lifespan benefit than CPT alone (Fig EV3F). Simi-
larly, we found that the antioxidant melatonin also provided life-
span benefit. However, in combination with CPT it did not provide
additional benefit (Fig EV3G). On the contrary, treatment with
FK866, which inhibits NAD* synthesis and blocks the anticancer
effect of CPT (Ojha et al, 2022), abolished the lifespan benefit con-
ferred by CPT (Fig EV3H), and CPT failed to provide protection
against the lifespan-shortening effect of the oxidant paraquat
(Fig EV3I). Together, these data support that the effect of CPT on
NAD*/NADH critically mediates its lifespan effect, although its
effect on mito-ROS may also contribute, given the detrimental effect
of mito-ROS on lifespan as revealed by mito-Tempo.

Lifespan extension by RET inhibition is dependent on Sirtuin,
Foxo, and autophagy pathways

We further probed the signaling mechanisms by which inhibition of
RET extends lifespan. Our results so far strongly supported the role

Inhibition of RET by genetic manipulation of C-1 subunits extends fly lifespan.

A-C Survival curves of control flies and flies with muscle-specific knockdown of NDUFS2 (**P < 0.01 logrank) (A), NDUFS3 (**P < 0.01 logrank, **P < 0.01 Wang-Allison)

(B), or NDUFV1 (**P < 0.01 logrank) (C) (n = 3 groups, 20-25 flies per group).

D CM-H,DCFDA staining of H,0, and quantification of signal intensity in the muscle tissues of 50-day-old control flies and flies with NDUFS2 or NDUFS3 knockdown

(n =5 per group).

E Quantification of NAD*/NADH in 50-day-old control flies and flies with NDUFS2, NDUFS3, or NDUFV1 knocked down by RNAI.
F Survival curves of wild-type flies with or without NMN treatment from 35 days onwards (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (n = 3 groups, 20-25 flies

per group).

G Quantification of NAD*/NADH in young flies, old flies, and old flies treated with CPT.
H Images and data quantification showing accumulation of protein aggregates in the muscle of young flies, old flies, and old flies treated with CPT (n =5 per group).

Data information: Data are representative of at least three repeats. (D, E, G, H) Data are shown as mean + SEM. Survival curves were analyzed with logrank test along
with Wang-Allison test for maximum lifespan. Asterisks indicate statistical significance (**P < 0.01) in single-factor ANOVA with Scheffe’s analysis as a post hoc test.

Dashed lines mark time points of 50% survival.
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Figure 4.

of RET-associated NAD*/NADH homeostasis in mediating the CPT
effect. Given the intricate relationship between NAD* and Sirtuins,
with Sirtuins being NAD"-consuming enzymes and NAD" a coen-
zyme needed for Sirtuin activity, we examined whether NAD"/
Sirtuin signaling might mediate the CPT effect on lifespan. The Dro-
sophila genome encodes 5 Sirtuins (dSirtl, 2, 4, 6, 7). Although
dSirtl, which is homologous to Sir2 in yeast, has been most exten-
sively studied, its role in lifespan regulation is still controversial
(Newman et al, 2002; Wood et al, 2004; Burnett et al, 2011).

8 of 21 EMBO reports 24: e55548 | 2023

Previous studies indicated that dSirt2 might be involved in longevity,
as its knockdown decreased fly lifespan (Kusama et al, 2006). We
wondered whether dSirt2 might mediate the CPT effect on lifespan.
Neuronal knockdown of dSirt2 shortened lifespan (Fig SA and B), con-
sistent with the previously reported role of dSirt2 (Kusama et al, 2006).
Importantly, the lifespan-extension effect of CPT seen in WT flies was
diminished by dSirt2-RNAi (Fig 5A and B), suggesting that dSIRT2 is
required for CPT to extend lifespan. However, we cannot exclude
potential roles of other Sirtuins in mediating the effect of CPT.

© 2023 The Authors
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Figure 5. Lifespan effect of RET inhibition by CPT is mediated by Sirtuin, Foxo, and autophagy pathways.

A B
CD
E F

G Immunoblots showing the effect of CPT on p62, ATG8a-I, and ATG8a-Il levels in fly muscle.

H
and old flies treated with CPT (n =5 per group).

EMBO reports

Survival curves showing the effect of neuronal dSirt2 knockdown on fly lifespan under normal and CPT treatment conditions (n = 3 groups, 20-25 flies per group).
Survival curves showing the effect of muscle dFoxo knockdown on fly lifespan under normal and CPT treatment conditions (n = 3 groups, 20-25 flies per group).
Survival curves showing the effect of neuronal ATG1 knockdown on fly lifespan under normal and CPT treatment conditions (n = 3 groups, 20-25 flies per group).

Images and data quantification in single-factor ANOVA with Scheffe’s analysis as a post hoc test showing lysotracker staining in the muscle of young flies, old flies,

Data information: Data are representative of at least three repeats. Data are shown as mean + SEM (H). Survival curves were analyzed with logrank test along with
Wang-Allison test for maximum lifespan. Asterisks indicate statistical significance (**P < 0.01). Dashed lines mark time points of 50% survival.
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Sirtuins regulate cellular metabolism, stress response, and lon-
gevity, likely through specific substrates. The Foxo transcription fac-
tor is a substrate of Sirtuin (Brunet et al, 2004) and a mediator of
the lifespan effect of NAD' supplementation (Mouchiroud et al,
2013). We found that dFoxo-RNAi diminished the lifespan extension
by CPT in WT flies (Fig SC and D). At the biochemical level, Sirtuin
activity as measured with dFoxo deacetylation was reduced in aged
flies (Fig EV4A), and CPT significantly decreased levels of deacety-
lated dFoxo (Fig EV4B), consistent with CPT boosting Sirtuin activ-
ity toward Foxo, presumably through NAD™ regulation.

We further investigated signaling mechanisms downstream of
Sirtuins and Foxo that mediate the effect of CPT on lifespan. Sirtuins
and Foxo can activate the autophagy pathway (Hariharan et al,
2010; Ng & Tang, 2013), an aging-relevant process in which defec-
tive proteins or organelles are engulfed into vesicles which fuse with
lysosomes to form autophagosomes, leading to cargo degradation.
Our RT-PCR analysis showed that autophagy genes ATGI and
ATG8 were upregulated by CPT. dSirtl, dFoxo, and 4EBP, a tran-
scriptional target of dFoxo, were also upregulated, whereas AKT
and PI3K were downregulated (Fig EV4C). We next tested whether
autophagy was required for the lifespan extension by CPT. Intrigu-
ingly, knockdown of the key autophagy regulator ATG1 blocked the
CPT effect on lifespan extension (Fig 5E and F). The knockdown
efficiency of ATGI, dSirt2, and Foxo by the transgenes used in this
study was 72, 70, and 76 %, respectively (Appendix Fig S1F). ATG1
and Foxo protein knockdown was confirmed with antibodies that
are available (Appendix Fig S1G).

Autophagy receptors play important roles in the autophagy process
by linking autophagy cargos with the autophagy machinery through
LC3. Drosophila has only one autophagy receptor p62 and one LC3
homolog ATG8a. Prominent pG62-positive protein aggregates were
observed in aged fly brains, presumably reflecting a defect in autop-
hagic flux, as p62 itself is normally turned over by the lysosome during
active autophagy. CPT treatment dramatically reduced p62-positive
aggregates (Fig EV4D), which was further validated by examining p62
protein level using western blot (Fig 5G). Moreover, the increased con-
version of ATG8a-I to ATG8a-1l, a lipidated and active form of ATG8a,
also indicated the activation of autophagy by CPT (Fig 5G). We further
validated these findings by detecting autophagosome-lysosome fusion
using lysotracker and observed decreased autolysosome formation in
aged brains, which was effectively restored by CPT treatment (Fig SH).

Figure 6. Inhibition of RET rescues disease phenotypes of fly AD models.

Suman Rimal et al

Thus, the autophagy pathway is compromised during aging, and RET
inhibition by CPT can restore autophagy activity.

We also tested whether the lifespan benefit provided by NMN is
dependent on Sirtuin, ATG1, or Foxo. We found that dSirt2-RNAi
sufficiently blocked the NMN effect in lifespan extension, whereas
ATGI1-RNAi and Foxo-RNAi were less effective (Figs EV4E and G-1).
Moreover, NMN did not offer additional lifespan benefit in NDUFS3-
RNAI flies (Fig EV4F). Thus, although dSirt2-RNAi was effective in
blocking the lifespan effects of CPT and NMN, ATG1-RNAi and
Foxo-RNAi were effective in blocking the effect of CPT but not
NMN, suggesting that ATG1 and Foxo may mediate other effects of
CPT than NAD*/NADH, such as its antioxidant activity.

Inhibition of RET extends lifespan and rescues disease
phenotypes in fly AD models

Aging is a major risk factor for chronic diseases. It is assumed that
aging and age-related diseases may share some basic biological
mechanisms, but this has not been rigorously demonstrated. AD is
an exemplary age-related neurodegenerative disease. We were inter-
ested in testing whether RET, implicated in aging by our current
study, is also involved in AD pathogenesis. We first tested CPT in a
transgenic model expressing the C-terminal fragment of amyloid
precursor protein (APP.C99). APP.C99 is emerging as an etiological
driver in AD pathogenesis (Lauritzen et al, 2019). Expression of
APP.C99 in fly muscle using the Mhc-GAL4 driver resulted in signifi-
cantly shortened lifespan (Fig 6A). Treating Mhc > APP.C99 flies
with CPT from day 35 onwards significantly extended their median
as well as maximal lifespans (Fig 6A). Co-expression of full-length
APP with beta-secretase (BACE), a combination that results in effi-
cient APP processing to APP.C99, also resulted in shortened lifespan
when transgenes were driven by the pan-neuronal driver elav-GAL4
(Fig 6B). CPT treatment of these flies from day 35 onwards signifi-
cantly extended their lifespan (Fig 6B).

Overexpression of APP.C99 in fly muscle disrupts indirect flight
muscle function and structural integrity (Rimal et al, 2021), mani-
fested as abnormal wing postures. CPT significantly rescued
APP.C99-induced wing posture defect (Fig 6C). Similarly, NMN also
rescued APP.C99-induced abnormal wing posture (Fig 6C). These
data support that CPT may exert its protective effect through NAD*.
We found that expression of APP.C99 resulted in decreased NAD*/

A, B Survival curves showing the effect of CPT treatment on the lifespan of Mhc > APP.C99 flies (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (A) and elav > APP.BACE
flies (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (B) (n = 3 groups, 20-25 flies per group).

C,D Quantification of the effect of CPT and NMN treatment on wing posture (C) and NAD*/NADH ratio (D) in Mhc > APP.C99 flies.

E Immunofluorescence images and data quantification showing the effect of CPT on the formation of ubiquitin- and 6E10-positive amyloid aggregates in the brain

of elav > APP.BACE flies (n = 5).

Immunoblots showing the effect of CPT on aberrant APP.C99 translation products in Mhc > APP.C99 and Mhc > APP/BACE flies.
Quantification of the effect of CPT on DA neuron number in the PPL1 cluster of elav > APP/BACE fly brain (n = 4 sets, 5 brains per set).

Effect of NDUFS3-RNAi on the wing posture defect of Mhc > APP.C99 flies (n = 3 groups, 20-25 flies per group).

F
G
H Taste memory assay showing the effect of CPT on learning and memory in elav > APP/BACE flies (n = 3 groups, 10 flies per group).
|
J

Survival curves showing the effect of NDUFS3-RNAi on the lifespan of Mhc > APP.C99 flies (**P < 0.01 logrank, **P < 0.01 Wang-Allison) (n = 3 groups, 20 flies per

group).

K Immunoblots showing the effect of NDUFS3-RNAi on aberrant APP.C99 translation products in Mhc > APP.C99 flies.

Data information: Data are representative of at least three repeats. Data are shown as mean £ SEM (C-E, G). Survival curves were analyzed with logrank test along with
Wang-Allison test for maximum lifespan. Asterisks indicate statistical significance (**P < 0.01) in single-factor ANOVA with Scheffe’s analysis as a post hoc test (C-E, I).

Dashed lines mark time points of 50% survival.
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Figure 6.

NADH ratio (Fig 6D), increased ROS level (Fig EV5A), and altered
mitochondrial morphology (Fig EVSB). These phenotypes were
effectively rescued by CPT (Figs 6D and EVSA and B). These results
suggest that RET is active in the APP.C99 AD model and contributes
to disease pathogenesis and lifespan reduction.

In the fly models we studied, APP.C99 induces proteostasis fail-
ure and endolysosomal defects (Rimal et al, 2021), which are
regarded as cellular hallmarks of AD (Nixon, 2017). CPT reduced
the accumulation of ubiquitinated protein aggregates in elav > APP/
BACE fly brain, suggesting that it helped to maintain proteostasis

© 2023 The Authors

(Fig 6E). Furthermore, autophagic flux defect manifesting as
enlarged lysosomes detected with the lysosome marker Lamp1-GFP
in Mhc > APP.C99 fly muscle was ameliorated by CPT treatment
(Fig EV5C).

Recent studies implicated stalled translation and ribosome colli-
sion as previously unrecognized mechanisms in generating toxic
protein species that perturb proteostasis and cause neurodegenera-
tive disease (Wu et al, 2019; Li et al, 2020b; Rimal et al, 2021). In
the case of APP.C99, translation stalling and ribosome collision-
induced aberrant APP.C99 species with possible C-terminal Ala and
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Thr additions (CAT-tails) could accumulate due to inadequacy of
ribosome-associated quality control (RQC), causing proteostasis fail-
ure and defective endolysosomal and autophagy systems (Rimal
et al, 2021). CPT strongly decreased the stalled and CAT-tailed
APP.C99 species, without affecting the full-length APP.C99 products
which are produced by ribosomes that successfully pass the stall
(Fig 6F). CPT also reduced the aberrant APP.C99 species derived
from full-length APP in Mhc > APP/BACE flies (Fig 6F). These
results reveal a potential link between RET and RQC, although the
exact molecular mechanism remains to be elucidated.

We next examined the effect of RET inhibition by CPT on the
neurodegeneration and behavioral deficits in elav > APP/BACE flies.
APP/BACE co-expression in the brain led to dopaminergic neuron
loss (Rimal et al, 2021), which was rescued by CPT (Figs 6G and
EV5D). For learning and memory testing, we used the taste memory
assay (Masek et al, 2015). Applying sucrose solution (appetitive
tastant) to the tarsi (feet) of a starved fly induced robust feeding
behavior as measured by the proboscis extension reflex (PER). After
rounds of paired application of sucrose to the tarsi and quinine
(aversive tastant) to the proboscis, normal flies learned from experi-
ence and showed attenuated PER response to subsequent applica-
tion of sucrose alone. The elav > APP/BACE flies exhibited
compromised memory of the aversive taste they experienced. This
behavioral deficit was rescued by CPT (Fig 6H).

To complement the pharmacological approach, we applied a
genetic approach to test the idea that RET and RET-induced
NAD*/NADH dyshomeostasis are involved in APP.C99-associated
AD pathogenesis. As described earlier, NDUFS3 is a C-I protein
participating in RET and a target of CPT (Ojha et al, 2022).
Knockdown of NDUFS3 ameliorated indirect flight muscle deterio-
ration, as indicated by its rescue of the abnormal wing posture
seen in Mhc > APP.C99 flies (Fig 61), and extended their lifespan
(Fig 6J). This was correlated with a reduction of 6E10-positive,
APP.C99-derived amyloid aggregates (Fig EVSE). Moreover,
ubiquitin- and p62-positive protein aggregates were also dramati-
cally reduced by NDUFS3-RNAi in Mhc > APP.C99 flies
(Fig EVSF), suggesting the restoration of proteostasis. At the
molecular level, the aberrant APP.C99 species resulting from
stalled translation and defective RQC were also effectively
removed by NDUFS3-RNAi (Fig 6K).

To further test the importance of RET and RET-induced NAD*/
NADH imbalance in APP.C99 pathogenesis, we overexpressed alter-
native oxidase (AOX) and nicotinamide mononucleotide acetyltrans-
ferase (NMNAT) in Mhc > APP.C99 background. AOX is an enzyme
from Ciona intestinalis that consumes CoQH2, and NMNAT is a
rate-limiting enzyme in NAD* biosynthesis. APP.C99 flies overex-
pressing AOX or NMNAT showed normal wing posture (Fig EV5G)
and removal of translationally stalled aberrant APP.C99 species
(Fig EVSH). Moreover, overexpression of dFoxo effectively rescued
the wing posture defect in Mhc > APP.C99 flies (Fig EVSI). This
result, together with our previous finding of rescue of APP.C99 tox-
icity by the activation of autophagy through ATG1 overexpression
(Rimal et al, 2021), supports that the Foxo and autophagy pathways
known to mediate the effect of NAD"/Sirtuin on aging are also rele-
vant to AD. Thus, RET and RET-induced NAD*/NADH imbalance
impinge on the basic molecular and cellular mechanisms underlying
aging and AD, and inhibition of RET pharmacologically or geneti-
cally is beneficial in AD settings.
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Inhibition of RET rescues disease phenotypes and extends
lifespan in mammalian models of AD

We next sought to validate the role of RET in mammalian models
of AD. We first used patient iPSC-derived neuronal models. Using
a method that facilitates the differentiation of iPSCs into cortical
neurons through the introduction of the transcription factor Ngn2
(Zhang et al, 2013), we obtained human neurons (Appendix
Fig S2A) from iPSCs carrying a familial AD (FAD) mutation involv-
ing APP duplication (Israel et al, 2012), or from iPSCs derived
from Down syndrome (DS) patients who develop AD due to an
extra copy of APP gene on Chr. 21 (Weick et al, 2013). Compared
with control neurons, the FAD and DS iPSC-derived neurons
exhibited higher ROS level (Fig 7A; Appendix Fig S2B) and lower
NAD*/NADH ratio (Fig 7B). These defects were rescued by CPT
treatment (Fig 7A and B; Appendix Fig S2B), suggesting that
patient iPSC-derived neurons undergo active RET. Microglial prolif-
eration and activation in the brain is a prominent feature of AD.
Various studies have revealed multiple states of microglial activa-
tion in disease settings, which likely underlie the disparate roles of
microglia in the development and progression of AD pathology
(Deczkowska et al, 2018). In the murine microglial BV-2 cell line,
we found that treatment of these cells with DES, an inducer of
RET as seen in ischemic stroke, inflammatory immune response,
and cancer settings (Chouchani et al, 2014; Mills et al, 2016; Ojha
et al, 2022), there was a significant increase in RET-generated
ROS. CPT effectively reduced DES-induced ROS (Appendix Fig S2C
and D). CPT treatment also significantly increased NAD*/NADH
ratio in BV-2 cells (Appendix Fig S2E), indicating microglial cells
are adept at pathological RET.

The defining neuropathological features of AD include the senile
plaques and neurofibrillary tangles (NFTs). NFTs are mainly com-
posed of aggregated hyperphosphorylated tau (Grundke-Igbal et al,
1986). They are observed in AD and a host of neurodegenerative
diseases known as tauopathies. There is considerable evidence that
tau abnormality contributes to AD, and tau is increasingly being rec-
ognized as a potential therapeutic target for AD (Igbal et al, 2018).
The PS19 transgenic model expressing the P301S mutant form of
human tau associated with frontotemporal dementia is a well-
established mouse model for studying neurodegenerative tauopathy
and AD-related changes (Yoshiyama et al, 2007). PS19 tauopathy
mice exhibited decline of locomotor activity at around 8 months of
age. Treatment of PS19 mice starting at 8 months of age with CPT
for 1 month significantly increased their locomotor activity as mea-
sured by their running speed in a runway assay (Fig 7C). Impor-
tantly, treatment of PS19 mice with CPT starting at a symptomatic
stage at 10 months of age significantly extended their lifespan
(Fig 7D). Together, these results indicate that active RET contributes
to age-associated disease pathogenesis in multiple models of AD.

Discussion

NAD™ serves as a central regulator of metabolism and longevity by
acting as a coenzyme in redox reactions that link glycolysis and the
TCA cycle to OxPhos, and as a cosubstrate for key enzymes regulat-
ing longevity, including Sirtuins and PARPs. The realization that
NAD™ levels decline with age has spurred intense efforts to restore

© 2023 The Authors
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Figure 7. RET inhibition by CPT rescues disease phenotypes in mammalian AD models.
A, B Quantification of effect of CPT on ROS level as detected by staining with the H,0, dye CM-H,DCFDA (A), and on NAD*/NADH ratio (B) in control, FAD, and DS iPSC-

derived neurons.
C
D

Quantification showing the effect of CPT on locomotor activity in PS19 tauopathy mice (n = 10 per group).
Survival curves showing the effect of CPT on lifespan of PS19 tauopathy mice (*P < 0.05 logrank) (n =9 in vehicle group, 8 in CPT group).

Data information: Data are shown as mean + SEM (C). Survival curves were analyzed with logrank test along with Wang-Allison test for maximum lifespan. Asterisks
indicate statistical significance (**P < 0.01, *P < 0.05) in single-factor ANOVA with Scheffe’s analysis as a post hoc test (A-C).

NAD* homeostasis using NAD* precursors or PARP inhibitors. A
major unsettled question is why NAD™ levels decline in the first
place. Previous studies have shown that CD38, a membrane-bound
NAD™ hydrolyase, is upregulated during aging. CD38 knockout mice
better preserve NAD" and mitochondrial function during aging,
suggesting that destruction by CD38 is one of the mechanisms of
age-related NAD™ decline (Camacho-Pereira et al, 2016). Our results
implicate RET as a previously unrecognized mechanism that
reduces steady-state NAD* levels by converting NAD* to NADH at
the point of C-I where NADH normally enters the ETC during FET.
Supporting its clinical relevance, increased RET is observed in aging
human muscle, although the functional significance is unclear
(Capel et al, 2005). Since genetic or pharmacological manipulation
of RET had strong effect on NAD*/NADH ratio when we used total
tissue samples for NAD* and NADH measurements, mitochondrial
RET appears to be a major mechanism influencing whole cell
NAD*/NADH homeostasis during aging. A major distinction
between NAD"/NADH modulation by RET inhibition versus precur-
sor supplementation is that the former changes NAD*/NADH ratio
without changing total NAD(H) content, whereas the latter increases
total NAD(H) content, the long-term effect of which remains to be
determined in preclinical animals and humans.

© 2023 The Authors

Mito-ROS is the main source of free radicals in most cells. ROS
plays multifaceted roles, with physiological levels of ROS exerting
signaling functions whereas pathological levels causing oxidative
damage and contributing to aging and diseases (Schieber &
Chandel, 2014). RET is the main contributor of mito-ROS, and ele-
vated RET-ROS has been linked to disease (Murphy, 2009; Brand
et al, 2016; Scialo et al, 2017). Intriguingly, a previous study
suggested that physiological level of RET-ROS regulates stress adap-
tation and extends lifespan in flies (Scialo et al, 2016), although the
study was based mainly on overexpression of yeast NDI1, which in
addition to increasing RET-ROS through CoQH2 also increases
NAD*/NADH ratio (Ojha et al, 2022). If the pro-longevity effect of
physiological RET-ROS holds true, the lifespan-extending effect
observed with RET inhibitors might have underestimated the effect
of their rebalancing of NAD*/NADH on lifespan, as these inhibitors
presumably also reduced beneficial RET-ROS. However, our obser-
vation that mito-Tempo can extend fly lifespan suggests that the
roles of mito-ROS and RET-ROS in lifespan regulation are likely
more complex than currently appreciated and require further inves-
tigation. On the contrary, the facts that NAD* supplementation had
similar effect as CPT on lifespan, that co-treatment with CPT and
NAD* supplementation did not offer further lifespan benefit than
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individual treatment, and that CPT or NAD" supplementation pro-
vided generally stronger lifespan effect than antioxidants, strongly
supported our conclusion that the effect on NAD*/NADH ratio is a
major contributor to the lifespan benefit of CPT. This is consistent
with findings in cancer settings, where CPT exerted anticancer
effects that antioxidants were not able to provide (Ojha et al, 2022).

Our results also show that RET inhibition with CPT is beneficial
in Drosophila and mouse models of AD. This is correlated with RET
being active in the brain tissue of AD fly models and in human AD
iPSC-derived neurons, accounting for the reduced NAD*/NADH
ratio in the AD models shown here, and in other AD mouse models
(Hou et al, 2021). Although ROS is generally considered the causa-
tive agent of cellular damages in neurodegenerative settings, ROS-
directed therapeutic agents have vyielded disappointing results
(Carvalho et al, 2017), and the specific role of RET-ROS in these dis-
eases remains undefined. Nevertheless, given that NAD* supple-
mentation was recently shown to reduce inflammation, DNA
damage, apoptosis and cellular senescence, induce mitophagy, and
improve cognitive and synaptic function in APP/PS1 AD mice (Hou
et al, 2021), the beneficial effect of RET inhibition in our studies is
at least partially mediated by its effect on NAD*/NADH ratio.

One important finding of our studies is that RET inhibition
directly affects the mechanism underlying the generation of aberrant
translation products of APP.C99, which cause proteostasis failure
and impair the endolysosomal and autophagy systems, thus
supporting a causal role of RET, and by extension mitochondrial
dysfunction, in AD pathogenesis. Mitochondrial dysfunction and AD
pathogenesis has previously been linked (Swerdlow, 2020). How
mitochondrial RET is mechanistically linked to the RQC of transla-
tional stalling and ribosome collision during APP/APP.C99 protein
synthesis, which occurs at the ER translocon (Rimal et al, 2021), is
an intriguing question that warrants further investigation. Neverthe-
less, our findings of a tight correlation between the beneficial effect
of RET manipulations in the AD model, either genetically or phar-
macologically, and the removal of proteostasis-perturbing aberrant
APP.C99 species resulting from inadequate RQC of translation stal-
ling and ribosome collision, offer further support for the hypothesis
that translation stalling and ribosome collision is central to AD path-
ogenesis (Lu, 2022).

Sirtuins are NAD"-dependent enzymes involved in metabolism,
stress response, and longevity (Imai & Guarente, 2014). Mammals
express a family of seven Sirtuins (SIRT1-7), three of which are
localized to mitochondria (Sirt3, Sirt4, and Sirt5), highlighting the
importance of Sirtuins to mitochondrial homeostasis and metabo-
lism. The Drosophila genome encodes 5 Sirtuins (dSirtl, 2, 4, 6, 7)
named after their closest mammalian homologs, although in the
case of dSirt2, it is homologous to both human Sirt2 and Sirt3.
Genetic studies have implicated dSirtl, dSirt2, dSirt4, and dSirt6 in
lifespan regulation (Wood et al, 2004, 2018; Kusama et al, 2006;
Taylor et al, 2022), although the role of dSirtl in aging is questioned
(Burnett et al, 2011). We found that dSirt2-RNAi and Foxo-RNAi
blocked the lifespan-extending effect of CPT. Although it is possible
that dSirt2 may feedback regulate C-I to influence RET or FET, this
feedback regulation is unlikely to be the main mechanism of Sirt2
action on lifespan; Otherwise, CPT would be able to rescue the
shortened lifespan of dSirt2-RNAi flies. Instead, we observed
that dSirt2-RNAi blocked the CPT effect on lifespan. Our results sup-
port the idea that the NAD%/Sirtuin-Foxo pathway, which is
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involved in lifespan extension by NAD* supplementation in worms
(Mouchiroud et al, 2013), mediates the effect of RET-related NAD"/
NADH change on fly lifespan. Moreover, our results identified the
autophagy pathway as a mediator of the CPT effect on lifespan, pre-
sumably downstream of NAD*/Sirtuin-Foxo signaling. Previous
studies also implicated the activation of UPR™ in mediating the
lifespan-extending effect of NAD™ supplementation (Mouchiroud et
al, 2013). Future studies will test if the lifespan-extending effect and
AD-protective effect of CPT may also involve the activation of
UPR™I®,

The molecular players involved in RET functioning and regula-
tion are just beginning to be revealed. Previous study showed that
CPT inhibits RET by interacting with subunits of the soluble matrix
arm of the L-shaped C-I (Ojha et al, 2022). These C-I subunits are
positioned at the NADH entry point (or the beginning of FET) and
the end point of RET, with CPT altering the dynamic protein—protein
interactions among them. The age-related change in protein—protein
interactions among C-I subunits is unlikely to cause C-I disassembly,
otherwise we would have detected age-related C-I activity changes
in our assays. The subtle protein—protein interaction change likely
alters the direction or kinetics of electron flow, as some of these pro-
teins contain the electron-transporting Fe-S clusters. Our data show
that genetic interference by RNAI of two of these subunits, NDUFS2
and NDUFS3, mimicked the effect of CPT treatment. Importantly,
the C-I proteins shown to interact with CPT or participate in RET,
especially NDUFS3, are reported to be downregulated in long-lived
mammals (Miwa et al, 2014), and their knockdown in worms (Dillin
et al, 2002; Lee et al, 2003) or flies (Copeland et al, 2009; Owusu-
Ansah et al, 2013) extended lifespan, supporting the importance of
C-lin aging (Hur et al, 2014). We propose that these subunits partic-
ipate in a conserved mechanism of lifespan regulation, whereby
modulation of RET and RET-associated NAD"/NADH homeostasis
and/or ROS signaling underpin their longevity effects. RET is well
suited to detect a range of physiological changes that require meta-
bolic adaptation and is likely subjected to intricate regulation. In
this regard, Notch has been shown to interact with C-I subunits
involved in RET and this interaction stimulates RET and promotes
cancer stem cell proliferation (Ojha et al, 2022). Notch has previ-
ously been linked to aging (Conboy et al, 2005) and AD (Ho
et al, 2020). Our results show that protein—protein interactions
among C-I subunits involved in RET and Notch are altered during
aging and that CPT restores some of these interactions. Further
studies of RET regulators such as Notch in aging and age-related
diseases will undoubtedly shed the much-needed light on the cause
of RET deregulation during aging, expand our knowledge on
the mechanisms of lifespan regulation, and offer new targets for
therapeutic intervention.

Materials and Methods
Fly genetics

The following flies were obtained from the Bloomington Drosophila
Stock Center: elav-GAL4 (8765), UAS-APP.C99 (33783), UAS-APP
(6700), UAS-APP;UAS-BACE (33798), UAS-LAMPI-GFP (42714),
UAS-Foxo (9575), UAS-NMNAT (39702), UAS-ND75 (NDUFS1) RNAi
(33911), UAS-ND30 (NDUFS3) RNAi (44535), UAS-ND49 (NDUFS2)
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RNAi (28573), UAS-ND-51 (NDUFV1) RNAi (36701), and UAS-ND-24
(NDUFV2) RNAi (51855). We received the following flies from
Vienna Drosophila Stock Center: UAS-ATGI-RNAi (16133), UAS-
Sirt2-RNAi (103790). The sources of the other fly stocks are as fol-
lows: Dr. T. Littleton (MHC-GAL4), Dr. J. Knoblich (UAS-SoNar), Dr.
S. Birman (TH-GAL4), Dr. H Jacobs (UAS-AOX), and Dr. William
Saxton (UAS-mito-GFP). The indicated UAS RNAi and OE fly lines
were crossed to Mhc-Gal4 or elav-Gal4 driver lines for muscle or
pan-neuronal expression, respectively. Fly culture and crosses were
performed according to standard procedures. Adult flies were gener-
ally raised at 25°C and with 12/12 h dark/light cycles. Fly food was
prepared with a standard receipt (Water, 17 L; Agar, 93 g; Corn-
meal, 1,716 g; Brewer’s yeast extract, 310 g; Sucrose, 517 g; Dex-
trose, 1,033 g).

Fly lifespan analysis

Flies were reared in vials containing cornmeal medium. Flies were
anesthetized using CO, and collected at a density of 20 flies/vial.
Initial experiments were done on both males and females. As no dif-
ference in lifespan effect was observed between sexes, later studies
were done mostly in males. All flies were kept at humidified, 12 h
on/off light cycle at 25°C. Flies were flipped into fresh vial every
3 days, and the number of dead animals was recorded. Each set of
experiment was carried out > 4 times.

Drug treatments

CPT was obtained from Cerepeut Inc. under a Materials Transfer
Agreement between Cerepeut Inc. and Stanford University. The
compound was synthesized for Cerepeut Inc. by the Chemistry
Branch of Medicilon. Details of chemical synthesis are available
upon request. Flies were treated with 5-20 pM CPT, 3 mM NMN
(Sigma), 10 mM DMM (Sigma), 10 uM CCCP (Sigma), 10 pM mdivi-
1 (Enzo Life Sciences), 250 nM rotenone (Sigma), 10 mM DES
(Sigma), 4 mM Paraquat (Sigma), 0.5 mM melatonin (Sigma),
100 nM FK866 (Cayman chemicals), 10 pM mito-Tempo (Sigma),
and 10 pM NADH (Sigma) for the indicated periods of time. Drug-
containing fly food was prepared by adding drugs to microwave-
melted fly food kept at warm temperature (~ 50°C). After thorough
mixing, the fly food was left at room temperature to harden and
kept at 4°C. Flies were changed to fresh drug-containing food every
2 days.

Aversive taste memory assay

Taste memory assay was performed as described previously (Masek
et al, 2015), with slight modifications. Briefly, one-week-old flies
were starved for 12-18 h in an empty vial on wet Kimwipe paper.
Flies were anesthetized using ice and fixed on a glass slide by apply-
ing nail polish to their wings. A total of 10-15 flies were used for
each set of experiment. Flies were then incubated in a humid cham-
ber for 2 h to allow recovery from the procedure. In the pretest
phase, flies were presented with 500 mM sucrose stimuli (attractive
tastant) to their legs using Kimwipe wick. Flies that showed positive
proboscis extension to the stimulus were used for the next phases.
In the training phase, the flies were presented with 500 mM sucrose
stimuli at their legs while being simultaneously punished with
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10 mM quinine (aversive tastant) applied to their extended probos-
cis. Training was repeated 15 times for each fly. The last phase is
the test phase where the flies were given 500 mM sucrose at their
legs at different time intervals (0, S, 15, 30, 45, and 60 min), and
proboscis extension was recorded. Each experiment was carried out
> 4 times.

NAD*/NADH measurement

NAD*/NADH was measured essentially as described previously
(Ojha et al, 2022), using an NAD*/NADH quantification colorimetric
kit according to the manufacturer’s instructions (AAT Bioquest
#15273). Briefly, 10 whole flies or thoraces were taken for one set of
experiment and lysed using the lysis buffer for 15 min at 4°C and
lysates were collected after centrifugation at 12,000 g for 15 min. For
the measurement of total NAD* amount, NAD extraction solution into
the lysates was added and incubated at 37°C for 15 min; thereafter,
neutralization solution was added to neutralize the NAD extracts.
Absorbance was monitored at 460 nm after adding NAD/NADH work-
ing solution and 1 h incubation at room temperature with protection
from light. To measure total NAD" and NADH amount, control extrac-
tion solution was added into the lysates and incubated at 37°C for
15 min; thereafter, again control extraction solution was added.
Absorbance was monitored at 460 nm after adding NAD/NADH work-
ing solution and 1 h incubation at room temperature with protection
from light. The ratio of NAD" /NADH was determined by the follow-
ing equation: Ratio = NAD (total) -NADH/NADH. Each experiment
was performed > 4 times.

We used a genetically encoded NAD*/NADH sensor SoNar, to
measure NAD"/NADH by live imaging. Briefly, the UAS-Gal4 sys-
tem was used to express the UAS-SoNar transgene (Bonnay et al,
2020) in neurons using the pan-neuronal elav-Gal4 driver. Flies with
or without drug treatment were dissected at the indicated ages, and
brain samples were kept in Schneider’s media and immediately
visualized on a Leica SP8 confocal microscope with laser 405 nm
and 488 nm to detect NADH or NAD" signals. Since the SoNar-
NADH signal is sensitive to photobleaching, we first detected NADH
signal using laser 405. The signal intensity was measured by using
the NTH Image J software.

H,0, measurement by CM-H,DCFDA staining

CM-H,DCFDA (5 pM) was added to freshly dissected muscle of
brain tissue and allowed to incubate for 30 min. Tissue samples
were immediately imaged on a Leica SP8 confocal microscope with
an excitation laser of 492-495 nm and detection set for 517-527 nm
using a 40x oil-objective lens.

Western blot and co-immunoprecipitation analyses

Around 5 fly thoraces were homogenized in 75 pl of either regular
lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X100, pro-
tease inhibitors) or Urea lysis buffer (6 M Urea, 50 mM Tris-HCI,
150 mM NaCl, 0.1% Triton X100, protease inhibitors) on ice. Sam-
ples were homogenized using a hand-held mechanical homogenizer
for 30 s. The homogenized samples were incubated on ice for
30 min before centrifuging at 21,130 g for 20 min at 4°C. 30 pl of
supernatant was mixed with 10 pl of 4x Lammaelli buffer (BioRad

EMBO reports 24: e55548 2023 15 of 21



EMBO reports

#161-0747) and boiled for 5 min at 100°C. The protein lysate was
cooled, centrifuged and loaded onto 4-12% Bis-Tris gel (Invitrogen
#NP0321) or 16% Tricine gel (Invitrogen #EC66955) with 1x MES
(Invitrogen #NP0002) as running buffer as previously described
(Wu et al, 2019; Rimal et al, 2021). Co-immunoprecipitation assays
for detecting the effect of aging and drug treatment on protein—pro-
tein interaction between C-I proteins were performed essentially fol-
lowing a protocol described before (Rimal et al, 2021).

Immunohistochemistry

Immunostaining of adult fly muscle was performed as described
previously (Li et al, 2020b). Briefly, fly thoraxes were dissected
and fixed with 4% paraformaldehyde (Electron Microscopy Sci-
ences, cat. no. 15710) in phosphate-buffered saline and 0.3% Tri-
ton X-100 (PBS-T). The tissues were then washed three times with
PBS-T. Samples were incubated for 30 min at room temperature in
blocking buffer: 0.5% goat serum in PBS-T. The following primary
antibodies were added and samples were incubated overnight at
4°C: anti-Ubiquitin, Abcam ab140601, 1:1,000; anti-P62, Abcam
ab178440, 1:1,000; 6E10, Bio legend 803001, 1:1,000; and anti-
LAMP1, DSHB 1D4B, 1:100. The samples were washed three times
with PBS-T and subsequently incubated with the following second-
ary antibodies for 4 h at 4°C: Alexa Flour 488 (A32723), Alexa
flour 594 (A11036), Invitrogen, both at 1:200. The tissues were
washed three times with PBS-T and mounted in slow fade gold
buffer (Invitrogen).

Immunostaining of adult brains was performed as described pre-
viously (Rimal et al, 2021). Briefly, brain tissues of adult flies were
dissected and fixed on ice for 30-45 min in fixing buffer (940 pl of
1% PBS-T and 60 pl of 37% formaldehyde). Tissues were washed
three times in 0.1% PBS-T and blocked overnight at 4°C in blocking
buffer (1 ml 1x PBS, 0.1% Triton X, 5 mg/ml BSA). This was
followed by incubating for 16 h at 4°C with the following primary
antibodies: anti-TH, Pel-Freez P40101-150, 1:1,000; anti-4-HNE,
R&D system MAB3249, 1:1,000; anti-Ubiquitin, Abcam ab140601,
1:1,000; 6E10, Bio legend 803001, 1:1,000; anti-p62, Abcam
ab178440, 1:1,000. Tissues were washed three times with 0.1%
PBS-T and subsequently incubated with the following secondary
antibodies for 4 h at 4°C: Alexa Flour 488 (A32723), Alexa flour 594
(A11036), Invitrogen, both at 1:200. Samples were finally mounted
in slow fade gold buffer (Invitrogen) and viewed using a Leica SP8
confocal microscope.

ATP measurement

ATP measurements were performed according as described previ-
ously (Li et al, 2020b), using a luciferase-based bioluminescence
assay (ATP Bioluminescence Assay Kit HS II, Roche Applied Sci-
ence). For each test, three thoraxes were taken by removing legs,
wings, head, and abdomen and quickly homogenized in 100 pl lysis
buffer (provided by kit). Subsequently, the tissue lysates were
boiled for 5 min at 100°C and cleared by centrifugation at 20,000 g
for 2 min. The supernatant was transferred to a new tube and kept
on ice. 2.5 pl of cleared tissue lysate was mixed with 187.5 pl dilu-
tion buffer and 10 pl luciferase reagent. The luminescence signal
was measured using a Lumat LB 9507 tube luminometer (Berthold
Technologies). Each group was analyzed at least three times.
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Smurf assay

We performed Smurf assay to analyze intestinal barrier function in
flies in aged flies as described previously (Rera et al, 2011). Briefly,
flies at the indicated ages were allowed to feed 2.5% Brilliant blue
dye mixed with normal food for 16 h. Flies were counted as Smurf
when dye coloration was observed outside digestive tract. Each
experiment was performed > 4 times.

Climbing activity and wing posture assays

Climbing assay was performed as described previously (Rimal
et al, 2021). Briefly, around 10-20 male flies were transferred to a
clean plastic vial. The flies were allowed to get accustomed to the new
environment for 3-4 min and subsequently measured for bang-
induced vertical climbing distance. The performance was scored as
percentage of flies crossing the 8 cm mark within 12 s. Each experi-
ment was performed > 4 times. To assay wing posture, cohorts of flies
raised at 25 degrees at the indicated ages were visually inspected for
straight, held-up, or droopy wing postures. The number of flies with
normal (straight) or abnormal (held-up or droopy) wing postures was
counted and quantified as the percentage of the total number of flies.

Feeding quantification

The feeding quantification assay was carried out as previously
described with slight modification. Briefly, 3- to 6-day-old flies were
allowed to feed on fly food containing 0.1% (w/v) Brilliant Blue
FCF food coloring and with or without 10 pM CPT or 3 mM NMN
for 30 min without starvation. After feeding control diet or drug-
containing diet, flies were sacrificed by freezing at —20°C. Six male
flies were transferred into individual 1.5 ml Eppendorf tubes filled
with 200 pl PBS-T (1x PBS with 0.2% Triton X-100). The flies were
completely ground, and subsequently, 800 pl of PBS-T was added.
The tube was centrifuged for 5 min at 15,871 g at 4°C. Supernatant
was loaded in cuvettes for spectrophotometry by measuring absor-
bance at 630 nm. PBS-T was used as blank control. The ingestion
index (I.I.) was calculated based on the difference in optical density
(0.D.) between control-diet and chemical-diet groups. I.I is defined
as (0.D. chemical diet — O.D. control diet)/0.D. control diet. Each
experiment was carried out six times.

Analysis of gene expression

We used TRIzol (Invitrogen) to extract mRNA from dissected fly
thorax and the iscript cDNA synthesis kit (BioRad) to synthesize
cDNA. Real-time quantitative PCR (RT-qPCR) was performed using
SYBR Green. Sequence of RT-qPCR primers are as follows:

AKT forward: GCTATGACGCCATCTGAAC,

AKT Reverse: CGCCGCTGCTATTACAAG,

ATGI forward: GCCAGCTCCATCGAAAATAACC,
ATGI Reverse: GCGGCGCAGCAGGCACAG,
ATG8a Forward: CCAATACAAGGAGGAGCAC,
ATG8a Reverse: AGGAAGTAGAACTGACCGA,
mTOR Forward: ACCGATGACGAGGAGAATG,
mTOR Reverse: AGCGAAGATACTGTTCAATGG
4 E-BP Forward: CCAGGAAGGTTGTCATGTG
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4 E-BP Reverse: GGAGTGGTGGAGTAGAGG

PI3K Forward: CCTAATCTGCCTGTTGCCCA

PI3K Reverse: ACTGAGTCGCTTCGTTTCGT

Sirt 1 Forward: ACGAGGAAATTCGCCTGGGCC
Sirt 1 Reverse: GTGGCCATGACCGTGTGGTACT
NDUFV1 Forward: ACCAACCTCTATGGACGAC
NDUFV1 Reverse: GATTCCCTCTCGGCATGGCGT
NDUFV2 Forward: GCCAACATCCGGGCAATTGCCA
NDUFV2 Reverse: TAGTCATCGTTGATCGCCACC
NDUFS2 Forward: CCGCATATTGGGCTGCTGCA
NDUFS2 Reverse: GCCAGATCCACGCAACATAACT
NDUFS3 Forward: CTCGCATCTCTCCGATTTCGG
NDUFS3 Reverse: AACTGTTCCCAAGGCGCCGAC
Sirtuin 2 Forward: GCTGGCATTCCGGATTTCAGA
Sirtuin 2 Reverse: CCCTATCGCCCGAAGTCATCT
Foxo Forward: TTCGAGCCACAGACCCGG

Foxo Reverse: TTCGAGCCACAGACCCGG

BN-PAGE and in-gel activity assays

Mitochondria were isolated from the whole flies as described previ-
ously (Li et al, 2020a). Isolated mitochondrial pellets were
suspended in native PAGE sample buffer (Invitrogen BN20032)
along with 1% digitonin and protease inhibitors. Following 15 min
incubation on ice, samples were centrifuged at 20,000 g for 30 min.
Supernatant was collected and mixed with the G-250 sample addi-
tive and loaded onto 4-16% precast native PAGE gels. The Native-
Mark protein standard (Life Technologies) was run along with
samples to estimate molecular weight. Electrophoreses were
conducted using Native PAGE running buffer (Invitrogen) as anode
and Native PAGE running buffer containing Cathode buffer additive
(Invitrogen) as cathode. Gels were stained with Coomassie blue
staining reagent to visualize protein bands.

In-gel activity assays were performed as described previously
(Jha et al, 2016). Complex I activity assay was performed by incu-
bating BN-PAGE gel with 0.1 mg/ml NADH, 2.5 mg/ml Nitrotetrazo-
lium blue chloride, and 5 mM Tris-HCl (at pH 7.4) at room
temperature for 15-20 min. Complex II activity was measured by
incubating BN-PAGE gel with 2.5 mg/ml Nitrotetrazolium blur chlo-
ride, 0.2 mM of Phenazine Methosulphate, 20 mM Sodium Succi-
nate, and 5 mM Tris-HCI at room temperature for 40 min. Complex
I and IV activities were measured by incubating BN-PAGE gel with
50 mM Sodium phosphate (at pH 7.2), 0.05% Diaminobenzidine,
50 mM cytochrome c at room temperature for 30-40 min.

Mitochondrial reactive oxygen species (mtROS), membrane
potential (MMP), and succinate assays

Mitochondrial ROS assay was performed as described previously
(McManus et al, 2019). Briefly, mitochondrial ROS was determined
by monitoring the oxidation of Amplex Red by H,0, in presence of
horseradish peroxidase. Isolated mitochondria were incubated in an
assay medium (125 mM KCL, 20 mM Hepes, 2 mM K,HPO,4, 1 mM
Mgcl,, 0.1 mM EGTA, 0.025% BSA (pH)). To induce forward elec-
tron transport, 2.5 mM malate and 2.5 mM glutamate were supple-
mented as a substrate. Similarly, to induce reverse electron
transport 5 mM succinate and 1 pg/ml oligomycin were supple-
mented into the mitochondrial samples. 1 pM Amplex Red and 5 U.
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ml-1 horseradish peroxidase were added into the reaction media
followed by the addition of CPT. Finally, fluorescence was recorded
at excitation 560 and emission 590 nm. MMP was examined using
100 mM TMRM, and fluorescence was recorded at 535 nm excita-
tion and 600 nm emission. Mitochondria succinate level was exam-
ined with the succinate assay kit from abcam (ab204718), following
the manufacturer’s protocol.

Neuronal and BV-2 cell culture

Transformed murine microglial cell line BV-2 was obtained from Dr.
Creed Michael Stary at Department of Anesthesiology, Stanford Uni-
versity School of Medicine. Cells were cultured in DMEM high-
glucose media (11965084, Gibco) supplemented with 10% FBS
(100-602, Gemini Bio) and Penicillin-Streptomycin (15140-122,
Gibco; 1:100). Cells were maintained under standard tissue culture
conditions (5% CO,, 37°C). Cells were seeded at 0.5 x 10° cells/ml.
Cells were treated with DES (5 mM), CPT (20 pM), or DES (5 mM)
plus CPT (20 pM) for 30 min to 4 h, and thereafter, cells were tryp-
sinized and processed for staining with CM-H,DCFDA. Cells were
incubated with CM-H,DCFDA (5 pM) for 15 min in the dark at 37°C.
After incubation, cells were washed and resuspended in PBS. Sam-
ples were immediately observed using an LSR II flow cytometer,
and data were analyzed using the FlowJo software.

iPSC-derived neuronal culture

AD iPSC cell lines (UCSD239i-APP2-1 and UCSD234i-SAD2-3) were
obtained from WiCell Research Resources (Wicell, WI). Normal
human ESCs (H1) were gifts from Dr. Marius Wernig at Department
of Pathology, Stanford University School of Medicine. H1 ESCs and
AD iPSCs were differentiated according to a protocol previously
described (Zhang et al, 2013). Briefly, ESCs and iPSCs were treated
with Accutase and plated as dissociated cells on Matrigel-coated
plates using mTeSR1 supplemented with ROCK inhibitor. The next
day, cells were transfected with TetO inducible NGN2 lentivirus
using polybrene (8 pg/ml, Sigma). The following day, culture
medium was replaced with N2 containing Doxycycline (2 pg/ml)
with subsequent puromycin selection (2 pg/ml). After puromycin
selection, ESCs and iPSCs were allowed to differentiate into neurons
by retaining them in N2 medium with change in medium every day
for 10 days. Differentiated neurons were subsequently treated with
CPT (2 pM) for 1 h and processed for ROS (CM-H,DCFDA) measure-
ments or treated with CPT (2 pM) for 12 h and processed for NAD*/
NADH measurements.

Mouse strains and treatments

B6;C3-Tg (Prnp-MAPT*P301S) PS19Vle/J (Strain #008169; PS19)
mice were ordered from Jackson Laboratory. After mice were
received from the vendor, they were kept in the animal facility of
Stanford University School of Medicine and bred to wild-type mice
to obtain sufficient number of animals for the planned experiments.
Animals were housed in groups of up to 3 per cage and maintained
as colonies at the Stanford University Animal Facility. Food and
water were available ad libitum, and the cage contained shredded
paper bedding as standard housing. Animals were kept on a 12-h
light/dark cycle (lights on at 6:00 h), and the room temperature was
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controlled via a thermostat set at 21°C. No obvious differences
between male and female mice were observed, and we used both
male and female mice for the present studies. All animal experi-
ments were performed in accordance with the protocols approved
by the Administrative Panel on Laboratory Animal Care (APLAC) at
Stanford University and comply with all regulations for ethical con-
duct of animal research. For the CPT treatment of PS19 mice, 8-
month-old animals were treated with vehicle (DMSO:PEG300:20%
cyclodextrin = 5:45:50) or CPT dissolved in vehicle at a dose
of 50 mg/kg body weight, by daily i.p injection for 2 months
for the behavioral studies. For the lifespan study, 10-month-old ani-
mals were treated with vehicle (DMSO:PEG300:20% cyclodex-
trin = 5:45:50) or CPT dissolved in vehicle at a dose of 50 mg/kg
body weight, by daily i.p injection until all animals reach the termi-
nal stage of life.

Mouse brain frozen section immunofluorescence staining

Animals were sacrificed by cervical dislocation, and subsequently,
half of the brain tissues were harvested followed by storing in 4%
formalin (Sigma) for 24 h. Tissues were then moved into 10%
sucrose 24 h, 20% sucrose 24 h, respectively. After processing, tis-
sues were embedded with OCT. Ten-micrometer sections were fixed
in cold acetone for 10 min then air dried at room temperature for
1 h. To remove OCT, slides were placed in 1XPBS wash buffer for
10 min followed by processing with 0.3% PBS-T. After washing
with 1XPBS, excess wash buffer was wiped off from slide without
drying sections. Tissues were blocked in 5% goat serum for 1 h at
room temperature followed by incubating with primary antibodies
for 6E10, IBA-1, and GFAP overnight at 4°C. Samples were rinsed in
wash buffer for 5 min. After wiping off excess buffer, we incubated
samples with secondary antibody (conjugated to fluorophores) in
the dark for 2 h at room temperature. After washing with PBS for 3
times, samples were ready for mounting with mounting media.
Images were taken by Leica SP8 microscope.

Runway test

We devised the runway test to measure the locomotor activity of
PS19 mice. Animals were toe dipped in black ink and placed on a
20 cm x 100 cm white paper (the runway) placed on a flat surface,
and with the home cage at one end of the paper. Animals were ini-
tially restrained at the tail, placed at one end of the runway, and
allowed to run to their home cage after releasing the tail restraint.
Animal movement was tracked by video recording. The time it took
for the animals to complete the runway was measured based on foot-
print analysis. The runway time was represented in milliseconds.

Mouse lifespan assay

Ten-month-old PS19 mice with obvious disease symptoms as indi-
cated by lack of activity and signs of a hunched back and paralysis
were treated with vehicle or CPT at 50 mg/kg by daily i.p injection.
Mice were inspected once daily. If mice appeared to be too weak to
obtain food, a mush of ground pellets and water was placed on the
cage bottom to prevent dying from starvation. Moribund mice were
killed if they appeared severely ill and were judged not able to sur-
vive another 48 h. A mouse was considered severely moribund if it
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exhibited more than one of the following clinical signs: inability to
eat or drink; abnormally low body temperature; severe lethargy;
severe balance or gait disturbance; and rapid weight loss for a week
or more. The age at which a moribund mouse was killed was used
to estimate its natural lifespan.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (Win-
dows version 8, GraphPad Software, San Diego, CA, USA). Student’s
t-test, logrank, Wang-Allison test, and one-way ANOVA test with
Scheffe’s analysis as a post hoc test for comparing two sets of data
were used in statistical analyses. All data are represented as mean +
SEM, with P < 0.05 being considered statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.

Study approval

All experiments using mice were performed in accordance with the
protocols approved by the Administrative Panel on Laboratory Ani-
mal Care (APLAC) at Stanford # University (Protocol#APLAC-
22400). Experiments using human iPSCs were performed in accor-
dance with protocols approved by Stem Cell Research Oversight
(SCRO) at Stanford University (Protocol SCRO-493).

Data availability
There are no data described in this study that requires deposition.
Expanded View for this article is available online.
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