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N-acetyl-L.-tyrosine is an intrinsic triggering factor
of mitohormesis in stressed animals

Takashi Matsumura™', Outa Uryu*", Fumikazu Matsuhisa®, Keiji Tajiri**, Hitoshi Matsumoto® &

Yoichi Hayakawa™*"

Abstract

Under stress conditions, mitochondria release low levels of reac-
tive oxygen species (ROS), which triggers a cytoprotective
response, called “mitohormesis”. It still remains unclear how mito-
chondria respond to stress-derived stimuli and release a low level
of ROS. Here, we show that N-acetyl-.-tyrosine (NAT) functions as
a plausible intrinsic factor responsible for these tasks in stressed
animals. NAT is present in the blood or hemolymph of healthy
animals, and its concentrations increase in response to heat stress.
Pretreatment with NAT significantly increases the stress tolerance
of tested insects and mice. Analyses using Drosophila larvae and
cultured cells demonstrate that the hormetic effects are triggered
by transient NAT-induced perturbation of mitochondria, which
causes a small increase in ROS production and leads to sequential
retrograde responses: NAT-dependent FoxO activation increases in
the gene expression of antioxidant enzymes and Keapl. Moreover,
we find that NAT represses tumor growth, possibly via the activa-
tion of Keapl. In sum, we propose that NAT is a vital endogenous
molecule that could serve as a triggering factor for mitohormesis.
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Introduction

The broad distribution of organisms over diverse ecological niches
owes much to the evolution of multiple mechanisms to protect them
against environmental stresses because they can maintain home-
ostasis and viability only when stress levels do not exceed the
defense capacity [1]. The tolerance of organisms to stresses varies,
however, depending on their intrinsic and extrinsic backgrounds

[2]. It is known that organisms can acquire an adaptive tolerance to
lethal stress when they have experienced certain mild stresses
shortly before the lethal stress. Such beneficial alterations in
response to transient sublethal stresses affect their viability when
they are exposed to severe stressors [3—6]. This physiological plas-
ticity has been observed in a variety of organisms [7], and various
aspects of its mechanisms, such as metabolic controls [8] and cellu-
lar signaling pathways [9], have been investigated. In recent years,
particular attention has been paid to the contribution of mitochon-
dria to a hormetic state [10]. Reactive oxygen species (ROS)
produced during oxidative phosphorylation in mitochondria have
long been considered undesirable by-products for a long time [11].
However, there is growing evidence in the literature to suggest that
ROS transiently produced within the mitochondria by mild stresses
cause an adaptive response that appears to induce a wide-ranging
cytoprotective state resulting in long-lasting metabolic and biochem-
ical changes [12] for which the term “mitohormesis” has been
proposed. Although such salutary effects of mild mitochondrial
distress have been reported in multiple organisms including nema-
todes [13,14], fruit flies [15], and mice [16,17], we do not know the
detailed mechanisms by which mitochondria respond to stress-
derived stimuli and release a low level of ROS. We hypothesized the
presence of an intrinsic factor that transmits stress stimuli to mito-
chondria and leads mitochondria to subsequently release an appro-
priate level of ROS in order to modulate various biologically
relevant pathways. To substantiate this hypothesis, we initially
focused on parasitism, which subjects host insects to severe stress.

Results and Discussion

Parasitization increased the intrinsic factor that induces
thermotolerance in insects

Parasitoids often impose very harmful stress on their hosts. Once a
gregarious parasitoid wasp parasitizes a host insect, the many para-
sitoid larvae absorb much nutrition from the host to survive inside.
However, as long as they stay inside the host, they never exert the
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crucial pressure that kills their host; otherwise, they would perish
with the host [18]. For example, a female parasitoid wasp of Cotesia
kariyai lays approximately 100 eggs inside the host armyworm
Mythimna separata larva, and they take about 10 days to grow large
enough to emerge from the host, even as they impose extreme stress
on the host [19,20]. The host’s body is almost completely occupied
by many parasitoid larvae the last several days before the para-
sitoids emergence (Fig 1A), but the host can still respond to stimuli
and move to escape dangers until the very end [21]. This implies
that host larvae can maintain their homeostasis by entering a special
physiological mode such as hormesis. Based on this interpretation,
we hypothesized that the presence of internal parasitoid larvae must
gradually induce a hyper-resistant mode in the host larva during the
growth of the parasites. Comparison of survivals of unparasitized
and parasitized host armyworm larvae after heat stress substanti-
ated a parasitization-induced increase in heat stress resistance
(Fig 1B), indicating the possibility that a factor required for induc-
tion of thermotolerance is accumulated in the hemolymph of para-
sitized host larvae. We assessed this hypothesis by examining
whether injection of the parasitized host hemolymph induces heat
stress tolerance. The results showed that survival rates of test army-
worm larvae injected with hemolymph of parasitized host larvae
were significantly higher than those of larvae injected with unpara-
sitized larval hemolymph (Fig 1C). These observations led us to
seek the factor in the parasitized larval hemolymph that induced the
heat stress tolerance.

Identification and validation of the triggering factor of
the thermotolerance

We purified the factor from the hemolymph of parasitized host larvae
by reversed-phase HPLC (Appendix Fig S1) and found it to be a non-
peptidergic molecule with a molecular mass of 223 by LC/MS
(Appendix Fig S2). Amino acid analysis showed the presence of a tyro-
sine molecule (Appendix Fig S2), and subsequent analyses using LC-
MS/MS together with 'H and *C MNR spectroscopy revealed that the
active molecule is N-acetyl-L-tyrosine (NAT) (Appendix Fig S3).

We confirmed that NAT induced the heat stress tolerance of army-
worm larvae in a time-dependent manner after injection: It did not
increase the stress tolerance immediately after injection but signifi-
cantly induced it over 4 h after injection (Fig 1D). Tracking plasma
NAT concentrations in this experiment showed that NAT removal from
the larval plasma was initiated soon after injection and that the initial

Figure 1. Parasitization induces stress tolerance state in host insects.
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NAT levels had decreased by approximately 98% 4 h post-injection
(Appendix Fig S4). Dose-response curves of NAT injection show that
injection of more than 10 nmol NAT/larva induced a significant eleva-
tion in the thermotolerance (Fig 1E). NAT-induced stress tolerance
was demonstrated in other insect species such as silkworm Bombyx
mori larvae and honey bee Apis mellifera workers. When silkworm
larvae were injected with NAT 4 h before lethal heat stress, survivals
were elevated as in the case of armyworm larvae (Appendix Fig S5).
Furthermore, NAT supplementation also increased the survivals of
A. mellifera workers transferred from their hive to a small cage: Most
animals fed NAT-free honey solution had died 48 h after the transfer,
while more than a half survived for 48 h with 0.01-0.1 mM NAT solu-
tion (Appendix Fig S6). Heat stress tolerance of armyworm larvae was
also elevated by N-acetyl-p-tyrosine in a similar manner, indicating that
there is no difference between the two enantiomeric isomers in activi-
ties (Appendix Fig S7). Various other chemicals including amino acids
and biogenic amines were tested for their capacity to induce thermotol-
erance after injection into armyworm larvae. Except for NAT, only N-
acetyl-L-cysteine, which is known as a potent antioxidant [22], caused
significant elevation of the stress tolerance (Fig 1F).

An increase in the plasma NAT concentration was observed in
armyworm larvae that had been exposed to 42°C: The NAT concen-
tration was more than quadrupled after heat stress at 42°C for over
90 min (Appendix Fig S8).

NAT is present in the blood of mammals and shows similar
effects on them

Although there has been no report of the presence of NAT in the
blood of healthy humans as far as we know, we demonstrated its
presence in human serum (Fig 2A), indicating the possibility that
NAT works as a hormesis inducer in mammals just like in insects.
To assess this possibility, mice were used for more detailed charac-
terization of NAT functions in mammals. We first measured NAT
concentrations in the blood of mice under heat and restraint stress
and detected the elevation of its concentration during the 45-min
observation (Fig 2B). Effects of pretreatment with NAT were evalu-
ated by measuring concentrations of two blood components, corti-
costerone and peroxidized lipid. NAT pretreatment lowered
corticosterone concentrations in the serum of mice that had been
restrained for 1 h (Fig 2C). Serum-peroxidized lipid concentrations
also significantly decreased in NAT-treated mice that had been
forced to swim for 1 h: peroxidized lipid levels in NAT-treated mice

A Images of host armyworm Mythimna separata larvae. Upper: emergence of Cotesia kariyai parasitoid wasps. Lower: inside of host body extensively occupied by

parasitoid larvae before their emergence.

B Survival of parasitized and unparasitized host larvae 2 days after heat stress at 44°C for 50 min (data are means &+ SEM; n = 10). **P < 0.01 vs. unparasitized hosts.
Day 4 last instar larvae were used for this assay. Test larvae were parasitized by the wasp on day O of last instar.

C Survival of armyworm larvae injected with PBS, unparasitized, and parasitized larval hemolymph 2 days after heat stress at 44°C for 50 min (data are means + SEM;
n = 12). **P < 0.01 vs. PBS. Test larvae were exposed to the heat stress 4 h after injection of each sample.

D Time-dependent survival of armyworm larvae injected with 0.8 umol/larva N-acetyl-L-tyrosine (NAT): post-NAT injection 2 days after heat stress at 44°C for 50 min

(data are means & SEM; n = 12). **P < 0.01 vs. zero time.

E Dose-dependent survival of armyworm larvae injected with NAT after heat stress at 44°C for 50 min (data are means & SEM; n = 12). Injection of more than
10 nmol NAT/larva caused a significant difference compared with zero (log-rank test using R version 3.2.2).

F  Survival of armyworm larvae injected with indicated chemical solution 1 day after heat stress at 44°C for 50 min (data are means + SEM; n = 10). **P < 0.01 vs.
PBS. Each chemical (0.5 pmol/larva) was dissolved in PBS; a minimal volume of dimethy! sulfoxide was used for poorly soluble chemicals such as tyrosine.

Data information: Significant difference from each control value is indicated by Tukey’s HSD.
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those in positive control mice treated pretreatment of mild heat stress at 35°C for 30 min significantly

elevated survivals of test larvae after lethal heat stress at 38.5°C for
60 min (Appendix Fig S9). Enhancement of thermotolerance was
also induced by feeding NAT to second-instar larvae for 24 h: Feed-
ing NAT increased survivals of test larvae almost five times 2 days
after lethal heat stress (Fig 3A). Because our prior study showed

The mechanisms by which NAT enhances thermotolerance were enhanced expression of antioxidant enzyme genes such as catalase,
investigated using Drosophila larvae. We first confirmed that a SOD1, and SODZ in acclimated armyworms exposed to mild heat

© 2020 The Authors
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A HPLC chromatogram and LC-MS spectrogram of N-acetyltyrosine purified from pooled human serum (#12181201; Cosmo Bio Co., Japan). The peak fraction purified

by HPLC was confirmed to be N-acetyltyrosine by LC-MS (inserted spectrogram).

B NAT concentrations in the serum of mice (Slc:ddY, 18-week-old male) exposed to heat (40°C) and restraint stress (data are means + SEM; n = 5). *P < 0.05,

**Pp < 0.01 vs. zero time.

C Effects of NAT on corticosterone concentrations in the serum of mice (Slc:ddY, 9- to 10-week-old male) exposed to restraint stress for 60 min (data are
means + SEM; n = 6). **P < 0.01 vs. without stress. Test mice drank 1.5 mg/ml NAT solution for 24 h before exposure to stress.
D Effect of NAT on stress-induced peroxidized lipid in the serum of mice (Slc:ddY, 9-week-old male) forced to swim for 60 min (data are means + SEM; n = 10).

*P < 0.05 vs. PBS.

Data information: Significant difference from each control value is indicated by Tukey’s HSD.

stress [23], we examined whether NAT enhances such enzyme
expression in Drosophila and found that supplementation with NAT
for 12 h significantly elevated expression of all tested enzyme genes
in Drosophila larvae (Fig 3B).

FoxO transcription factor was examined because expression of
the antioxidant enzyme genes has been reported to be regulated by
FoxO in many animals [24]. Immunocytochemistry of FoxO showed
its translocation into the nuclei of fat body cells of Drosophila larvae
supplemented with NAT (Fig 3C and D). Observation of FoxO
signals in these immunocytochemical studies allowed us to recog-
nize the NAT-induced increase in FoxO signal intensities in fat body
cells, indicating the possibility that FoxO expression is also elevated
by ingesting NAT. Quantitative measurement of FoxO expression
levels verified its transcriptional enhancement by supplementing
with NAT for over 12 h (Fig 3E).

The contribution of N-acetyltransferase, which likely synthesizes
NAT from tyrosine [25], to thermal acclimation in Drosophila
larvae, was examined by using N-acetyltransferase (CG3318) RNAI.
When control strain (actin-Gal4 > W'!'®) larvae were pretreated by

4 of 11 EMBO reports  21: 49211 | 2020

mild stress at 35°C for 30 min, they became acclimated to more
severe heat stress at 38.5°C. An N-acetyltransferase knockdown in
gut enteroendocrine cells (TK-Gut-Gal4 > UAS-dsDat) significantly
decreased survivals of test larvae under the same heat treatment,
while the RNAi-induced decrease in the survivals was rescued by
NAT supplementation (Fig 3F).

NAT induces thermotolerance by mitohormesis

To reveal how NAT activates the FoxO-dependent gene expression,
we used Drosophila S2 cells to analyze the detailed mechanism of
NAT functions. We first confirmed the heat acclimation of S2 cells:
Pre-exposure to 37°C for 30 min significantly increased cellular
survivals after subsequent lethal heat stress at 42°C for 60 min
(Fig 4A). Treatment with NAT significantly increased cellular survi-
vals without pre-exposure to the sublethal heat condition (Fig 4A),
indicating that NAT functions as an inducer of stress acclimation at
the cellular level. The NAT-induced thermotolerance was confirmed
to be due to the enhancement of FoxO gene expression as well as its

© 2020 The Authors
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translocation into the nuclei (Appendix Fig S10) which was followed
by increased expression of antioxidant enzyme genes (Appendix Fig
S$10). Addition of an amino acid transporter 1 inhibitor, 2-aminobi-
cyclo-(2,2,1)-heptane-2-carboxylic acid (BCH), abolished the NAT-
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dependent increase in FoxO expression as well as the thermotoler-
ance, indicating that NAT induces hormetic responses after its entry
into cells via the amino acid transporter (Fig 4A and Appendix Fig
S10). A subsequent finding that antimycin A eliminated both NAT-
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Figure 3. Analysis of NAT-induced hormesis response in Drosophila larvae.
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A Survival of Drosophila melanogaster (W'*®) larvae fed with 2 pmol NAT/g-diet 2 days after heat stress at 38.5°C for 60 min (data are means & SEM; n = 10).

**p < 0.01 vs. zero time.

B Effects of NAT feeding on expression of antioxidant enzymes, catalase, SOD1, and SOD2 (data are means 4+ SEM; n = 10). *P < 0.05 vs. zero time.
C Representative images of nuclei (left) and FoxO (middle) in the fat body of Drosophila larvae before and after NAT feeding for 12 h. White signals in the merged image

(right) show the overlap of both signals. Scale bar: 50 um.

D Relative whiteness intensities before and after NAT feeding (data are means £+ SEM; n = 15). **P < 0.01 vs. zero time.
E Effects of NAT feeding on FoxO expression in the fat body of Drosophila larvae (data are means £+ SEM; n = 8). *P < 0.05, **P < 0.01 vs. zero time.
F Effects of N-acetyltransferase (Dat) knockdown in gut enteroendocrine cells (TK-Gut-Gal4 > UAS-dsDat) on survival of Drosophila larvae (data are means + SEM;

n = 15). **P < 0.01 vs. without NAT.

Data information: Significant difference from each control value is indicated by Tukey’s HSD.

induced and preheating-induced stress acclimation responses in S2
cells (Fig 4B) implies that NAT requires mitochondrial function to
serve as an acclimation inducer because antimycin A is known to
inhibit mitochondrial electron transport chain complex III. However,
the negative effect of antimycin A was dose-dependent: Low concen-
tration (about one-thousandth of the inhibitory concentrations) of
antimycin A induced slightly but significantly elevated survivals of
S2 cells after heat stress (Appendix Fig S11). Similar concentration-
dependent effects were also observed with rotenone, a well-
described complex I inhibitor (Appendix Fig S11).

To characterize the contribution of mitochondria to the NAT-
induced thermotolerance, we monitored the mitochondria status
of S2 cells using MitoRed, whose staining is dependent on mito-
chondrial membrane potential [26]. The relative intensity of
MitoRed-derived fluorescent signals had significantly declined 2 h
after adding NAT, while the signals were totally recovered 2 h
later, indicating the transient NAT-induced depolarization of mito-
chondria (Fig 4C). In contrast, MitoRed signals were constantly
decreased by applying carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP), a typical mitochondrial uncoupler, or antimycin A
to S2 cells without any significant recovery of the signals
(Appendix Fig S12), which emphasized the specific transient effect
of NAT on mitochondria. This interpretation was substantiated by
quantification of mitochondrial ROS (mROS) in S2 cells after treat-
ments with these chemicals: NAT induced a transient small peak
of mROS concentrations in S2 cells 2-3 h after adding NAT
(Fig 4D), while such an mROS peak was not observed after

Figure 4. Analysis of NAT-induced hormesis in Drosophila S2 cells.

adding CCCP or antimycin A (Appendix Fig S13). Therefore, it is
reasonable to assume that NAT-dependent elevation of thermotol-
erance is due to the transient perturbation of mitochondria, which
is generally called “mitohormesis” (Fig 4E). The interpretation
was enforced by the observation that N-acetylcysteine also exerted
similar effects on mitochondria in S2 cells: It transiently induced
depolarization of mitochondria and elevated mROS in S2 cells
(Appendix Fig S14). These data are consistent with the above
observation that both N-acetylcysteine and NAT induced thermo-
tolerance in armyworm larvae by injection prior to lethal heat
stress (Fig 1F).

NAT stimulates FoxO-Keap1l signaling

Characterization of NAT-induced stimulation of signaling path-
ways revealed that NAT treatment also elevated transcription
levels of Kelch-like ECH-associated protein 1 (Keapl). This eleva-
tion was not observed in FoxO RNAi S2 cells (Fig 4F), confirming
that FoxO mediates the NAT-induced expression of Keapl. More-
over, Keapl RNAi abolished NAT-induced thermotolerance of
Drosophila larvae (Appendix Fig S15). Since Keapl is known as a
negative regulator of the transcription factor NF-E2-related factor
2 (Nrf2) that regulates a set of antioxidant and detoxifying
enzyme genes, we examined the effects of Nrf2 RNAi in Droso-
phila larvae. Nrf2 RNAIi larvae also did not show NAT-induced
thermotolerance (Appendix Fig S15). Furthermore, the NAT-
dependent elevation of thermotolerance was not observed in FoxO

A

Survival of Drosophila S2 cells treated with preheating, 100 uM NAT, and 100 pM NAT with 10 mM 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) after heat
stress at 42°C for 60 min (data are means + SEM; n = 10). After pretreatment with chemicals for 12 h, they were removed by changing the medium. *P < 0.05,

**P < 0.01 vs. PBS.

Survival of Drosophila S2 cells pretreated with 100 uM NAT, 100 uM NAT with 30 pg/ml antimycin A, and preheating with or without 30 pg/ml antimycin A 48 h
after heat stress at 42°C for 60 min (data are means &+ SEM; n = 10). After pretreatment with chemicals for 12 h, they were removed by changing the medium.

*P < 0.05 vs. PBS.

Effects of 100 uM NAT on MitoRed localization in mitochondria of S2 cells. Upper: representative images of time-dependent changes in MitoRed localization in
mitochondria after adding NAT. Scale bar: 20 um. Lower: Relative intensities of MitoRed fluorescent signals in mitochondria were quantified by microplate reader.
Different letters above bars represent significant differences [P < 0.05 (data are means & SEM, n = 12)].

ROS concentrations in S2 cells after adding 100 uM NAT (data are means & SEM; n = 12). *P < 0.05 vs. zero time.

Graphic depicting the participation of NAT in triggering mitohormesis in animal cells.

Effects of dsRNA targeting of FoxO on NAT-dependent expression of Keapl (data are means + SEM; n = 12). *P < 0.05, **P < 0.01 vs. without NAT. Note that NAT
feeding did not increase Keapl expression in FoxO knockdown flies.

Effect of NAT on growth of HCT116 colon cancer cells in mice (BALB/cSlc-nu/nu, 6-week-old female) (data are means £ SEM; n = 5). *P < 0.05, **P < 0.01 vs. without
NAT. Test mice began to freely drink 5 mg/ml NAT solution for 7 days before transplantation of the tumor cells on day 0: The average amount of NAT consumed by
each mouse was about 8.8 mg/day (0.4-0.5 g/kg weight/day). HCT116 cells (5.0 x 10° cells) were transplanted into each test mouse using a 1-ml syringe with a 27G
needle.

Data information: Significant difference from each control value is indicated by Tukey’s HSD.
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RNAi S2 cells (Appendix Fig S16) although a transient decrease
in MitoRed fluorescent signals was normally observed in the
mitochondria of these cells 2 h after adding NAT (Appendix Fig
S16). We therefore interpreted these results to indicate that NAT-
induced mitohormesis requires enhanced FoxO-Keapl signaling
downstream (Fig 4E).

The finding that NAT stimulated FoxO-Keapl signaling axis in
Drosophila S2 cells also led us to assess the possibility of repres-
sive effects of NAT on tumor progression because a tumor suppres-
sor function of FoxO3 through constraining Nrf2 signaling has
recently been reported [24]. To examine the possibility that NAT
affects tumor progression, we focused on human colorectal cancer
HCT116 cells because expression of Nrf2 and its target genes has
been recently reported to be increased in HCT116 colonospheres
[27]. We transplanted HCT116 cells into nude mice with or with-
out NAT treatment and compared the tumor volumes in control
and NAT-treated animals for 17 days. NAT supplementation signif-
icantly suppressed the growth of HCT116 cells, indicating that
NAT supplementation has a suppressive activity on growth of
HCT116 cancer cells perhaps through activation of FoxO-Keapl
signaling axis (Fig 4G). Moreover, treatment with NAT had a
significant negative impact on the weight gain of test mice
(Appendix Fig S17).

Concluding comments

NAT has been reported to increase in the urine of patients with
tyrosyluria [28,29] and tyrosinosis [30,31], indicating the possibil-
ity that NAT is synthesized in human bodies and that its concen-
trations fluctuate depending on internal conditions. Although
some physiological analyses such as quantification of urine NAT
concentrations and its retention times after administration to
human bodies have been reported [32,33], basic information on
NAT is still quite limited. The present study showed that NAT is
normally present in the blood of all tested animals includ-
ing insects and mammals and that its concentrations are elevated
by stresses, which induce hormesis in mice as well as insects.
These observations indicated the possibility that stress-induced
NAT works as a hormesis inducer in all animals including
humans.

Analyses using Drosophila and the culture cell S2 demonstrated
that NAT transiently distressed mitochondria, which produced a
low level of mROS. Although we have no solid evidence to
explain how mitochondria ROS production is mediated by NAT at
present, we propose the mechanism by which NAT serves as an
essential intrinsic factor that can transmit stress-derived stimuli to
mitochondria in the graphic model (Fig 4E). The NAT-induced
activation of the FoxO-Keapl signaling axis negatively regulates
Nrf2 functions and enforces ROS release from mitochondria
because Nrf2 regulates mitochondrial homeostasis [34]. However,
this inhibition must be relaxed soon after ROS is released from
mitochondria by losing the prominent regulator Nrf2, which
allows Nrf2 to evade Keapl-mediated repression because ROS-
induced Keapl conformational changes liberate Nrf2 [35]. There-
fore, it is reasonable to presume that both FoxO and Nrf2 sequen-
tially stimulate expression of their target genes with anti-stress
abilities because NAT-induced elevation of Keapl expression
would not cause long-lasting inhibition of Nrf2. This interpretation
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was at least partly confirmed by the observation that neither
Keapl RNAi nor Nrf2 RNAi Drosophila larvae showed NAT-
induced thermotolerance.

One of the primary changes via these signaling pathways is
enhanced expression of antioxidant enzyme genes by FoxO tran-
scription factor. Moreover, the fact that FoxO is also an upstream
transcription factor of Keapl, the negative regulator of Nrf2 [35], led
us to examine the tumor-suppressive activity of NAT because abnor-
mal activation of Nrf2 has been reported in many types of cancer
cells such as cholangiocarcinoma and lung adenocarcinoma [24,36—
39]. The results showed significant NAT-induced suppression of
colorectal cancer cell growth in nude mice. Taken together, this
study proposes that NAT serves as an intrinsic trigger of mitohorme-
sis, which contributes to maintaining homeostasis in animals, and
highlights the value of exploiting both basic and functional features
of NAT.

Materials and Methods

Animals

Mythimna separata larvae were reared on an artificial diet (10%
kidney beans, 10% wheat bran, 4.2% dried yeast, 0.5% ascorbic
acid, 0.3% antiseptic reagents, and 1.3% agar) at 25°C with a
photoperiod of 16-h light:8-h dark [40], and Drosophila melanoga-
ster stocks were reared on cornmeal-glucose-yeast medium at
23°C with a photoperiod of 16-h light:8-h dark [41]. The UAS-
dsNat, TK-Gut-Gal4, UAS-dsKeapl, and UAS-dsNrf2 strains were
supplied by NIG-FLY (National Institute of Genetics, Japan). Actin-
Gal4 and hs-Gal4 were previously described [41]. Drosophila S2
cells were maintained in Schneider’s Drosophila medium (Gibco,
USA) supplemented with 5% FBS, 50 units/ml penicillin, and
50 pg/ml streptomycin at 25°C. Mice, Slc:ddY and BALB/cSlc-nu/
nu, were purchased from Japan SLC, Inc (Japan). The mice were
housed at 23 + 2°C with a photoperiod of 12-h light: 12-h dark
and had ad lbitum access to food and water. Experiments on
mice were conducted with the approval of Saga University Animal
Care and Use Committee according to the National Institutes of
Health guidelines.

Quantitative RT-PCR analysis

To quantify gene expression, RT-PCR was conducted essentially
according to the previously described procedure as follows [42].
Total RNAs were prepared from larvae or cells. First-strand cDNA
was synthesized with oligo(dT);, ;s primer using ReverTra Ace
RT-PCR Kit (Toyobo, Japan) according to the manufacturer’s
protocol. The cDNAs for target genes were amplified with a speci-
fic primer pair indicated in Table EV1. PCR was conducted under
the following conditions: 20-28 cycles at 95°C for 30 s, 55-58°C
for 30 s, and 72°C for 45 s. Quantitative real-time PCR was carried
out with the cDNAs in a 20 pl reaction volume of LightCycler Fast
DNA Master SYBR Green I (Roche Applied Science, USA), using
the LightCycler 1.2 instrument and software (Roche Applied
Science). The PCR cycling conditions were denaturation at 95°C
for 10 min, followed by 45 cycles of 95°C for 10 s, annealing at
55°C for 5s, and extension at 72°C for 15 s. Using the second
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derivative maximum method provided in the LightCycler software
(version 3.5), a standard curve was generated by plotting the
external standard concentration against threshold cycle. The soft-
ware automatically calculated the PCR product concentration for
each sample. All samples were analyzed in duplicate, and assay
variation was typically within 10%. Data were normalized accord-
ing to the expression level of rp49 determined in duplicate by
reference to a serial dilution calibration curve. All primers used in
this study are listed in Table EV1.

Confocal immunofluorescence

Fat body and S2 cells were fixed in 4% paraformaldehyde in PBS
at 25°C for 30 min and extensively washed in phosphate-buffered
saline containing 0.1% Triton X-100 (PBT). Tissues were then
blocked for 1 h in PBT containing 5% normal donkey serum and
subsequently incubated with anti-FoxO antibody (1:200; Cosmo
Bio Co., Japan) at 4°C for 24 h. After washing in PBT, tissues were
incubated at 25°C for 3 h with secondary antibody (1:500, goat
anti-rabbit IgG Alexa Fluor 555; Life Technologies Co., USA).
Tissues were imaged using a laser scanning confocal microscope
(EZ-Ti System; Nikon, Japan). FoxO fluorescence was recorded
from a confocal Z series with 0.5-um steps, using identical laser
power and scan settings. Signal quantification was performed with
ImageJ [43].

Purification procedures of plasma N-acetyltyrosine

Hemolymph was collected from parasitized larvae of armyworm
M. separata 10 days after parasitization on ice and immediately
centrifuged at 4°C for 3 min at 500 g. The supernatant was mixed
with —20°C acetonitrile (final concentration: 50%), and following
centrifugation at 4°C for 10 min at 20,000 g, the collected super-
natant was concentrated by lyophilization. The concentrated sample
was dissolved in 0.05% TFA and separated by three HPLC runs. The
active fraction from the first HPLC column (Mightysil RP-18 GP,
250 x 4.6 mm (5 um); Kanto Chemical Co., Japan) was purified
sequentially by a second column (Mightysil NH,, 250 x 4.6 mm
(5 um); Kanto Chemical Co., Japan) and a third column (J-Pak
Symphonia C18, 250 x 4.6 mm (5 um); Jasco Engineering Co.,
Japan).

Identification of N-acetyltyrosine by LC-MS, MC-MS/MS,
and NMR

N-acetyltyrosine was identified by analyzing the purified active peak
fraction of HPLC using LC-MS/MS (Waters ACQUITY UPLC I-Class/
SYNAPT G2-2 HDMS LC-MS/MS System, USA) and NMR spectrome-
ter with cryo-probe (Avance I1I-500; Bruker BioSpin Inc., Germany).

Viability test of larvae and cells

After lethal heat stresses, test larvae were reared with a normal diet
and their movement after gentle poking with forceps was periodi-
cally observed. Motility was assessed to determine the vital status of
test larvae. Survival of S2 cells was measured by using a Cell Count-
ing Kit-8 (Dojindo Molecular Technology Inc., Japan) according to
the manufacturer’s instructions.
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Double-stranded RNA-mediated interference in vitro

Individual DNA fragments approximately 700 bp in length,
containing coding sequences for the proteins to be “knocked
down”, were amplified by using PCR. Each primer used in the PCR
contained a 5 T7 RNA polymerase binding site (GAATTAATAC
GACTCACTATAGGGAGA) followed by sequences specific for the
targeted genes, FoxO and EGFP (see Table EV1). The PCR products
were purified and were used as templates by using a MEGAscript
T7 Transcription Kit (Ambion Co., USA) to produce dsRNA accord-
ing to the manufacturer’s protocol. Ten pg of dsRNA was analyzed
by 1.5% agarose gel electrophoresis to ensure that the majority of
the dsRNA existed as a single band of approximately 700 bp. S2
cells were incubated at 1 x 10° cells/well in 96-well plates in
1x Schneider’s Drosophila media with 5% FBS at 25°C. dsRNA
was added directly to the media to a final concentration of 37 nM.
The cells were incubated for 3 days to allow for turnover of the
target protein.

Quantification of plasma (or serum)
N-acetyltyrosine concentration

Eighty microliters of hemolymph collected from test armyworm
larvae was collected into a microtube containing 450 pl of 100 mM
citrate buffer (pH 5.8) and immediately boiled for 3 min. The boiled
hemolymph was mixed with 200 pl of 1,2-dichloroethane, centri-
fuged at 4°C for 20 min at 20,000 g, and the supernatant was
analyzed by three sequential HPLC runs using a Mightysil RP-18 GP
Column (250 x 4.6 mm (5 um); Kanto Chemical Co., Japan), J-Pak
Vario ASB C18 Column (250 x 4.6 mm (5 pm); Jasco Engineering
Co., Japan), and Unison UK-C18 Column (250 x 4.6 mm (3 pm);
Imtakt Co., Japan). The single peak eluted from the third Unison
UK-C18 Column was identified as an N-acetyl-L-tyrosine (NAT)
peak, and its volume was quantified to calculate NAT concentration
in the hemolymph. NAT concentrations in the blood of mice were
measured using the serum preparations according to the same
procedures described above.

Quantification of blood corticosterone and peroxidized lipids

Blood collected from each test mouse was stored at 4°C for 12 h,
centrifuged at 4°C for 10 min at 500 g, and the supernatant was
used for quantification of corticosterone and peroxidized lipid
concentrations. Corticosterone and peroxidized lipid analyses were
performed by using corticosterone and ARK Checker CORT EIA (Ark
Resource Co., Japan) and a lipid hydroperoxide assay kit (Cayman
Chemical Co., USA), respectively, according to the manufacturer’s
instructions.

Measurement of MitoRed localization in mitochondria of
Drosophila S2 cells

S2 cells were treated with PBS, 10 uM CCCP, 18 uM antimycin A, or
100 uM N-acetyl-L-tyrosine for indicated periods and washed three
times with PBS. Cells were immediately incubated with 200 nM
MitoRed (Dojindo, Japan) for 30 min at 37°C and were fixed in 4%
paraformaldehyde in PBS containing 0.3% Triton X-100 for 5 min at
25°C. Fluorescence was visualized using a laser scanning confocal
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microscope (EZ-Ti System; Nikon, Japan). Images were acquired
using a 563-nm He—Ne laser to excite MitoRed fluorescence. Fluores-
cence was recorded from a confocal Z series with 0.5-um steps,
using identical laser power and scan settings. Relative intensities of
MitoRed fluorescent signals in S2 cells were measured at Ex/
Em = 535/595 nm using a Multimode Detector DTX880 (Beckman
Coulter).

Measurement of mitochondrial ROS levels of Drosophila S2 cells

S2 cells were treated with PBS, 10 uM CCCP, 18 uM antimycin A, or
100 uM N-acetyl-L-tyrosine for indicated periods and washed three
times with PBS. Cells were incubated with 15 pM 2,7-dichlorodihy-
drofluorescein diacetate (Cayman Chemical, USA) for 30 min at
37°C and were fixed in 4% paraformaldehyde in PBS containing
0.3% Triton X-100 for 5 min 25°C. Fluorescence was visualized
using a laser scanning confocal microscope (EZ-Ti System; Nikon,
Japan). Images were acquired using a 488-nm argon laser to excite
dichlorofluorescein fluorescence. Fluorescence was recorded from a
confocal Z series with 0.5-um steps using identical laser power and
scan settings. Relative intensities of fluorescent signals in S2 cells
were measured at Ex/Em = 485/530 nm using a Multimode Detec-
tor DTX880 (Beckman Coulter).

Growth assay of colon cancer cells

Following administration of 5 mg/ml N-acetyl-L-tyrosine for 7 days,
5.0 x 10° HCT116 colon cancer cells were transplanted into each
test mouse (BALB/cSlc-nu/nu) using a 1-ml syringe with a 27G
needle. We periodically measured dimensions of tumors using a
caliper and calculated the volume using the formula V= (W
(2) x L)/2, where V is tumor volume, W is tumor width, and L is
tumor length.

Statistics

P values were calculated by analysis of variance with Tukey’s
honestly significant difference (HSD) post hoc test unless otherwise
stated. A normality test, the Shapiro-Wilk test, showed that data
sets do not deviate from normality. In some experiments, data were
analyzed using Kruskal-Wallis ANOVA on ranks following Tukey’s
HSD. Significant differences among measurements (P < 0.05) were
represented by different letters. All statistical analyses were
performed using JMP 9.0.2 (SAS Institute). Numbers and/or techni-
cal replicates are stated in each figure legend. No statistical method
was used to predetermine sample size, and experiments were not
randomized.

Expanded View for this article is available online.
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