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Aging is a multifactorial phenomenon characterized by degenerative processes closely connected to oxidative damage and chronic
inflammation. Recently, many studies have shown that natural bioactive compounds are useful in delaying the aging process. In
this work, we studied the effects of an in vivo supplementation of the stilbenoid pterostilbene on lifespan extension in Drosophila
melanogaster. We found that the average lifespan of flies of both sexes was increased by pterostilbene supplementation with a
higher effect in females. The expression of longevity related genes (Sir2, Foxo, and Notch) was increased in both sexes but with
different patterns. Pterostilbene counteracted oxidative stress induced by ethanol and paraquat and up-regulated the
antioxidant enzymes Ho e Trxr-1 in male but not in female flies. On the other hand, pterostilbene decreased the inflammatory
mediators dome and egr only in female flies. Proteomic analysis revealed that pterostilbene modulates 113 proteins in male
flies and only 9 in females. Only one of these proteins was modulated by pterostilbene in both sexes: vacuolar H[+] ATPase
68kDa subunit 2 (Vha68-2) that was strongly down-regulated. These findings suggest a potential role of pterostilbene in
increasing lifespan both in male and female flies by mechanisms that seem to be different in the two sexes, highlighting the
need to conduct nutraceutical supplementation studies on males and females separately in order to give more reliable results.

1. Introduction

Aging is a natural physiological process triggered by differ-
ent molecular pathways and biochemical events that are
promoted by both environmental and genetic factors. Aging
is characterized by a time-dependent decline of functional

capabilities and impaired stress resistance, that damage bio-
molecules compromising cellular homeostasis. The factors
involved in aging are commonly referred to as the “hall-
marks of aging”. Among them, oxidative stress and inflam-
mation have been widely investigated. In 1956 Denham
Harman [1] proposed“The Free Radical Theory of Aging”
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FIGURE 1: Chemical structure of A) resveratrol and B) pterostilbene.

that has been updated in recent years to include the sugges-
tion of a central role for reactive oxygen species (ROS) pro-
duced by mitochondria [2]. On the other hand, the term
“inflammaging” has been created to indicate the significant
contribution of low-grade, systemic inflammation to normal
aging [3].

The findings that the modification of environmental fac-
tors, such as diet, can increase lifespan, make natural dietary
compounds extraordinary potential tools in the major
healthcare challenge of delaying aging. Over the past 20
years, many studies have suggested that dietary polyphenols
may exert beneficial effects as anti-aging compounds through
the modulation of the hallmarks of aging, including inflam-
mation, oxidative damage, cell senescence and telomere attri-
tion [4-8]. Among the most prominent polyphenols, the
stilbene resveratrol (5-[(E)-2-(4-hydroxyphenyl)ethenyl]-
benzene-1,3-diol) (Figure 1(a)) has gained widespread atten-
tion due to its ability to extend the lifespan of yeast, worms,
and flies, and its ability to protect against age-related diseases
such as cancer, Alzheimer’s disease, and diabetes in mam-
mals [9, 10].

Recently, pterostilbene (PTS) (Figure 1(b)) a dimethoxy-
lated ether resveratrol derivative, has been gaining more and
more attention thanks to its greater in vivo bioavailability
and higher potential in modulating cognition and cellular
stress with respect to resveratrol [11]. Both stilbenoids repre-
sent a group of natural phenolic compounds present in dif-
ferent types of plants and fruits such as grapes, tree wood,
Pterocarpus marsupium, heartwood of sandalwood, leaves
of Vitis vinifera and blueberries [12, 13].

Resveratrol has been more extensively characterized in
terms of bioavailability and pharmacokinetics in human
and animal studies compared to PTS. [9, 14-17]. What is
known about PTS is that its structure, which differs from
that of resveratrol by the presence of two methoxy (-
OCH,) instead of two hydoxy (-OH) groups, may overcome
the pharmacologic efficacy limitations observed in resvera-
trol (due to its poor absorption and rapid first-pass metabo-
lism). When PTS is orally administered, it shows higher
bioavailability (80% vs 20% of resveratrol), hepatic stability
and total plasma levels when compare to resveratrol [18,
19]. Riche et al. [20] showed that PTS in a dose up to
250mg per day is safe for humans and, thanks to its
dimethoxy structure, that creates a favorable lipophilicity,

has a higher membrane permeability and biological potency
[21]. Furthermore, glucuronidation and sulfation processes
are restricted by the methylation of the phenolic hydroxyl
in PTS thus providing fewer conjugating sites compared to
resveratrol and resulting in better metabolic stability.

In 2003, Howitz and colleagues [22] identified resvera-
trol as a potent activator of Sir2, the mammalian Sirt1 ortho-
log, capable of mimicking the effects of caloric restriction
(CR) and regulating longevity in lower organisms such as
worms and yeasts, while in Drosophila melanogaster there
are contradictory results [23-25]. Besides NAD™ dependent
histone deacetylase Sir2 [26], that controls enzymes regulat-
ing a large number of cellular pathways [27], there are other
genes associated with longevity in Drosophila. Reduction in
the activity of the nutrient-sensing insulin/IGF Signaling
(IIS) pathway and the associated Target of Rapamycin
(TOR) pathway results in one of the best understood inter-
ventions to extend flies lifespan [26]. The IIS pathway, in
turn, intersects with a variety of other pathways that impact
longevity such as the stress-responsive Jun-N-terminal
kinase pathway, or the pathways that promote protein
homeostasis and activate the mitochondrial unfolded pro-
tein response. Lifespan is also regulated by other mecha-
nisms such as the loss of the mitochondrial co-transporter
I'm Not Dead Yet (INDY) and the modulation of the mito-
chondrial electron transport chain [26].

To the best of our knowledge, there is no evidence that
shows a direct effect of PTS on lifespan extension in vivo.
Therefore, the present work sets out to study the potential
role of PTS on longevity, oxidative stress and inflammation
in D. melanogaster taking into consideration sex differences.
We also carried out proteomic analysis on the whole Dro-
sophila body, to have a deeper insight in the potential differ-
ent effects of PTS supplementation on male and female flies.

2. Materials and Methods

2.1. Fly Strain, Rearing and Supplementation. The Drosoph-
ila melanogaster Canton S strain was a kind gift of Prof.
Daniela Grifoni (University of I’Aquila, Italy). Flies were
supplied with Formula 4-24 ® media (Carolina Biological,
Burlington, NC, USA) and maintained at constant tempera-
ture (21°C) and humidity (60%) with a 12/12h light-dark
cycle. The diet contained: oat flour, soy flour, wheat flour,
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other starches, dibasic calcium phosphate, calcium carbon-
ate, citric acid, niocinamide, riboflavin, sodium chloride,
sodium iron pyrophosphate, sucrose, thiamine, mononi-
trate, brewer’s yeast, emulsifier preservatives, mold inhibitor,
food coloring [28]. Yeast pellets (Saccharomyces cerevisiae)
were added to each tube after diet hydration. After eclosion,
males and females were synchronized as reported in [29]
and allowed to mate freely for two days before separating
them according to sex [30]. PTS (Sigma-Aldrich s.r.l., Milan,
Italy) was dissolved in DMSO (0.1%) and 50, 100, and
200 mM stocks were prepared and kept at -20°C until use.
For supplementation, PTS was dissolved at different concen-
trations (50, 100 or 200 #M) in the water used to soak 1.0g
of diet. A total of 20 flies were placed in each vial. The water
used to prepare the control food contained 0.1% of DMSO.

2.2. Longevity Assay. Adult flies of both sexes were collected
under FlyNap (Carolina Biological) anesthesia. A total of
800 male and 800 female fruit flies were randomly divided
into 4 groups: CTR (control), PTS 50 (50uM PTS), PTS
100 (100 uM PTS), and PTS 200 (200 uM PTS). Every 2-3
days, the flies were transferred into vials containing fresh
food and the number of living flies was counted. This was
repeated until all flies died. Kaplan-Meier survival curves
were generated for lifespan assessment.

2.3. Measurement of Body Weights. Body weights of male
and female flies were recorded on days 15, 30, 45 and 60.
Briefly, 20 flies in each group were anesthetized by FlyNap
(Carolina Biological) and then weighed on a balance. The
mean body weights of the flies in each group were calculated.

2.4. CApillary FEeder (CAFE) Assay. Food intake was mea-
sured using the capillary feeder method (CAFE) as reported
in [31] with minor modifications. Flies were held in short-
ened culturing vials of 7 cm in length. Cotton balls, soaked
with 500 pL of water, were inserted at the bottom of tubes
for humidity, the tubes were then parafilmed to reduce evap-
oration and keep a high level of humidity inside the vials.
Microcapillary tubes were inserted into the tubes through a
200 uL pipette tip in the foam plug. Four microcapillary
tubes were used per vial and filled with 100 uM PTS (PTS)
or 0.1% DMSO diluted in 2.5% sucrose (CTRL). The assay
was performed on flies never supplemented (3 days old male
and female flies) or on flies supplemented with PTS or 0.1%
DMSO for 15 days. At each time point 2 groups for sex were
considered: PTS and CTRL. On the day of the experiment,
flies were weighted, starved for two hours, and then sepa-
rated into CAFE vials, with eight flies for vial (40 flies/sex/
condition; n =80 flies). To account for evaporation of the lig-
uid food, three vials were set up with feeding capillaries but
without flies. Fly consumption was evaluated after four
hours measuring the amount of liquid consumed from the
microcapillary tube (in mm) as described by Fiocca et al.
[32] and data were reported as uL/mg of fly.

2.5. Paraquat Toxicity. Oxidative stress resistance was mea-
sured using paraquat (1,1'-dimethyl-4,4'-bi-pyridinium
dichloride, Sigma-Aldrich s.rl.) as stress inducer. Briefly,
15 days-old flies were subjected to starvation for 2 hours

then transferred to parafilm-sealed vials (ten flies per vial)
containing capillaries filled with 2.5 mM paraquat prepared
with 2.5% sucrose solution. For each condition, 50 flies per
sex were tested. Mortality was scored every 6 hours until
all flies died and expressed as percentage of survival.

2.6. Ethanol Toxicity. Ethanol toxicity was evaluated as
reported by Niveditha [33] with some modifications. Briefly,
15 days-old flies (supplemented and CTR) were first sub-
jected to starvation for 2h then transferred to parafilm-
sealed vials (ten flies per vial) containing Whatman filter
paper discs (diameter 2 cm) soaked with 2.5% sucrose solu-
tion and 17.5%, ethanol (Carlo Erba, Milano, Italy). Mortal-
ity was scored every 2 hours until all flies died and expressed
as percentage of survival. For each condition, 50 flies per sex
were tested.

2.7. DCFH-DA Assay. ROS content was evaluated using 2’
7' -dichlorodihydrofluorescein ~ diacetate ~ (DCFH-DA).
Groups of 25 flies were mechanically homogenized in 1 mL
of 0.1M PBS. The homogenate was centrifuged at
6,000 rpm for 10 min and 200 uL of supernatant was incu-
bated with 50 uM DCFH-DA (Sigma-Aldrich s.r.l.) at 37°C.
The fluorescence was measured each 10 minutes in a
FLUOstar Omega plate reader (BMG Labtech, Ortenberg,
Germany) using ex/em wavelength of 485/520 nm. ROS
levels were quantified as increase in DCF fluorescence
through the time normalized by protein and expressed as
increase/min/pg protein. The protein concentration in the
homogenate was quantified by Bradford method using
bovine serum albumin (Sigma-Aldrich s.rl) as standard.
Each condition was the results of six replicates and was
expressed as mean + SEM.

2.8. Total Antioxidant Capacity. To assess the total antioxi-
dant capacity of flies, the 2, 2-azino-bis (3-ethylbenzothiaz-
oline-6-sulphonic acid, Sigma-Aldrich s.rl) (ABTS) assay,
as reported by Re et al. [34] and modified for application
to a 96-well microplate, was used.

Flies were mechanically homogenized in 1 mL of 0.1 M
PBS on ice. The homogenate was centrifuged at 6,000 rpm
for 10 min and the supernatant was used for the assay.

The ABTS®" solution was freshly prepared by the oxi-
dation of ABTS (10mg) by MnO, (0.75g) in the presence
of water (4mL), followed by 30 min at room temperature.
The working solution was obtained by diluting the previ-
ous mixture with H,O to have an absorbance around 1
at 734nm.

For the assay, 200 4L of the working solution was added
to 50 uL aliquot of progressively diluted samples and Trolox
as a standard. The absorbance of each well was measured
after 15min incubation at 734 nm.

The protein concentration in the homogenates was
quantified by Bradford method using bovine serum albumin
as standard. Each condition was the results of six replicates
and was expressed as mean+SEM. The total antioxidant
capacity of flies was compared to Trolox used as positive
control and expressed as mg of Trolox-equivalent antioxi-
dant capacity for mg of homogenate protein (TEAC).
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TaBLE 1: List of primers for real-time PCR.
Gene 5’-Forward-3 5’-Reverse-3’
Sir2 CATTATGCCGCATTTCGCCA GAAGGTGTTCACTGAGGCCA
Foxo AGGCTGACCCACACAGATAAC GGCTCCACAAAGTTTTCGGG
Notch CGCTTCCTGCACAAGTGTC GCGCAGTAGGTTTTGCCATT
Ho ATGTCAGCGAGCGAAGAAACA TGGCTTTACGCAACTCCTTTG
Trxr-1 TGGATCTGCGCGACAAGAAAG GAAGGTCTGGGCGGTGATTG
Dome GGCAGCTTCTATGTCTACTC GTTGGACTCCACCTTGATG
Egr GAAATCACACAGAGCTTCAG AAGAAGAGATTCACCTTTGC
RPL32 GCCCACCGGATTCAAGAAGT CTTGCGCTTCTTGGAGGAGA

2.9. RNA Extraction. RNA was extracted from the whole
bodies of flies using RNeasy Mini Kit (QIAGEN GmbH,
Hilden, Germany). NanoVue Spectrophotometer (GE
Healthcare, Milano, Italy) was used to measure the yield
and purity of the RNA. Only samples with ratios A260/
A280>1.8 were used.

2.10. Analysis of mRNA Levels by Reverse Transcriptase
Polymerase Chain Reaction. For each sample, 1 ug of total
RNA was reverse transcribed to obtain cDNA using iScript
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA,
USA) following the manufacturer’s instructions. The subse-
quent polymerase chain reaction (PCR) was performed in
a total volume of 10 yL containing 2 uL of dH,O RNAsi free,
25uL (12.5ng) of ¢cDNA, 5ul SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad Laboratories), and 0.5 uL
(500 nM) of each primer. The primers used were purchased
from Sigma-Aldrich s.r.l. and they are reported in Table 1;
RPL32 was used as reference gene.

2.11. Proteomic Analysis. For proteomic analysis, proteins
were extracted from total body of male and female flies sup-
plemented with 100 uM PTS for 15 days using 8 M urea, 2M
thiourea, 4% CHAPS and 60mM dithiothreitol (DTT)
extraction solution. Briefly, bodies of flies were resuspended
in extraction solution using a microtube pestle and sonicated
1 min for 5 times in an ultrasonic bath. After incubation for
1 h at room temperature, samples were centrifuged at 16,000
x g for 10min to remove undissolved material. Protein
concentration was determined using the Pierce Protein Assay
(Thermo Fisher Scientific, Waltham, MA, USA) and bovine
serum albumin was used as standard. Two-dimensional gel
electrophoresis (2DE) was carried out as previously described
[35]. Briefly, 200 ug of proteins were filled up to 350 uL in
rehydration solution. Isoelectrofocusing (IEF) was per-
formed using 18 cm Immobiline Dry Strips (GE Health Care
Europe, Uppsala, Sweden) with a nonlinear pH 3-10 gradi-
ent. IEF was carried on the Ettan IPGphor Cup Loading
Manifold (GE Healthcare). After IEF, the strips were equili-
brated during two steps of 15 min each in equilibration buffer
(0.05M Tris, 6 M urea, 2% SDS, 20% glycerol) with 1% DTT
in the first incubation or 2.5% iodoacetamide in the second
one. The subsequent electrophoresis (Sodium Dodecyl
Sulphate-Polyacrylamide Gel Electrophoresis; SDS-PAGE)
was carried out by transferring the proteins to 12% polyacryl-

amide, running at 16 mA per gel and 10°C for about 16h,
using the Protean® Plus Dodeca Cell (Bio-Rad). The gels
were stained with Ruthenium II tris (bathophenanthroline
disulfonate) tetrasodium salt (Cyanagen, Bologna, Italy)
(RuBP). ImageQuant LAS4010 (GE Health Care) was used
for the acquisition of images. The analysis of images was per-
formed using Same Spot (v4.1, TotalLab, Newcastle Upon
Tyne, UK) software.

Gel spots were excised and in-gel digested [36]. Peptides
were lyophilized and resuspended in 2% acetonitrile (ACN),
0.1% formic acid (FA) and 97.9% water.

2.12. Mass Spectrometry Analysis. NanoLiquid Chromatog-
raphy coupled tandem mass spectrometry analysis (nLC-
ESI-MS/MS) was achieved on an analytical platform com-
prising an UltiMate3000 RSLCnano System interfaced with
an Orbitrap Fusion Tribrid mass spectrometer through a
nanoESI source (EASY-Spray NG) (Thermo Fisher Scien-
tific, Milan, Italy) operating in positive ion mode, as already
described [37] with minor modifications. After trapping and
desalting on a micro-precolumn, a 15min linear gradient
starting from 95% solution A (0.1% FA in water) to 25%
solution B (0.1% FA in ACN) allowed peptides’ separation
on an EASY-Spray PepMap RSLC C18 column (2 ym parti-
cle size, 100 A pore size, 75 um i.d. x 25 cm length, Thermo
Fisher Scientific) for a total run of 40 min.

Precursor ions were recorded by the Orbitrap detector
and fragments (MS/MS) ions by the Ion Trap at rapid scan
rate. Twenty most abundant multiple-charged (2" - 77) pre-
cursor ions, detected within the range of 275-1,750m/z,
were subjected to fragmentation by Collision-Induced Dis-
sociation (CID) with dynamic exclusion of 45s and using
35% normalized collision energy. The signal intensity
threshold for MS/MS was set to 5x 10°. Proteome Discov-
erer software (version 2.4, Thermo Fisher Scientific) was
used to process the raw data searching the fruit fly Uni-
ProtKB reference proteome (Drosophila melanogaster data-
base, ID: UP000000803, release: 2021_01, 22,117 proteins)
to which 39 common contaminant sequence entries were
appended. Protein identification search parameters were
set as follows: chosen enzyme: trypsin with a maximum of
1 missed cleavage per peptide; variable modification: oxida-
tion of methionine and acetylation of lysines at protein
N-terminus; static modification: carbamidomethylation of
cysteine; mass tolerance of precursor: 10 ppm; fragment
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FIGURE 2: Survival assay of adult female and male flies. Flies were supplemented with 50, 100, and 200 uM PTS lifelong. Data are presented
as percentage of survival of flies as function of time (in days). The Kaplan-Meier test was used to detect the significant differences among the
fourth groups of flies.
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Ficure 3: Food intake and body weights of D. melanogaster supplemented with PTS. (a). Flies were not supplemented with PTS or
supplemented with 100 uM PTS for 15 days before CAFE assay. (b). Flies were supplemented with 100 uM PTS for 15, 30, 45, and 60
days before body weight measurement. Each bar represents the mean+ SEM. Data were analyzed by Student’s t-test comparing each
supplementation to the corresponding control.
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FIGURE 4: Expression of genes related to longevity in D. melanogaster supplemented with PTS. Flies were supplemented with 100 uM PTS
for 15 days (PTSI1) or 60 days (PTS2). Total RNA was isolated, and the mRNA levels of A) Sir2, B) Notch, and C) foxo were quantified using
RT-PCR normalized to RPL32 reference gene as reported in Materials and Methods. Triplicate reactions were performed for each
experiment. Each bar represents the mean + SEM of three independent experiments. Data relative to 15 days and 60 days were grouped
into one graph but analyzed separately by Student’s t-test. *p <0.05 with respect to the corresponding controls, CTR1 or CTR2.

mass tolerance: 0.6Da. A threshold of two peptides with
high confidence peptide-spectrum matches was applied for
protein identification.

2.13. Statistical Analysis. Each experiment was performed at
least three times, and all values are represented as means +
SEM. Student’s t-test or one-way ANOVA were used to
compare differences among groups followed by Bonferroni’s
test (Prism 5, GraphPad Software, San Diego, CA). Values of
p<0.05 were considered statistically significant. Survival
curves were prepared by Kaplan-Meier survival analysis
and analyzed using the OASIS2 software [38]. For proteomic
experiments, statistical analysis was based on the normalized
volume of each spot calculated by the software. Comparison
analysis was performed between PTS-treated and control
images in both females and males, using One-way ANOVA.

Spots that exhibited ratio >1.2 or <0.83, p-value <0.05 and q
value <0.05 were taken into consideration for further protein
identification. Bioinformatic analysis was carried out using
ShinyGO v.0.66 software to obtain interactive plots showing
the relationship between enriched pathways whereas heat
map was build using NG-CHM GUI 2.20.2 software [39].

3. Results

3.1. Effect of PTS on Longevity. To examine the pro-longevity
effect of PTS, male and female Canton S flies were reared on
standard diet supplemented with different concentrations of
PTS (50, 100, and 200 uM) lifelong (Figure 2). DMSO vehi-
cle (0.1%) has been added to control groups. DMSO did not
influence fly longevity as no significant differences have been
observed between control groups reared in the presence or
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FIGURE 5: Survival assay of adult female and male flies after oxidative stress induction. Flies were supplemented with 100 uM PTS for 15
days, then were exposed to 2.5mM Paraquat (A, B) or 17.5% ethanol (C, D). Data are presented as percentage survival of flies as
function of time (in hours). The Kaplan-Meier test was used to detect the significant differences among the two groups of flies.

absence of 0.1% DMSO both in male and female flies (data
not shown). Moreover, this concentration of DMSO has
been used by different authors as control vehicle [40-42].
A significant increase in mean lifespan was observed in
50 uM PTS supplemented male flies compared to control
flies (14% increase, p<0.0034), while mean lifespan of
female flies treated with 50 uM PTS was comparable to that
of control flies (Figure 2). 100 uM PTS was effective both in
male and female flies leading to a significant increase of
mean lifespan of 12% (p<0.0196) and 20% (p <0.0072),
respectively. Of note, 200 uM PTS had a negative effect in
both sexes as it significantly reduced mean lifespan in
respect to control flies.

To verify that the improvement of the mean lifespan was
due to PTS supplementation itself and not to CR induced by
PTS oft-flavor, food intake was evaluated by CAFE assay in
flies before supplementation and after 15 days of PTS sup-
plementation (Figure 3(a)). Interestingly, PTS did not influ-
ence food intake in female and male flies both before and
after PTS supplementation. Of note, male flies had a higher
food intake in respect to female flies. In particular, PTS sup-
plemented male flies had a significant higher food intake in

respect to female PTS supplemented flies both at 3 days
and 15 days (p <0.0014 and p <0.0341, respectively). Body
weights of flies supplemented with 100uM PTS were
recorded on days 15, 30, 45 and 60 (Figure 3(b)) to further
confirm that PTS did not modify food intake throughout
fly life. No differences in body weights were observed both
in female and male flies at any time points, suggesting an
equal food intake in control and PTS supplemented groups.

To better clarify, at a molecular level, the effect of PTS on
the lifespan of male and female flies, the expression of 3
genes related to longevity were investigated. As 100 uM
PTS supplementation was effective both in males and
females, and in males showed comparable effects to 50 uM
PTS, 100 uM PTS supplementation was used in the follow-
ing experiments. Flies were supplemented with PTS for 15
days (PTS1) or 60 days (PTS2) and the expression of Sir2,
foxo, and Notch was evaluated by RT-PCR (Figure 4).

Sir2, a member of the Sirtuin family of protein acy-
lases, deacetylates lysine residues within many proteins
and has been implicated in the extension of longevity in D.
melanogaster [43]. In Figure 4(a) the expression levels of
Sir2 are reported. Sir2 was significantly upregulated in female
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flies both after 15 days and 60 days, meanwhile in male flies
the gene was overexpressed only after 2-month supplementa-
tion. As it has been recently demonstrated that Sir2 is a pos-
itive regulator of the Notch pathway in Drosophila [44], we
also investigate the effect of a short and long term supple-
mentation of PTS on the expression of Notch in male and
female flies (Figure 4(b)). Interestingly, the obtained data
were perfectly in agreement with the results on Sir2 expres-
sion. In fact, in female flies, both the short- and long-term
supplementations with PTS were able to up-regulate Notch
expression. In male flies only the 2-month supplementation
led to a significant Notch over-expression. In D. melanoga-
ster, FOXO, the orthologous of the nematode DAF-16/FoxO
and mammalian FOXO3A, has been shown to be a key
transcriptional regulator of the insulin pathway that modu-
lates growth and proliferation, and the increase of its activ-
ity in certain tissues is sufficient to extend fly lifespan [45].
In our study, PTS triggered a significant foxo up-regulation
after 15 days supplementation in female flies and after 2-
month supplementation in male flies (Figure 4(c)).

3.2. Antioxidant Effect of PTS. To study the antioxidant
effect of PTS, flies were supplemented with 100 uM PTS
for 15 days before the induction of oxidative stress. As we
mentioned above, we chose this PTS concentration because,

it was the most effective in increasing lifespan in both sexes.
Oxidative stress was induced by 2.5 mM paraquat or 17.5%
ethanol exposure in both male and female flies [33, 46-49].
PTS did not show any protective activity against both para-
quat and ethanol-induced damage in female flies since the
survival curves of control and PTS supplemented flies were
comparable (Figure 5(a)-5(c)). On the contrary, 100 uM
PTS significantly increased the percentage of survival in
male flies exposed to both paraquat and ethanol (p <0.017
and p <0.0284, respectively). The redox state of flies supple-
mented with PTS and exposed to paraquat or ethanol was
investigated evaluating both the production of ROS and
the total radical scavenging capacity (Figures 6 and 7). In
male flies paraquat significantly increased ROS production
with respect to control, and PTS administration was able
to partially counteract this effect significantly reducing
ROS production compared to paraquat but maintaining
ROS production to levels significantly higher in respect to
controls (Figure 6(a)). These data are strengthened by the
results on the antioxidant capacity of male flies, as paraquat
significantly reduced the total radical scavenging capacity in
respect to controls, meanwhile PTS reverted this effect sig-
nificantly increasing the endogenous antioxidant levels to
value comparable to controls (Figure 6(b)). In female flies
paraquat did not modify endogenous ROS production
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(Figure 6(a)). Slight reduction of the total radical scavenging
capacity is observable both in females exposed to paraquat
and in those pre-treated with PTS even if these results are
not statistically significant (Figure 6(b)).

Ethanol significantly and strongly increased ROS pro-
duction (Figure 7(b)) and decreased the total radical scaveng-
ing capacity (Figure 7(c)) in male flies. PTS supplementation
significantly decreased ROS levels and increased the total
radical scavenging capacity in respect to male flies exposed
to ethanol, but only the total radical scavenging capacity
reached levels comparable to control flies. In agreement with
the data obtained with paraquat, in female flies, ethanol
induced a lower increase of ROS levels in respect to male
flies. PTS triggered a slight reduction of ROS levels with
intermediate values between control and ethanol stressed
flies. Total radical scavenging capacity was significantly
reduced by ethanol exposure in female flies and PTS was
able to significantly increase this value in respect to ethanol
treated flies.

To further investigate the antioxidant activity of PTS, the
expression of 2 antioxidant genes, heme oxygenase (Ho) and
thioredoxin reductase 1 (Trxr-1), was evaluated. Flies were
supplemented with PTS for 15 days (PTS1) or 60 days
(PTS2) and the expression of Ho and Trxr-1 was measured
by RT-PCR (Figure 8).

In agreement with the previous data on oxidative stress,
PTS did not influence the expression of both the enzymes in
female flies. On the other hand, in male flies, PTS supple-
mentation significantly up-regulated Trxr-1 at both supple-

mentation times, and triggered Ho over-expression at the
second time point.

3.3. Anti-Inflammatory Effect of PTS. One of the most recent
theories on aging focuses on the activation of a subclinical,
chronic low-grade inflammation that occurs within this
process, named “inflammaging” [3]. Even if a lot of studies
have demonstrated PTS anti-inflammatory activity in dif-
ferent model systems, no study investigated the anti-
inflammatory effect of PTS in D. melanogaster. On this basis,
female and male flies were supplemented with 100 uM PTS
for 15 days (PTS1) or 60 days (PTS2) and the expression of
two pro-inflammatory genes, domeless (dome) and eiger
(egr), were measured by RT-PCR (Figure 9). In particular,
dome is a signal-transducing receptor with most similarities
to the IL-6 receptor family [50], whereas egr is the fly ortho-
log of TNFa [51]. In female flies, PTS significantly reduced
the expression of dome at 60 days supplementation and the
expression of egr at 15 days supplementation. No effect has
been observed in male flies.

3.4. Proteome Changes Induced by PTS Supplementation. To
understand why PTS supplementation for 15 days counter-
acted oxidative stress in male but not in female flies, we
decided to look at the proteome changes that may be
aroused from this supplementation in the two sexes.
Figure 10 shows representative 2DE images of protein
extracts of bodies of both female (A) and male (B) flies sup-
plemented with 100uM PTS for 15 days. Comparative
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analysis was performed to investigate the effects of PTS in
respect to control both in female and male groups. One-
hundred and thirteen and nine spots were found differen-
tially expressed (ratio>1.2 or<0.83, p <0.05, q value <0.05)
in male and female flies supplemented with PTS in respect
to controls, respectively. For males, only 23 proteins were
identified, of which 19 were significantly induced in respect
to control flies and 4 were significantly lower than control
flies. Venn diagram (Figure 11) illustrates the number of
spots differentially expressed which are common and exclu-
sive between the two sexes. Of the nine proteins modulated
by PTS in female flies, only two were in common with the
proteins differentially expressed in males. Spots of interest
were subsequently subjected to nLC-ESI-MS/MS analysis
and identified. Table 2 shows the list of identified proteins
together with their MW, pl, peptides and coverage values
of MS/MS, ratio and p values. Moreover, normalized mean
values of optical density of the identified differentially
expressed spots were analyzed using Next-Generation Clus-
tered Heat Map to generate a clustered heat map (Figure 12).
In the heat map it is possible to appreciate the higher num-
ber of up-regulated proteins after PTS treatment in male flies
compared to females. In particular, as suggested by gene
ontology analysis, the major changes observed in the males
involve proteins belonging to metabolic processes (i.e. small
molecule metabolic process, carboxylic acid, oxoacid, ATP,
and phosphorus metabolic processes) (Figure 13(b)). Very

few changes were observed in the females and essentially
related to proteins involved in homeostasis processes and
to a lesser degree to metabolic processes (Figure 13(a)).

4. Discussion

Recent studies suggest that PTS can be considered a poten-
tial candidate as an anti-aging agent thanks to its ability to
modulate different hallmarks of aging, including oxidative
damage, inflammation, telomere attrition, and cell senes-
cence [52]. The potential health benefits of PTS on lifespan
extension are supported by different studies that investi-
gated the effect of blueberry on model organisms. In Cae-
norhabditis  elegans, blueberry polyphenols increased
lifespan and thermo-tolerance [6] and blueberry extracts
contributed to lifespan prolongation of D. melanogaster by
the up-regulation of the antioxidant enzymes SOD and cat-
alase [53]. These studies hypothesize that PTS plays a role
in increasing longevity but, to the best of our knowledge,
no author has so far demonstrated a direct effect of PTS
on this parameter. Here, we investigated the effect of PTS
supplementation on Drosophila longevity and its potential
mechanisms of action.

Our data show that PTS supplementation increases the
mean lifespan of male and female flies at specific concentra-
tions. In particular, 100 uM PTS was effective in both male
and female flies, 50 uM increased mean lifespan only in male
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Ficure 11: Venn diagram highlighting the distribution of
differentially expressed spots in protein extracts obtained by PTS
supplemented flies compared to control flies. Both unique and
overlapping spots are reported as actual number (Venny 2.0.2).

flies whereas 200 uM PTS evidenced a toxic effect on both
sexes. Interestingly, PTS supplementation did not modify
the amount of food intake in Drosophila, so the observed
effect is not due to a potential CR induced by PTS off-
flavor. Rather, these results could be related to a hormetic
effect, a biphasic dose-response mechanism characterized
by a low-dose beneficial effect and a high-dose toxic effect
[54]. In agreement with our results, different natural prod-
ucts with a pro-longevity effect have been shown to reduce
the lifespan of animals when supplemented at high doses
[55]. PTS is structurally like resveratrol as both are mono-
meric stilbenes with the only difference that PTS has two
methoxy (-OCH,;) groups and one hydroxyl (~OH) group,
while resveratrol has three —~OH groups (Figure 1). Different
studies investigated the effect of resveratrol supplementation
on D. melanogaster lifespan with apparently contradictory
results. Staats et al. [56] did not observe any effect on life-
span after a 500 uM resveratrol supplementation in D.
melanogaster, meanwhile Abolaji et al. [57] showed that res-
veratrol extended lifespan in a dose dependent manner up to
a concentration of 60mg/kg diet. Interestingly, 120 mg/kg
diet did not modify lifespan when compared to control flies
as observed by Staats et al., suggesting that only specific res-
veratrol concentrations are effective in prolonging lifespan.
These data agree with our observations on the effect of
PTS on the mean lifespan of D. melanogaster where only
one dose in females (100 #uM) and two doses in males (50
and 100 uM) where able to increase this parameter. More-
over, we observed a higher food intake in male flies com-
pared to female flies and this could explain why 50 uM
PTS supplementation increased mean lifespan of male flies
but was not effective on female flies.

As resveratrol has been demonstrated to be effective in
increasing lifespan of different model organisms through
the up-regulation of Sirtl [52], we hypothesized that PTS
could act on the same molecular target in Drosophila. It
has been shown that Sirtl, a (NAD+)-dependent deacetyl-
ase, has a role in lifespan extension, stress resistance and
apoptosis reduction [58, 59]. Sirtl regulates a great number
of downstream molecules, including p53, Foxol, Foxo3,

Oxidative Medicine and Cellular Longevity

Foxo4, E2F1, and Notch [44, 60]. Our data demonstrate that
PTS supplementation up-regulates the Drosophila Sirtl
homolog, Sir2, already after 15 days in females, and in both
sexes after 60 days. Of note, to our knowledge, no other
study demonstrated that PTS increases Sirtl in healthy indi-
viduals undergoing a physiological aging process. In fact, the
research demonstrating PTS ability to increase Sirtl expres-
sion have been carried out in different pathological condi-
tions in which Sirtl resulted down-regulated in respect to
healthy individuals.

To further investigate the effect of PTS on the mean
lifespan in D. melanogaster we measured the expression of
two downstream target of Sir2, Notch and foxo. The Notch
signaling pathway is highly conserved among species from
Drosophila to humans. It has a fundamental role in adult
central nervous system for neural plasticity and triggers
neural differentiation during development [61]. Notch is a
membrane-bound transcription factor that is released to
the nucleus by a two-step cleavage mechanism [62]. The sec-
ond cleavage is carried out by Presenilin and knockout of
Presenilin causes the impairment of synaptic plasticity and
memory formation in mice [63]. Moreover, it has been
observed an impairment in spatial learning and memory of
mice carrying a heterozygous mutation of Notch [64]. Pre-
sente et al. [61] observed that D. melanogaster with a selec-
tive loss of Notch function in adulthood show a syndrome
that includes loss of flight and premature death from
unknown causes. In our study, PTS supplementation trig-
gered a significant up-regulation of Notch with the same
regulatory pattern of Sir2, suggesting, as previously under-
lined, a strong crosstalk between these two proteins.

Foxo is a transcription factor acting as downstream
effector of insulin signaling and its activity has been
observed to be strictly related with stress resistance and life-
span extension in many organisms including humans [65].
In our model system, PTS led to an increase of foxo expres-
sion in female flies only after 15 days supplementation and
in male flies only after 2-month supplementation, suggesting
a potential role in modulating longevity of both sexes, but
indicating that PTS can have different effects in male and
female flies.

There are many factors that cause aging, among which
oxidative stress and inflammation have been demonstrated
to play a fundamental role [66]. Oxidative stress is an
imbalance between the production and the removal of reac-
tive oxygen species. According to the oxidative stress theory
of aging, the functional impairment typical of elderly is
connected to the accumulation of structural alterations
due to the oxidative damage to macromolecules by ROS
[67]. On these bases, we verified if PTS boosts the Drosoph-
ila antioxidant system making flies more resistant to oxida-
tive stress. To mimic this condition, we exposed flies to
paraquat [48, 49] and ethanol [47, 68]. Interestingly, after
exposure to acute ethanol doses, fruit flies show behaviors
similar to those observed in humans and mammalian
models [69].

A PTS supplementation for 15 days was able to counter-
act oxidative stress only in male flies, while it was not effec-
tive in female flies, evidencing, once again, the different
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FiGure 12: Clustered heat map of differentially expressed proteins after PTS supplementation in female and male samples. Heat map was
generated using NG-CHM GUI 2.20.2 software. Z-norm transform was used to normalize the row values (mean of normalized optical
densities of spots, n=3) and resulting transform data matrix used to build the heat map. A hierarchical ordering method was applied to
clustered rows and columns. Euclidean distance metric was applied to hierarchically clustered rows and columns. Data matrix
distribution values range from -1.72 to +1.72. The brighter the color, the more intense the changes are. ctrl_m: male control; ctrl_f:
female control; pts_m: males treated with PTS; pts_f: females treated with PTS.

effect of PTS on the two sexes. Interestingly, our data
obtained by proteomic analysis indicate that PTS is able to
significantly increase alcohol dehydrogenase (ADH) expres-
sion only in male flies, supporting the positive PTS activity
against ethanol in male flies but not in female flies. In D.
melanogaster, ADH metabolizes more than 90% of ethanol
and in ADH deficient flies a higher toxicity of ethanol has
been observed [70]. Of note, in the first 24h, paraquat
induced a higher mortality in male flies in respect to female
flies (p <0.0063). Our results are in agreement with the data
of Kriicek et al. [71] that observed a higher mortality
induced by 25 mM Paraquat in male flies in respect to female
flies. This could be ascribed to a different expression of the
endogenous antioxidant enzymes in the two sexes. In fact,
as demonstrated by Niveditha et al. [33], in female flies the
activity of the antioxidant enzymes SOD and catalase is sig-
nificantly higher in respect to male flies. These data are in
agreement with our results that evidenced a higher antioxi-
dant capacity of females flies (~3.9mg TE/mg protein) in
respect to male flies (~1.7 mg TE/mg protein).

To have a better insight on the antioxidant mechanisms
of PTS in Drosophila we investigated the effect of PTS on the
expression of two antioxidants enzymes, Ho and Trxr-1. We
decided to investigate these two antioxidant enzymes
because Ho has been demonstrated to be upregulated by
PTS in both cell cultures and animals [72-76] and many
studies observed an up-regulation of Trxr-1 and Trx-1 trig-
gered by resveratrol [77, 78] but no studies investigated
PTS effect on Trxr-1. Moreover, Ho and Trxr-1 are classified

as vitagenes, a group of genes which are strictly involved in
preserving cellular homeostasis during stressful conditions
[79]. The vitagene family is composed of the heat shock pro-
teins (Hsp) Hsp32 (also known as HO-1), Hsp70, sirtuins
and by the thioredoxin system [70, 80-82]. In agreement
with the data on the protection against oxidative stress,
PTS up-regulated Ho and Trxr-1 only in male flies. Our
hypothesis is that PTS is more effective in inducing the anti-
oxidant system in males in respect to females because the
female endogenous antioxidant system is already highly
expressed, and maybe PTS is not able to trigger a further
increase.

Many studies have associated an anti-inflammatory
activity to PTS. It has been described that PTS inhibited
mitogen-activated protein kinase (MAPK) phosphorylation
and the production of pro-inflammatory cytokines (Inter-
leukin-6 and TNF-«) in mouse microglial cells activated by
lipopolysaccharides [83]. Moreover, PTS showed inhibitory
effect on inflammatory responses following the interaction
of 3T3-L1 adipocytes with RAW 264.7 macrophages [84].
Our data demonstrated that PTS supplementation reduced
the expression of two pro-inflammatory cytokines, in partic-
ular dome, that has similarities with the mammalian IL-6
receptor family [9] and egr, the fly orthologue of TNF«
[51], in female flies, but had no effect in male flies.

We performed proteomic analyses of male and female
flies supplemented for 15 days with PTS to better character-
ized the mechanisms behind the higher protection of PTS
against oxidative stress in males in respect to female flies.
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Unlike what we would have expected, the proteomics data
did not provide further information useful for understand-
ing the different effect of PTS supplementation on oxidative
stress. Nevertheless, several interesting aspects emerged.
The results showed that PTS modulates a higher number of
proteins in male in respect to female flies (113 and 9, respec-
tively). Among the identified proteins, only one is in com-
mon between the two sexes: vacuolar H[+] ATPase 68kDa

subunit 2 (Vha68-2).The strong down-regulation of Vha68-
2 by PTS is comparable in the two sexes. This protein is part
of the vacuolar proton-translocating ATPase (V-ATPase)
that is organized into 2 subcomplexes, namely, the ATP-
catalyzing domain (V1) and a proton-translocation domain
(V0) and Vha68-2 belongs to VO domain. V-ATPase is a
key regulator of organelle acidification in eukaryotic cells
[85, 86] and has been demonstrated to modulate several
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cellular processes, like membrane trafficking and protein
degradation [86, 87]. In D. melanogaster the role of Vha68-
2 has been marginally investigated in only one study related
to the function of Drosophila salivary glands during the early-
to mid-prepupal period [88]. However, a role of V-ATPase in
longevity has been demonstrated in C. elegans where the
RNAi downregulation of 2 different subunits of the V-
ATPase, vha-3 and vha-12 belonging to V0 and V1, respec-
tively, increased lifespan. The authors suggested that this life-
span extension might be due to Ce.TOR inhibition, because
V-ATPase is required for the spatial regulation and subse-
quent activation of TORC1 [89]. On the other hand, only
in male flies, vacuolar proton pump subunit B (Vha55), that
corresponds to vha-21 in C. elegans [90], is induced by PTS
supplementation. These observations suggest that Vha68-2
downregulation by PTS could be involved in the observed
increase in both male and female lifespan. Further studies
should be carried out to better investigate this point and to
verify how this protein is modulated in older flies.

Among the proteins modulated by PTS in female flies,
enolase and pyruvate dehydrogenase are particularly inter-
esting as are enzymes related to glucose metabolism, the first
one is a glycolytic enzyme, meanwhile the second one trans-
forms the product of glycolysis, pyruvate, in acetyl CoA.
Both are strongly downregulated, and this is in agreement
with the observations that caloric restriction is characterized
by a decreased glucose metabolism [91, 92]. Moreover,
Schriner et al. [91], studying the mechanisms behind Rho-
diola rosea ability to extend life span in Drosophila, evi-
denced that R. rosea significantly reduced the expression of
enolase in female and not in male flies and associated this
effect with lifespan increase. This is supported by our data
as we observed the downregulation of this enzyme only in
female flies that showed a higher mean lifespan in respect
to male flies. The limitation of our results is that they were
obtained analyzing relatively young flies (15 days old) and
as underlined previously, to draw more reliable conclusions,
turther studies should be carried out to investigate the prote-
ome of older flies.

Among the proteins modulated by PTS in male flies,
malate dehydrogenase 2 (mdh2) shows the highest upregula-
tion (fold >3). Mdh2 is closely related to mitochondrial
malate dehydrogenases from multiple animal species,
including mouse Mdh2 and yeast Mdhl and localizes to
mitochondria in vivo [93]. Its main role is to transform
malate to oxalacetate in the tricarboxylic acid cycle and is
critical for cellular energy production. This is supported by
the observation of Wang et al. [93] that observed signifi-
cantly lower levels of ATP in Mdh2 Drosophila mutants
and an accumulation of late-stage citric acid cycle intermedi-
ates. Of note, this protein is strongly up-regulated in male and
not in female flies and this suggests that this up-regulation
triggered by PTS could be linked to the presence of specific
male hormones. In general, PTS induces different proteins
related to metabolic pathways, among them pyruvate carbox-
ylase and kinase, succinate-semialdehyde dehydrogenase, 3-
hydroxy-3-methylglutaryl coenzyme A synthase, and ATP-
dependent 6-phosphofructokinase. On the other hand, PTS
downregulates few proteins, among them Vha68-2, previously
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discussed, Annexin B10 (AnxB10), electron transfer flavo-
protein subunit beta (ETFB), 14-3-3 protein zeta (14-3-
3zeta), and translationally-controlled tumor protein homo-
log (Tctp). Interestingly, in D. melanogaster it has been
demonstrated that 14-3-3 genes show strong genetic interac-
tion with Tctp [94], a protein involved in Tor signalling
[94-97]. In particular, in Drosophila, Tctp is essential for
organ growth by promoting Rheb function for Tor signalling
as a guanine nucleotide exchange factor [95]. Moreover, Tctp
is over-expressed in cancer cells, and its downregulation
induces the reversion of tumour phenotypes [98-100]. From
this point of view, the reduction of Tcpt triggered by PTS
supplementation in male flies could have a role in counter-
acting tumorigenesis. Further studies should be carried out
to better clarify this interesting aspect.

5. Conclusions

In conclusion, our data demonstrate for the first time that
PTS increases average lifespan of both male and female flies.
Interestingly, the mechanisms behind this effect are different
in the two sexes. Protein related to longevity are modulated
with different time patterns in the two sexes, moreover PTS
was able to increase the expression of two genes (Ho and
Trxr-1) involved in the antioxidant defense only in male flies
and reduces pro-inflammatory proteins only in female flies.
Proteomic analysis suggests a potential involvement of
Vha68-2 in the observed increase of lifespan, a reduction
of glucose metabolism in female flies and an induction of
different metabolic pathways in male flies together with the
downregulation of 14-3 3zeta and Tctp suggesting a poten-
tial role of PTS in reducing tumorigenesis. These data show
that males and females respond differently to treatments,
reinforcing the emerging idea that studies on drugs and
nutraceuticals should be conducted separately in the two
sexes to give more reliable answers. Moreover, these results
stressed on the importance of creating personalized treat-
ment, that take into consideration the genetic and biological
diversity that arise among different individuals and among
the two sexes.
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