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ABSTRACT

Caloric restriction has been shown to robustly ameliorate age-related diseases and to prolong lifespan in
several model organisms, and these beneficial effects are dependent on the stimulation of autophagy.
Autophagy dysfunction contributes to the accumulation of altered macromolecules, and is a key mechanism of
promoting aging and age-related disorders, as neurodegenerative ones. We have previously shown that caloric
restriction (CR), and CR mimetics Neuropeptide Y (NPY) and ghrelin, stimulate autophagy in rat cortical
neurons, however by unknown molecular mechanisms. Overall, we show that CR, NPY, and ghrelin stimulate
autophagy through PI3K/AKT/MTOR inhibition and ERK1/2-MAPK activation. The knowledge of these kinases in
autophagy regulation and the contribution to the understanding of molecular mechanism facilitates the
discovery of more targeted therapeutic strategies to stimulate autophagy, which is relevant in the context of
age-related disorders.

INTRODUCTION

Aging of the cerebral cortex, a thin layer that surrounds
brain tissues, is correlated with structural and functional
transformations that unfailingly prompt deficits in
cognitive capabilities and increased susceptibility to
neurodegenerative diseases [1]. The accumulation of
damaged and toxic aggregate-prone proteins has been
established as a common pathological hallmark shared
by many of these neurodegenerative disorders [2].

Autophagy, an intracellular degradative system that
removes damaged cellular constituents and protein
aggregates, is critical for cellular constituents recycling
and cellular homeostasis maintenance in a wide range of
species [3, 4]. Autophagy impairment leads therefore to
the accumulation of molecular waste and cellular

dysfunction being a major pillar of the aging process
age-related diseases pathogenesis [5-7]. Strategies that
promote autophagy are relevant to counteract the aging
process.

Caloric restriction, an intervention in which there is a
severe reduction in the calories consumed without leading
to malnutrition, remains the most robust non-
pharmacological longevity-promoting intervention known
to delay the onset of age-related diseases and to increase
lifespan, at least in part, by stimulating autophagy, in
different animal species, spanning from yeast to mammals
[8-13]. The anti-aging role of caloric restriction is also
tied to neuroendocrine system alterations, particularly the
increase of hypothalamic NPY and circulating levels of
ghrelin, orexigenic peptides which regulate food intake
and energy expenditure [14-17].
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Previously, we reported the ability of caloric restriction
mimetic cell medium to promote autophagy in primary
rat cortical neuron cultures, through the activation of
NPY or ghrelin receptors signaling [18]. Moreover, our
work further showed that NPY and ghrelin can
replicate, per se, these effects, reinforcing their role as
caloric restriction mimetics candidates and act as
rejuvenating factors [18, 19]. Notwithstanding, the
molecular pathways underlying caloric restriction and
both  NPY and ghrelin-induced autophagy in the
cerebral cortex are not fully understood. Autophagy
usually occurs through the canonical pathway, which
depends on the inhibition of mammalian target of
rapamycin complex 1 (mTORC1), but other pathways
exist [20]. Focusing on other signaling pathways that
regulate autophagy in mammalian cells, one mechanism
by which growth factor signaling regulates
MTOR is through the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT), PI3K/AKT pathway. In
addition to PIBK/AKT signaling, autophagy may also be
regulated by the action of the kinase (ERK)1/2 mitogen-
activated protein kinase (MAPK), ERK1/2-MAPK
signaling transduction cascades [21].

To this end, the aim of the present work was, therefore,
to explore the intracellular signaling pathways
underlying in the stimulation of autophagy by caloric
restriction, and NPY and ghrelin, putative caloric
restriction mimetics, in primary rat cortical neuron
cultures. This work will provide new insights on the
induction of autophagy by multiple kinases with special
highlight on PI3BK/AKT and ERK1/2-MAPK.

RESULTS

Caloric restriction, NPY, and ghrelin induce
autophagy trough PI3BK/AKT/MTOR pathway

We evaluated the mechanisms underlying autophagy
induction by caloric restriction, NPY, and ghrelin in
rodent cortical neurons in culture. mMTORCL is the key
molecular switch for autophagy induction. When this
conserved serine/threonine kinase is inhibited, the
initiation of the autophagic process is relieved and
autophagy is activated [22-24]. As we have previously
shown, caloric restriction stimulates autophagy in
primary rat cortical neuron cultures via the canonical
inhibition of MTOR activity [18]. Nonetheless,
autophagy in mammalian cells is known to be regulated
by several other pathways [21]. In line with this, to
scrutinize the potential involvement of PI3K/AKT
signaling pathway in caloric restriction-induced
autophagy in cortical neurons, primary rat cortical
neuron cultures were subjected to caloric restriction
mimetic media (referred to as caloric restriction
hereafter) for 6 h in the absence or presence of PI3K

inhibitor (LY294002 (LY), 10 puM). The levels of
phosphorylated AKT, a downstream effector of PI3K,
and LC3B-Il and SQSTML, autophagy markers, were
evaluated by Western blotting. First, as showed in
Figure 1A, caloric restriction decreased AKT
phosphorylation in primary rat cortical neurons and, this
effect was exacerbated by the PI3K inhibitor. As
expected, PI3K inhibitor alone significantly decreased
AKT phosphorylation. Regarding autophagy, caloric
restriction increased LC3B-IlI levels in primary rat
cortical neurons and this effect was partially blocked by
PI3K inhibitor (Figure 1B). Concomitant with LC3B-I1I
increase, caloric restriction decreased SQSTML1 protein
content and PI3K inhibitor inhibited this effect (Figure
1C). These data suggest that PISK/AKT intracellular
signaling pathway inhibition is necessary for caloric
restriction-induced autophagy in primary rat cortical
neuron cultures. However, other signaling pathways
may be modulated under caloric restriction to regulate
autophagy.

Primary rat cortical neuron cultures were treated with
100 nM NPY or 10 nM ghrelin in the absence or
presence of LY (10 uM), to support that NPY and
ghrelin act as caloric restriction mimetics candidates, as
we previously demonstrated [18]. After 6 h, the levels
of phosphorylated AKT and, LC3B-Il and SQSTML,
autophagic markers, were evaluated by Western
blotting. NPY and ghrelin decreased AKT
phosphorylation in rat cortical neuron cultures (Figure
1D, 1G), as observed in caloric restriction condition
(Figure 1A), and these effects were exacerbated by the
PI3K inhibitor.  Similar to caloric restriction, the
increase in LC3B-Il levels promoted by NPY and
ghrelin (Figure 1E, 1H, respectively) was abolished by
the PIBK/AKT inhibitor (Figure 1E, 1H). These results
suggest that NPY and ghrelin, like caloric restriction,
induce autophagy via inhibition of PISK/AKT
intracellular signaling pathway. As shown in Figure 1F,
11, SQSTM1 levels decreased upon NPY and ghrelin
treatment, respectively. However, while PI3K inhibitor
blocked NPY effect, it had no effect on ghrelin-induced
decrease in SQSTML1 protein levels. PI3K alone had no
impact on the levels of both autophagy markers (Figure
1E, 1H, 1F, 1I).

Considering these observations and to better understand
the involvement of PISK/AKT pathway on the
regulation of autophagy machinery by caloric restriction
and NPY and/or ghrelin, we investigated the effects of
PI13K inhibitor on MTOR, a downstream effector of this
pathway, under caloric restriction or caloric restriction
mimetics in primary rat cortical neurons. As shown in
Figure 2, similarly to AKT, the levels of phosphorylated
MTOR were reduced after caloric restriction (Figure
2A), or NPY and ghrelin (Figures 2B, 2C), and this
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Figure 1. The stimulatory effect of caloric restriction, NPY, and ghrelin on autophagy in cortical neurons is mediated by the
inhibition of PI3K/AKT. Primary rat cortical neurons were exposed to caloric restriction mimic medium (CR) - DMEM low glucose, NPY (100
nM) or ghrelin (GHRL, 10 nM) for 6 h. Untreated cells were used as control (Ctrl). (A-1) Cells were incubated with PI3K/AKT inhibitor
(LY294002 (LY), 1 uM), 30 min before caloric restriction, NPY, or ghrelin treatment. Whole-cell extracts were assayed, phospho-AKT (A, D, G),
LC3B-II (B, E, H), SQSTM1 (C, F, I) and AKT or a-Actin (loading control) immunoreactivity through Western blotting analysis, as described in
Materials and Methods. Representative Western blots for each protein are presented above each respective graph. The results represent the
mean+SEM of, at least, four independents experiments, and are expressed as a percentage of control. *p<0.05, **p<0.01, ***p<0.001 and
***%5<0.0001, significantly different compared to control; $p<0.05, $5p<0.01, $5p<0.001 and $%%p<0.0001, significantly different from
stimulus-treated cells, as determined by ANOVA, followed by Newman-Keuls multiple comparison test.
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effect was exacerbated in the presence of PI3K
inhibitor. As expected, PI3K inhibitor alone decreased
the activity of MTOR (Figure 2). These findings
indicate that caloric restriction and NPY and ghrelin
enhance autophagy through MTOR inhibition, although
other signaling pathways may be involved.

Overall, we show that PI3BK/AKT/MTOR intracellular
signaling cascade inhibition, is necessary for caloric
restriction- and NPY/ghrelin-induced stimulation of
autophagic process in primary rat cortical neuron
cultures further supporting NPY and ghrelin as caloric
restriction mimetics.

Caloric restriction, NPY, and ghrelin induce
autophagy trough ERK1/2-MAPK pathway

We then investigated other possible molecular
mechanisms involved in caloric restriction-, NPY-, and
ghrelin-induced autophagy. Rat cortical neuron cultures
were exposed to caloric restriction, NPY (100 nM), or
ghrelin (10 nM) for 6 h in the absence or presence of
ERK1/2-MAPK inhibitor (U0126 (U0), 10 uM). The
levels of ERK phosphorylation and autophagic markers,

LC3B-Il, and SQSTM1, were evaluated by Western
blotting.

First, as showed in Figure 3A, caloric restriction
increased ERK phosphorylation in primary rat cortical
neuron cultures and, as expected, ERK1/2-MAPK
inhibitor blocked this effect. Caloric restriction-induced
autophagy, as shown by the increase in LC3B-Il and
decrease in SQSTM1 protein levels, was inhibited by
ERK1/2-MAPK inhibitor (Figure 3B, 3C). These
observations suggest that ERK1/2-MAPK intracellular
signaling cascade activation is necessary for caloric
restriction-induced autophagy in primary rat cortical
neuron cultures.

NPY and ghrelin, as caloric restriction, also increased
ERK phosphorylation in primary rat cortical neurons,
and this effect was blocked by ERK1/2-MAPK inhibitor
(Figure 3D, 3G). NPY, like caloric restriction, increased
LC3B-Il and decrease SQSTML1 levels and, this effect
was partially blocked by ERK1/2-MAPK inhibition
(Figure 3E, 3F). Interestingly, while upon ghrelin
treatment no alterations were observed in LC3B-II
levels, in the presence of ERK1/2-MAPK inhibitor,
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Figure 2. PI3K inhibition decreases MTOR activity in primary rat cortical neurons. Primary rat cortical neurons were exposed to
caloric restriction mimic medium (CR) - DMEM low glucose, NPY (100 nM), or ghrelin (GHRL, 10 nM) for 6 h. Untreated cells were used as
control (Ctrl). (A—C) Cells were incubated with PI3K/AKT inhibitor (LY294002 (LY), 1 uM), 30 min before caloric restriction, NPY, or ghrelin
treatment. Whole-cell extracts were assayed, phospho-MTOR (A—C), and MTOR or a-Actin (loading control) immunoreactivity through
Western blotting analysis, as described in Materials and Methods. Representative Western blots for each protein are presented above
each respective graph. The results represent the meantSEM of, at least, four independents experiments, and are expressed as a
percentage of control. **p<0.01, ***p<0.001 and ****p<0.0001, significantly different compared to control; $*p<0.01, $%$p<0.001 and
$555p<0.0001, significantly different from stimulus-treated cells, as determined by ANOVA, followed by Newman-Keuls multiple

comparison test.
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Figure 3. The stimulatory effect of caloric restriction, NPY, and ghrelin on autophagy in cortical neurons is mediated by the
activation of ERK1/2-MAPK. Primary rat cortical neurons were exposed to caloric restriction mimic medium (CR) - DMEM low glucose,
NPY (100 nM), or ghrelin (GHRL, 10 nM) for 6 h. Untreated cells were used as control (Ctrl). (A-l) Cells were incubated with ERK1/2-MAPK
inhibitor (U0126 (U0), 1 uM), 30 min before caloric restriction, NPY or ghrelin treatment. Whole-cell extracts were assayed, phospho-ERK (A,
D, G), LC3B-Il (B, E, H), SQSTM1 (C, F, 1), and ERK or a-Actin (loading control) immunoreactivity through Western blotting analysis, as
described in Materials and Methods. Representative Western blots for each protein are presented above each respective graph. The results
represent the meanSEM of, at least, four independents experiments, and are expressed as a percentage of control. ¥*p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001, significantly different compared to control; $p<0.05, $$p<0.01, $%%p<0.001 and **%%p<0.0001, significantly
different from stimulus-treated cells, as determined by ANOVA, followed by Newman-Keuls multiple comparison test.
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SQSTML levels increased (Figure 3H, 3I), suggesting
that the inhibition of these pathway blocks SQSTM1
degradation.

These results might explain that ERK1/2-MAPK
intracellular signaling pathway activation is implicated
in the caloric restriction- and NPY-induced autophagy
in rat cortical neuron cultures. The results also suggest
that ghrelin-induced autophagic degradation is impaired
under ERK1/2-MAPK inhibition.

Caloric restriction, NPY, and ghrelin induce
autophagy: crosstalk between PI3K/AKT and
ERK1/2-MAPK

To further dissect the mechanisms involving both
kinases, PIBK/AKT and ERK1/2-MAPK intracellular
signaling cascades, in the regulation of autophagy, we
further explore the interplay between these two
signaling pathways in primary rat cortical neurons.

Caloric restriction increased ERK phosphorylation and
PI3K/AKT inhibitor (LY) inhibited the ERKZ/2-
MAPK signaling pathway (Figure 4A). Interestingly,
we observed that caloric restriction decreased AKT
phosphorylation and ERK1/2-MAPK inhibitor (U0)
had no effect on AKT phosphorylation (Figure 4B).
These observations pinpoint that AKT is upstream of
ERK in the caloric-restriction-induced stimulation of
autophagy.

Similarly to caloric restriction, as shown in Figure 4C,
4E, both NPY and ghrelin increased ERK
phosphorylation and this effect was inhibited by
PI3K/AKT inhibitor (LY). We also observed that NPY
decreased AKT phosphorylation and ERK1/2-MAPK
(U0) inhibitor partially reversed this effect (Figure 4D).
Interestingly, we also observed that ghrelin decreased
AKT phosphorylation and ERK1/2-MAPK inhibitor
seems to revert this effect (Figure 4F). Overall, these
findings suggest that these two pathways are at the
same level, but are not independent of each other, in
the mechanism of autophagy induction by NPY and
ghrelin.

DISCUSSION

Here, we provide new evidence that caloric restriction,
and NPY and ghrelin, caloric restriction mimetics,
stimulate autophagy through PI3K/AKT/MTOR
inhibition and ERK1/2-MAPK activation in cortical
neurons.

The capability of healthy cells to efficiently dealt with
dysfunctional cellular and molecular components rely
on autophagy induction as an adaptive response to

stress, allowing it to maintain cell survival under
nutrient starvation or clear protein aggregates,
malfunction organelles or, intracellular pathogens [25—
27]. Autophagy decline has been associated with aging
and age-related diseases, therefore restoring autophagic
capacity of cells has been considered an attractive
therapeutic target to delay aging and promote health
[28-30]. The main mechanisms that control autophagy
induction are already known. The canonical autophagy
pathway consists in the inactivation of the mTORC1, a
nutrient-sensor signaling pathway known to regulate
longevity [31]. It is a well-known molecular switch for
autophagy induction, but there are other signal
transduction  cascades that regulate autophagy
downstream of MTOR, at known or yet unknown
points. Overall, there is still much to uncover regarding
the factors and signaling pathways regulating the
induction of autophagic process in mammalian cells, as
well as some disparity, may be related to cell-type
specificity, which still need to be addressed.

As we previously reported, caloric restriction, NPY,
and ghrelin induce autophagy and also decrease MTOR
phosphorylation, suggesting that caloric restriction and
caloric restriction mimetics induce autophagy in
primary rat cortical neuron cultures through mTORCL1
inhibition [18]. This was an expected outcome, given
the fact that MTOR signaling responds to different
intra- and extracellular conditions [20]. However, as
the primary rat cortical neuron cultures used were
under nutrient-rich conditions, some MTOR kinase
activity is still observed, suggesting that other signaling
pathways may regulate autophagy independent of
canonical MTOR inhibition as investigated in the
present paper.

Bearing in mind that canonical autophagy pathway,
MTOR, acts as a crucial regulator of the balance
between the autophagic process and growth, it is
understandable that other cell signaling pathways are
interconnected with MTOR and are responsible for the
orchestration of the metabolic regulation of the cells
according to the extracellular conditions [23].
Phosphatidylinositol-3-kinase, PI3K/AKT, is the
canonical cascade that negatively controls autophagy,
through MTOR activation. PI3BK/AKT inhibitors, such
as 3-methylladenine, wortmannin, and LY 294002, have,
therefore, been used as autophagy inhibitors. Once used,
these compounds block class | as well as class Il
PI13Ks. While class 1l PI3Ks are required for the
initiation and progression of autophagy, class | PI3Ks
indirectly activate MTOR complex and suppress the
autophagic turnover pathway. In sum, the net effect of
these pharmacological inhibitors is commonly to inhibit
autophagy due to the class Il enzymes, which are
needed to switch-on autophagy, acting downstream of
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Figure 4. Interplay between PI3K/AKT and ERK1/2-MAPK signaling pathways under caloric restriction, NPY, and ghrelin-
induced autophagy in cortical neurons. Primary rat cortical neurons were exposed to caloric restriction mimic medium (CR) - DMEM
low glucose, NPY (100 nM), or ghrelin (GHRL, 10 nM) for 6 h. Untreated cells were used as control (Ctrl). (A—F) Cells were incubated with
PI3K/AKT inhibitor (LY294002 (LY), 1 uM) or ERK1/2-MAPK inhibitor (U0126 (U0), 1 uM), 30 min before caloric restriction, NPY, or ghrelin
treatment. Whole-cell extracts were assayed, phospho-ERK (A, C, E) and phospho-AKT (B, D, F) and ERK or AKT (loading control)
immunoreactivity through Western blotting analysis, as described in Materials and Methods. Representative Western blots for each
protein are presented above each respective graph. The results represent the mean+SEM of, at least, four independents experiments,
and are expressed as a percentage of control. ¥*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001, significantly different compared to

control; $p<0.05 and *%p<0.01, significantly different from stimulus-treated cells as determined by ANOVA, followed by Newman-Keuls
multiple comparison test.
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the negative regulatory class | [32]. In contrast, a kinase
(ERK)1/2 mitogen-activated protein kinase (MAPK),
ERK1/2-MAPK, has also been linked to autophagy
regulation [33, 34]. ERK signaling pathway and
initiation of autophagosome formation at the plasma
membrane, suggesting a potential functional association
between components of the ERK signaling transduction
cascade and autophagosome [35, 36]. Nevertheless,
there is still a knowledge gap on the autophagy
machinery regulation by these kinases.

We investigated the role of kinase signaling cascades,
PIBK/AKT and ERK1/2-MAPK, on autophagy
induction upon caloric restriction, NPY, and ghrelin
exposure in rat cortical neuron cultures. By using
selective inhibitors of the identified pathways, we show
that both pathways are involved, at least in some steps
of the autophagic process, for the three conditions. Our
study is significant in demonstrating the functional
interplay between the Kinases under this study,
PISBK/AKT and ERK1/2-MAPK, in promoting
autophagy in vitro. Our results show that autophagy
induced by caloric restriction is dependent on the
inhibition of AKT and activation of ERK signaling
pathways. Moreover, our results also suggest that AKT
is upstream of ERK pathway in this regulatory process.
On the other hand, we report that AKT and ERK
pathways act independently from each other in the NPY
and ghrelin stimulation of autophagy. The knowledge of
kinases involved in autophagy regulation, and the
deciphering of the precise mechanisms at the molecular
within this machinery, might facilitate the development
of more targeted pharmaceutical approaches and
provide new putative therapeutic tools to stimulate
autophagy, which is relevant in the context of age-
related deteriorations and extend longevity.

Considering autophagy as a major mechanism
underlying caloric restriction’s beneficial effects and
regarding that its application for long periods in
humans is very difficult to maintain, the discovery of
caloric restriction mimetic strategies that induce the
beneficial effect of caloric restriction without its
discomfort are very relevant. Our studies reinforce, that
NPY and ghrelin are putative caloric restriction
mimetic candidates. Besides aging is correlated with
reduced levels of NPY and ghrelin and decreased
autophagic function, it is tempting to speculate a
potential link between the beneficial effect of NPY and
ghrelin on autophagy and the delay of aging.
Unravelling the key mechanism(s) underlying the
autophagy induction in young and healthy cells is
crucial to develop caloric restriction mimetics and more
targeted therapeutic approaches that exploit hormone-
and nutrient-sensitive signaling circuitries and to turn
back the time.

MATERIALS AND METHODS
Animals

For all experiments in this work, female Wistar rats
were acquired from Charles River Laboratories
(L'Arbresle, France). Experiments were performed in
accordance with the guidelines of the European Union
Directive for Animal Research, Directive 86/609/EEC
for the use and care of animals in the laboratory,
translated to the Portuguese law in 2013 (Decreto-lei
113/2013). All researchers involved in this study
received competent training [(Federation of Laboratory
Animal Science Associations (FELASA)-certified
course] and certification to perform the experiments
from the Portuguese authorities (Direccdo Geral de
Alimentacdo e Veterinaria). The present work and
described animal experimentation was approved by the
Portuguese Science Foundation. CNC — Center for
Neuroscience and Cell Biology — University of Coimbra
animal experimentation board approved the utilization
of animals for this project (reference PTDC/SAU-
FCF/099082/2008). The number of animals used was
minimized to reduce animal suffering.

Primary rat cortical neuron cultures

Primary rat cortical neuron cultures were obtained as
previously published by our group [18]. In short,
cortical neurons were obtained from brain rats at
embryonic days 18-19 (E18-19) and cultured in high
glucose (4.5 g.L ') Neurobasal medium with 500 uM L-
Glutamine, 2 % B27 supplement, 100 U.mL* penicillin
and, 100 pg.mL* streptomycin (all from Gibco), with
no growth factors, on poly-D-Lysine coated cell culture
plates. Cortical neurons were maintained at 37° C in a
humidified incubator with 5 % COy/air for 8 days and
the medium was replaced every fourth day by aspirating
half of the medium from each well and replacing it with
fresh medium.

Experimental conditions

To mimic a caloric restriction condition, primary rat
cortical neuron cultures were exposed to a Dulbecco’s
Modified Eagle Medium (DMEM; Sigma- Aldrich) low
glucose medium (1 g.L* glucose, 100 U.mL™* penicillin
and, 100 pgmL?' streptomycin, without B27
supplementation) or, NPY (100 nM; Phoenix Europe
GmbH) or acylated ghrelin (10 nM; Bachem) as
previous described [18]. Protein kinase inhibitors were
used as follow: PI3K/AKT inhibitor (LY294002; 10
uM) and ERK1/2-MAPK inhibitor (U0126; 10 puM),
both from Merck Millipore. Inhibitors were added to
cell culture medium 30 min before the addition of
caloric restriction mimetics NPY or ghrelin for 6 h.
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Western blotting

Western blotting of rat cortical neurons whole-cell
lysates was performed as previously described by our
group [18]. Briefly, cell lysates were separated by
electrophoresis in  SDS-PAGE and, transferred
electrophoretically to PVDF membranes (Millipore).
After blotting, the membranes were blocked in 5 % non-
fat milk in Tris-buffered saline containing 0.1 % Tween
20 (TBS-T) for one hour at room temperature and then
incubated overnight with the primary antibodies at 4° C.
The primary antibodies used were: rabbit polyclonal
anti-LC3B, anti-SQSTM1, anti-phospho-AKT (Ser4’3),
anti-AKT, anti-phospho-p44/42 MAPK (MEK/ERK1/2)
(Thr?02/Tyr?04) anti-p44/42 MAPK (MEK/ERK1/2),
anti-phospho-MTOR (Ser?4®) and anti-MTOR, all at a
dilution 1:1000, from Cell Signaling Technologies.
Thereafter, the membranes were incubated with alkaline
phosphatase-linked secondary antibodies, specific to
rabbit IgG or mouse 1gG in a 1:10000 dilution (GE
Healthcare). Protein immunoreactivity was detected by
chemifluorescence using the ECF substrate (GE
Healthcare) in a VersaDoc Imaging System (Bio-Rad)
and protein bands optical density was quantified with
the Quantity One Software (Bio-Rad). Membranes were
reprobed for o-Actin (Sigma; 1:10000 dilution) for
equal protein loading control.

Statistical analysis

Results are expressed as mean = SEM. Newman-Keuls
multiple comparison test following Ordinary one-way
ANOVA were used to determine significant differences
between control and stimulus-treated cells, as indicated
in figure legends. Values of p<0.05 were considered
statistically significant. GraphPad Prism for Windows
(GraphPad Software, Version 8.42) was used for all
statistical analyses.

AUTHOR CONTRIBUTIONS

MF-M, AC, CAA and CC contributed to the study
concept and design. MF-M and AC performed protein
extractions and Western blotting. MF-M and AC
performed experiments, collected and analyzed data and

wrote the manuscript. CAA and CC provided critical
input into data interpretation and read the manuscript.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of interest.
FUNDING

This work was financed by the European Regional
Development Fund (ERDF), through the Centro 2020

Regional Operational Programme under project
CENTRO-01-0145-FEDER-000012 (HealthyAging
2020) and through the COMPETE 2020 - Operational
Programme for Competitiveness and Internationalization
and Portuguese national funds via FCT — Fundacdo para a
Ciéncia e a Tecnologia, under project [s] PTDC/MED-
FAR/30167/2017, and  UIDB/04539/2020, FCT
Investigator ~ Programme  (IF/00825/2015),  and
SFRH/BD/120023/2016 fellowship.

REFERENCES

1. Shankar SK. Biology of aging brain. Indian J Pathol
Microbiol. 2010; 53:595-604.
https://doi.org/10.4103/0377-4929.71995
PMID:21045377

2. Chung CG, Lee H, Lee SB. Mechanisms of protein
toxicity in neurodegenerative diseases. Cell Mol Life
Sci. 2018; 75:3159-80.
https://doi.org/10.1007/s00018-018-2854-4
PMID:29947927

3. Klionsky DJ, Emr SD. Autophagy as a regulated pathway
of cellular degradation. Science. 2000; 290:1717-21.
https://doi.org/10.1126/science.290.5497.1717
PMID:11099404

4. Levine B, Klionsky DJ. Development by self-digestion:
molecular mechanisms and biological functions of
autophagy. Dev Cell. 2004; 6:463-77.
https://doi.org/10.1016/s1534-5807(04)00099-1
PMID:15068787

5. Loépez-Otin C, Blasco MA, Partridge L, Serrano M,
Kroemer G. The hallmarks of aging. Cell. 2013;
153:1194-217.
https://doi.org/10.1016/j.cell.2013.05.039
PMID:23746838

6. Cuervo AM. Autophagy and aging: keeping that old
broom working. Trends Genet. 2008; 24:604—-12.
https://doi.org/10.1016/].tig.2008.10.002
PMID:18992957

7. Barbosa MC, Grosso RA, Fader CM. Hallmarks of aging:
an autophagic perspective. Front Endocrinol
(Lausanne). 2019; 9:790.
https://doi.org/10.3389/fendo.2018.00790
PMID:30687233

8. Bergamini E, Cavallini G, Donati A, Gori Z. The role of
autophagy in aging: its essential part in the anti-aging
mechanism of caloric restriction. Ann N Y Acad Sci.
2007; 1114:69-78.
https://doi.org/10.1196/annals.1396.020
PMID:17934054

9. Donati A. The involvement of macroautophagy in aging
and anti-aging interventions. Mol Aspects Med. 2006;
27:455-70.

WWWw.aging-us.com 7880

AGING


https://doi.org/10.4103/0377-4929.71995
https://pubmed.ncbi.nlm.nih.gov/21045377
https://doi.org/10.1007/s00018-018-2854-4
https://pubmed.ncbi.nlm.nih.gov/29947927
https://doi.org/10.1126/science.290.5497.1717
https://pubmed.ncbi.nlm.nih.gov/11099404
https://doi.org/10.1016/s1534-5807(04)00099-1
https://pubmed.ncbi.nlm.nih.gov/15068787
https://doi.org/10.1016/j.cell.2013.05.039
https://pubmed.ncbi.nlm.nih.gov/23746838
https://doi.org/10.1016/j.tig.2008.10.002
https://pubmed.ncbi.nlm.nih.gov/18992957
https://doi.org/10.3389/fendo.2018.00790
https://pubmed.ncbi.nlm.nih.gov/30687233
https://doi.org/10.1196/annals.1396.020
https://pubmed.ncbi.nlm.nih.gov/17934054

10.

11.

12.

13.

14.

15.

16.

17.

18.

https://doi.org/10.1016/j.mam.2006.08.003
PMID:16973209

Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M,
Kenyon C. A role for autophagy in the extension of
lifespan by dietary restriction in C. Elegans. PLoS
Genet. 2008; 4:e24.
https://doi.org/10.1371/journal.pgen.0040024
PMID:18282106

Masoro EJ. Dietary restriction-induced life extension: a
broadly based biological phenomenon. Biogerontology.
2006; 7:153-55.
https://doi.org/10.1007/s10522-006-9015-0
PMID:16732403

Fontana L, Partridge L. Promoting health and longevity
through diet: from model organisms to humans. Cell.
2015; 161:106-18.
https://doi.org/10.1016/j.cell.2015.02.020
PMID:25815989

Testa G, Biasi F, Poli G, Chiarpotto E. Calorie restriction
and dietary restriction mimetics: a strategy for
improving healthy aging and longevity. Curr Pharm
Des. 2014; 20:2950-77.
https://doi.org/10.2174/13816128113196660699
PMID:24079773

Lutter M, Sakata I, Osborne-Lawrence S, Rovinsky SA,
Anderson JG, Jung S, Birnbaum S, Yanagisawa M,
Elmquist JK, Nestler EJ, Zigman JM. The orexigenic
hormone ghrelin defends against depressive symptoms
of chronic stress. Nat Neurosci. 2008; 11:752-53.
https://doi.org/10.1038/nn.2139 PMID:18552842

Minor RK, Chang JW, de Cabo R. Hungry for life: How
the arcuate nucleus and neuropeptide Y may play a
critical role in mediating the benefits of calorie
restriction. Mol Cell Endocrinol. 2009; 299:79-88.
https://doi.org/10.1016/j.mce.2008.10.044
PMID:19041366

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo
H, Kangawa K, Matsukura S. A role for ghrelin in the
central regulation of feeding. Nature. 2001;
409:194-98.

https://doi.org/10.1038/35051587 PMID:11196643

Shintani M, Ogawa Y, Ebihara K, Aizawa-Abe M,
Miyanaga F, Takaya K, Hayashi T, Inoue G, Hosoda K,
Kojima M, Kangawa K, Nakao K. Ghrelin, an
endogenous growth hormone secretagogue, is a novel
orexigenic peptide that antagonizes leptin action
through the activation of hypothalamic neuropeptide
Y/Y1 receptor pathway. Diabetes. 2001; 50:227-32.
https://doi.org/10.2337/diabetes.50.2.227
PMID:11272130

Ferreira-Marques M, Aveleira CA, Carmo-Silva S,
Botelho M, Pereira de Almeida L, Cavadas C. Caloric

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

restriction stimulates autophagy in rat cortical neurons
through neuropeptide Y and ghrelin receptors
activation. Aging (Albany NY). 2016; 8:1470-84.
https://doi.org/10.18632/aging.100996
PMID:27441412

Aveleira CA, Botelho M, Carmo-Silva S, Pascoal JF,
Ferreira-Marques M, Noébrega C, Cortes L, Valero J,
Sousa-Ferreira L, Alvaro AR, Santana M, Kugler S,
Pereira de Almeida L, Cavadas C. Neuropeptide Y
stimulates autophagy in hypothalamic neurons. Proc
Natl Acad Sci USA. 2015; 112:E1642-51.
https://doi.org/10.1073/pnas.1416609112
PMID:25775546

Saxton RA, Sabatini DM. mTOR signaling in growth,
metabolism, and disease. Cell. 2017; 168:960-76.
https://doi.org/10.1016/j.cell.2017.02.004
PMID:28283069

Aksamitiene E, Kiyatkin A, Kholodenko BN. Cross-talk
between mitogenic Ras/MAPK and survival PI3K/Akt
pathways: a fine balance. Biochem Soc Trans. 2012;
40:139-46.

https://doi.org/10.1042/BST20110609 PMID:22260680

He C, Klionsky DJ. Regulation mechanisms and
signaling pathways of autophagy. Annu Rev Genet.
2009; 43:67-93.
https://doi.org/10.1146/annurev-genet-102808-
114910 PMID:19653858

Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR
regulation of autophagy. FEBS Lett. 2010; 584:1287-95.
https://doi.org/10.1016/j.febslet.2010.01.017
PMID:20083114

Young JE, Martinez RA, La Spada AR. Nutrient
deprivation induces neuronal autophagy and
implicates reduced insulin signaling in neuroprotective
autophagy activation. J Biol Chem. 2009; 284:2363-73.
https://doi.org/10.1074/jbc.M806088200
PMID:19017649

Glick D, Barth S, Macleod KF. Autophagy: cellular and
molecular mechanisms. J Pathol. 2010; 221:3-12.
https://doi.org/10.1002/path.2697 PMID:20225336

Jung S, Jeong H, Yu SW. Autophagy as a decisive
process for cell death. Exp Mol Med. 2020; 52:921-30.
https://doi.org/10.1038/s12276-020-0455-4
PMID:32591647

Wirawan E, Vanden Berghe T, Lippens S, Agostinis P,
Vandenabeele P. Autophagy: for better or for worse.
Cell Res. 2012; 22:43-61.
https://doi.org/10.1038/cr.2011.152 PMID:21912435

Hansen M, Rubinsztein DC, Walker DW. Autophagy as
a promoter of longevity: insights from model
organisms. Nat Rev Mol Cell Biol. 2018; 19:579-93.

WWWw.aging-us.com

7881

AGING


https://doi.org/10.1016/j.mam.2006.08.003
https://pubmed.ncbi.nlm.nih.gov/16973209
https://doi.org/10.1371/journal.pgen.0040024
https://pubmed.ncbi.nlm.nih.gov/18282106
https://doi.org/10.1007/s10522-006-9015-0
https://pubmed.ncbi.nlm.nih.gov/16732403
https://doi.org/10.1016/j.cell.2015.02.020
https://pubmed.ncbi.nlm.nih.gov/25815989
https://doi.org/10.2174/13816128113196660699
https://pubmed.ncbi.nlm.nih.gov/24079773
https://doi.org/10.1038/nn.2139
https://pubmed.ncbi.nlm.nih.gov/18552842
https://doi.org/10.1016/j.mce.2008.10.044
https://pubmed.ncbi.nlm.nih.gov/19041366
https://doi.org/10.1038/35051587
https://pubmed.ncbi.nlm.nih.gov/11196643
https://doi.org/10.2337/diabetes.50.2.227
https://pubmed.ncbi.nlm.nih.gov/11272130
https://doi.org/10.18632/aging.100996
https://pubmed.ncbi.nlm.nih.gov/27441412
https://doi.org/10.1073/pnas.1416609112
https://pubmed.ncbi.nlm.nih.gov/25775546
https://doi.org/10.1016/j.cell.2017.02.004
https://pubmed.ncbi.nlm.nih.gov/28283069
https://doi.org/10.1042/BST20110609
https://pubmed.ncbi.nlm.nih.gov/22260680
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://pubmed.ncbi.nlm.nih.gov/19653858
https://doi.org/10.1016/j.febslet.2010.01.017
https://pubmed.ncbi.nlm.nih.gov/20083114
https://doi.org/10.1074/jbc.M806088200
https://pubmed.ncbi.nlm.nih.gov/19017649
https://doi.org/10.1002/path.2697
https://pubmed.ncbi.nlm.nih.gov/20225336
https://doi.org/10.1038/s12276-020-0455-4
https://pubmed.ncbi.nlm.nih.gov/32591647
https://doi.org/10.1038/cr.2011.152
https://pubmed.ncbi.nlm.nih.gov/21912435

29.

30.

31

32.

https://doi.org/10.1038/s41580-018-0033-y
PMID:30006559

Martinez-Lopez N, Athonvarangkul D, Singh R.
Autophagy and aging. Adv Exp Med Biol. 2015;
847:73-87.
https://doi.org/10.1007/978-1-4939-2404-2 3
PMID:25916586

Stead ER, Castillo-Quan JI, Miguel VE, Lujan C, Ketteler
R, Kinghorn KJ, Bjedov |. Agephagy - adapting
autophagy for health during aging. Front Cell Dev Biol.
2019; 7:308.

https://doi.org/10.3389/fcell.2019.00308
PMID:31850344

Ehninger D, Neff F, Xie K. Longevity, aging and
rapamycin. Cell Mol Life Sci. 2014; 71:4325-46.
https://doi.org/10.1007/s00018-014-1677-1
PMID:25015322

Yang YP, Hu LF, Zheng HF, Mao CJ, Hu WD, Xiong KP,
Wang F, Liu CF. Application and interpretation of
current autophagy inhibitors and activators. Acta
Pharmacol Sin. 2013; 34:625-35.
https://doi.org/10.1038/aps.2013.5

PMID:23524572

33.

34.

35.

36.

Cagnol S, Chambard JC. ERK and cell death:
mechanisms of ERK-induced cell death—apoptosis,
autophagy and senescence. FEBS J. 2010; 277:2-21.
https://doi.org/10.1111/j.1742-4658.2009.07366.x
PMID:19843174

Wang J, Whiteman MW, Lian H, Wang G,
Singh A, Huang D, Denmark T. A non-canonical
MEK/ERK signaling pathway regulates autophagy
via regulating beclin 1. J Biol Chem. 2009;
284:21412-24.
https://doi.org/10.1074/jbc.M109.026013
PMID:19520853

Ravikumar B, Moreau K, Jahreiss L, Puri C, Rubinsztein
DC. Plasma membrane contributes to the formation of
pre-autophagosomal structures. Nat Cell Biol. 2010;
12:747-57.

https://doi.org/10.1038/ncb2078

PMID:20639872

Martinez-Lopez N, Athonvarangkul D, Mishall P, Sahu
S, Singh R. Autophagy proteins regulate ERK
phosphorylation. Nat Commun. 2013; 4:2799.
https://doi.org/10.1038/ncomms3799

PMID:24240988

WWWw.aging-us.com

7882

AGING


https://doi.org/10.1038/s41580-018-0033-y
https://pubmed.ncbi.nlm.nih.gov/30006559
https://doi.org/10.1007/978-1-4939-2404-2_3
https://pubmed.ncbi.nlm.nih.gov/25916586
https://doi.org/10.3389/fcell.2019.00308
https://pubmed.ncbi.nlm.nih.gov/31850344
https://doi.org/10.1007/s00018-014-1677-1
https://pubmed.ncbi.nlm.nih.gov/25015322
https://doi.org/10.1038/aps.2013.5
https://pubmed.ncbi.nlm.nih.gov/23524572
https://doi.org/10.1111/j.1742-4658.2009.07366.x
https://pubmed.ncbi.nlm.nih.gov/19843174
https://doi.org/10.1074/jbc.M109.026013
https://pubmed.ncbi.nlm.nih.gov/19520853
https://doi.org/10.1038/ncb2078
https://pubmed.ncbi.nlm.nih.gov/20639872
https://doi.org/10.1038/ncomms3799
https://pubmed.ncbi.nlm.nih.gov/24240988

