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Metabolic Stress Induces Cognitive Disturbances
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Protective Role of Resveratrol
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Abstract

Inflammation and oxidative stress (OS) are key points in age progression. Both processes impact negatively in
cognition and in brain functions. Resveratrol (RV) has been postulated as a potent antioxidant natural com-
pound, with rejuvenating properties. Inducing a metabolic stress by high-fat (HF) diet in aged C56/BL6 (24
months) led to cognitive disturbances compared with control age mated and with young mice. These changes
were prevented by RV. Molecular determinations demonstrated a significant increase in some inflammatory
parameters (TNF-a, Cxcll0, IL-1, IL-6, and Ccl3) in old mice, but slight changes in OS machinery. RV mainly
induced the recovery of the metabolically stressed animals. The study of key markers involved in senescence
and rejuvenation (mitochondrial biogenesis and Sirtl-AMPK-PGC1-«) demonstrated that RV is also able to
modulate the changes in these cellular metabolic pathways. Moreover, changes of epigenetic marks (methyl-
ation and acetylation) that are depending on OS were demonstrated. On the whole, results showed the im-
portance of integrative role of different cellular mechanisms in the deleterious effects of age in cognition and
the beneficial role of RV. The work presented in this study showed a wide range of processes modified in old
age and by metabolic stress, weighting the importance of each one and the role of RV as a possible strategy for
fighting against.

Keywords: aging, neurodegeneration, behavior, cognition, metabolic stress, mitochondrial dynamics, resveratrol

Introduction tential avenue for reducing the incidence of debilitating

diseases in age and to halt the progression of cognitive de-

AU3 >

N INCREASED AGED population comprises the social
landscape in the XXI century. It is estimated that be-
tween the years 2012 and 2050, the world population aged
60 and over will nearly double from 2015 to 2050, growing
by 56%, reaching nearly 2.1 billion." In addition, “‘oldest-
old” persons (people aged 80 years and over) are growing
even faster than the number of old individuals. The expan-
sion in aged population will exert an impact on the economic
burden of the care and treatment of age-related diseases. Thus,
a challenge in facing the aging progress is to reduce the im-
pact of aging on health. In this respect, diet and the many
bioactive substances present in food represent a novel target
for interventions that may promote healthy brain aging.
Emerging evidence suggests that aside from oxidative
stress (OS) and the loss of homeostatic processes with age,
there are several cellular processes that may serve as a po-

cline associated with aging. Identifying these processes and
their weight in the progression of aging is basic knowledge
in considering them as possible targets to act on specific
targets for ameliorating the universally harmful processes as-
sociated with aging, driving strategies toward healthy aging.

OS and inflammation are the basis of aging theories,? and
another key to cell dysfunction in aging lies in the mito-
chondria. Aging cells cope less efficiently with metabolism
deregulations. Metabolic stress is the hypermetabolic cata-
bolic response to severe injury or disease, and the modern
notion of metabolic stress also includes disturbances in
proteostasis and the activation of signaling pathways that
mediate cellular stress.” Metabolic stress has been demon-
strated to induce a number of cellular process impairments
such as mitochondrial changes, reduced metabolic rate,

radical oxygen species (ROS) produced by mitochondria,* € AU4
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and finally, the inflammation process, which can impact on
the health of individuals, including the central nervous
system (CNS).” Feeding mice with a high-fat (HF) diet in-
duced glucose metabolism disturbances with increases in
weight and insulin resistance.® In APP/PS1 mice, in an ex-
tended model of Alzheimer’s disease (AD), HF produced
cognitive disturbances, jointly with changes in the insulin
pathway, an increase in tau kinase activity and tau hyper-
phosphorylation, and changes in amyloid beta production,
demonstrating the role of insulin resistance in AD.” Meta-
bolic stress increases cognitive impairment in SAMPS, a
murine model of senescence. In this model, in addition to
OS and inflammation, the implication of the Wnt pathway
has been related with changes in the hallmarks of AD
characteristics in these animals.®

Diet is an important component of healthy brain aging,
and the consumption of a HF diet is known to increase the
risk of AD. In addition, there is evidence that nutritional
stimuli can modify epigenetic mechanisms, such as DNA
methylation.” DNA methylation/demethylation plays a cru-
cial role in gene regulation and could also be responsible for
the presentation of senescence. For example, being fed a
chronic HF diet mice (from weaning to >15 weeks of age)
altered the patterns of DNA methylation in the brain,'® and
the OS and inflammation that increase by HF diet are
thought to be important contributors of DNA hypermethy-
lation. However, contradicting this is the fact that global
DNA hypomethylation has been found in aging brains.'"'?
Although there are other reports on AD-brain global DNA
methylation changes in the opposite direction, differences
are likely due to that the authors studied different brain re-
gions and used different methylation detection techniques.'?

NeuroD6 is a member of the neurogenic bHLH NeuroD
family, which are proteins involved in the development and
differentiation of the CNS, mediating neurogenic processes.
Learning and memory processes have been related with
progenitor cell proliferation and hippocampal neurogenesis.
Increasing evidences support the relationshiP between adult
hippocampal neurogenesis and learning.'*'> Moreover, it
is also known that neurogenesis processes are impaired with
physiological aging."®!” It is noteworthy that recently, new
role has been described for NeuroD6 as a regulator of ROS
homeostasis through the triggering of an antioxidant re-
sponse coordinated with the expression of key mitochon-
drial regulators, such as PGC-1o and SIRT1, resulting in
low ROS levels.'®

Resveratrol is known to extend life span.'® This polyphe-
nol has attracted wide attention because of its antioxidant
and anti-inflammatory effects.”*! Resveratrol increases
AMPK activity and improves insulin sensitivity.”> AMPK
is an energy sensor that regulates energy homeostasis and
metabolic stress. By affecting glucose and lipid metabolism,
the energy balance is closely related with obesity and type 2
diabetes. Activation of AMPK is responsible for metabolic
changes through phosphorylation of downstream substrates,
such as Acetyl-CoA Carboxylase and Glycogen Synthase
Kinase 3 (GSK-3), which are directly related with fatty acid
oxidation and glycogen synthesis, respectively.”’

The goal of this work was to pinpoint the importance of
metabolic stress in physiologically aged animals regarding
cognition and determining the molecular changes underly-
ing the loss of cognitive capabilities, disclaiming noncrucial

REJ-2016-1885-ver9-Palomera-Avalos_1P.3d 01/11/17 8:47pm Page 2

PALOMERA-AVALOS ET AL

processes in old animals, and focusing on new possibilities
of the beneficial effect of resveratrol in the oldest.

Methods
Animals

Male C57BL/6J mice 22 months of age were random-
ized in four experimental groups and following 8 weeks of
treatment were euthanized under anesthesia. The normal
diet (ND; n=9) group had ad libitum access to a standard
chow diet (2018 Teklad Global 18% Protein Rodent Diet;
Harlan Teklad, Madison, WI) and tap water; Resveratrol
group (RV; n=9) had access to standard chow diet enriched
with the polyphenol (1 g/kg, w/w). The HF (n=11) group
was fed a diet consisting of a (AIN-93G) diet modified to
provide 60% of calories from fat (HF: carbohydrate:pro-
tein:fat ratio of 16:23:61%). Finally an HF diet containing
1 g/kg wi/w, resveratrol (HF+RV; n=9). Resveratrol chow
(both ND and HF) was formulated to provide daily doses of
~ 160 mg/kg to the mice. In addition, a fifth group of young
(8 weeks) mice were added (n=12) to have a young co-
hort. Mice were treated according to European Community
Council Directive 86/609/EEC and the procedures estab-
lished by the Department d’Agricultura, Ramaderia i Pesca
of the Generalitat de Catalunya, Spain. Every effort was
made to minimize animal suffering and to reduce the number
of animals used in this study.

Glucose curve

The intraperitoneal (i.p.) glucose tolerance test was per-
formed following 8 weeks of HF diet feeding, as de-
scribed previously.** In brief, mice were fasted overnight for
16 hours. The test was performed in a quiet room, preheated
to +30°C. The tip of the mouse’s tail was cut with the
heparin-soaked (Heparina Rovi, 50001U/mL; Rovi S.A.,
Madrid, Spain) scissors 30 minutes before a 1 g/kg i.p. glu-
cose injection (diluted in H,O). Blood glucose levels were
measured 0, 5, 15, 30, 60, and 120 minutes after the glucose
injection with the Ascensia ELITE blood glucose meter
(Bayer Diagnostics Europe, Ltd., Dublin, Ireland).

Novel object recognition test

The test was conducted in a 90°, 2-arm, 25-cm long 20-
cm high maze.” Light intensity in the middle of the field
was 30 lux. The objects to be discriminated were plastic
figures (object A, 5.25-cm high and object B, 4.75-cm high).
First, the mice were individually habituated to the apparatus
for 10 minutes for 3 days. On day 4, they were submitted to
a 10-minute acquisition trial (first trial) during which they
were placed in the maze in the presence of two identical
novel objects (A+ A or B+B) that was placed at the end of
each arm. A 10-minute retention trial (second trial) occurred
2 hours later. During this second trial, objects A and B were
placed in the maze, and the times that the animal took to
explore the new object (tn) and the old object (to) were
recorded. A discrimination index (DI) was defined as (tn-to)/
(tn+to). To avoid object preference biases, objects A and B
were counterbalanced so that one half of the animals in each
experimental group were first exposed to object A and then
to object B, whereas the remaining one half of the animals
first saw object B, whereupon object A was presented. The
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maze, the surface, and the objects were cleaned with 70°
ethanol between the animals’ trials to eliminate olfactory cues.

Morris water maze test

An open circular pool (100cm in diameter and 50 cm in
height) was filled halfway with water,”® and the water
temperature was maintained at 22°Cx1. Two principal
perpendicular axes were defined; thus, the water surface was

AUS P> divided into four quadrants (NE, SE, SW, and NW), and five

starting points were set (NE, E, SE, S, and SW). Four visual
clues were placed on the walls of the tank (N, E, S, and W).
Nontoxic white latex paint was added to make the water
opaque, and a white escape platform was submerged 1cm
below the water level (approximately in the middle of one of
the quadrants).

The animals’ swimming paths were recorded by a video
camera mounted above the center of the pool, and the data
were analyzed with SMART® version 3.0 statistical soft-
ware. The learning phase consisted of 6 days of trials for
each mouse. The animals were submitted to five trials each
day starting from the positions established (in random order)
and without a resting phase between each trial and the
subsequent one. At each trial, the mouse was placed gently
into the water, facing the wall of the pool, and allowed to
swim for 60 seconds. If not able to locate the platform in the
latter time period, the mouse was guided to the platform by
the investigator. Animals were left on the platform each
time for 30 seconds to allow spatial orientation.

The parameters measured were latency time in finding the
platform, time spent in each quadrant, and distance swum
for each trial; the mean was calculated for each trial day. A
memory test was performed at the end of the learning days,
in which the platform was removed, and the time spent by
each mouse in each quadrant was measured.

Open field test

The open field test (OFT) apparatus was constructed of
white plywood (50 50 %25 cm).?’ Red lines were drawn to
divide the floor into 25-cm squares. Behavior was scored
with SMART version 3.0 software, and each trial was re-
corded for later analysis, utilizing a camera fixed to the
ceiling at a height of 2.1 m situated above the apparatus.

Mice were placed at the center, or at one of the four corners,
of the open field and allowed to explore the apparatus for 5
minutes. After the 5-minute test, the mice were returned to
their home cages, and the open field was cleaned with 70%
ethyl alcohol and allowed to dry between tests. To assess
the animals’ habituation process to the novelty of the arena,
the mice were exposed to the apparatus for 5 minutes on
2 consecutive days. The behaviors scored included Line
Crossing, Center Entries, Center Stay Duration, Rearing,
Defecation, and Urination. Each animal was then given a
score for total locomotor activity, which was calculated as
the sum of total distance, line crosses, and number of rears.

Brain isolation and Western blot analysis

Mice were euthanized 1 day after the last Morris water
maze (MWM) trial was conducted and brain quickly re-
moved from the skull. Hippocampus was dissected and
frozen in powdered dry ice and maintained at —80°C for
further use. Tissue samples were homogenized in lysis buffer
containing phosphatase and protease inhibitors (Cocktail II;
Sigma), and cytosol and nuclear fractions were obtained as
described elsewhere. Protein concentration was determined
by the Bradford method. Twenty micrograms of protein
was separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (8%—15%) and transferred onto poly-
vinylidene difluoride membranes (Millipore). The mem-
branes were blocked in 5% nonfat milk in Tris-Buffered
Saline solution containing 0.1% Tween 20 (TBS-T) for
1 hour at room temperature, followed by overnight incu-
bation at 4°C with primary antibodies diluted in TBS-T and
5% Bovine Serum Albumin as follows: OXPHOS cocktail
(1:500; MitoSciences), total GSK-3f (1:1000; Cell Signal-
ing), p-Ser9 GSK-3f (1:1000; Cell Signaling), Dvl3
(1:1000; Cell Signaling), Dickkopf1 (1:500; Santa Cruz), -
catenin ABC (1:1000; Millipore), nuclear factor-kappa beta
(NF-kB) (1:1000; Cell Signaling), Nrfl (1:500; Santa Cruz),
p-AMPK and total AMPK (1:2000; Cell Signaling), PGC-
loo (1:500; Santa Cruz), DRP1 (1:1000; Abcam), OPAIl
(1:1000; BD Transduction Laboratories™), Bax (1:1000;
Millipore), Mitofusin 1 (1:1000; Millipore), Catalase (1:1000;
Cell Signaling), and GAPDH (1:2000; Millipore). Membranes
were then washed and incubated with secondary antibodies for
1 hour at room temperature. Immunoreactive proteins were

TABLE 1. QRT-PCR PrRIMER SEQUENCES USED WITH SYBR GREEN SUPERMIX

Forward sequence (5'-3')

Reverse sequence (3’-5")

TNF-o TCGGGGTGATCGGTCCCCAA TGGTTTGCTACGACGTGGGCT
CxclIO GGCTAGTCCTAATTGCCCTTGG TTGTCTCAGGACCATGGCTTG
IL-1 ACAGAATATCAACCAACAAGTGATATTCTC GATTCYYYCCTTTGAGGCCCA
IL-6 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT
Ccl3 ACTGCCTGCTGCTTCTCCTACA AGGAAAATGACACCTGGCTGG
iNOS GGCAGCCTGTGAGACCTTTG GAAGCGTTTCGGGATCTGAA
Cox2 TGACCCCCAAGGCTCAAATA CCCAGGTCCTCGCTTATGATC
Aldh2 GCAGGCGTACACAGAAGTGA TGAGCTTCATCCCCTACCCA
Neurod6 TGCGACACTCAGCCTGAAAA TCTGGGATTCGGGCATTACG
Sirtl AACACACACACAAAATCCAGCA TGCAACCTGCTCCAAGGTAT
Dnmt3b TGCCAGACCTTGGAAACCTC GCTGGCACCCTCTTCTTCAT
Hdacl TCACCGAATCCGCATGACTC TCTGGGCGAATAGAACGCAG
Hdac?2 CTATCCCGCTCTGTGCCCT GAGGCTTCATGGGATGACCC
p-Actin CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA
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visualized utilizing an Enhanced ChemilLuminescence-
based Detection Kit (ECL Kit; Millipore), and digital
images were acquired using a ChemiDoc XRS+System
(Bio-Rad). Band intensities were quantified by densitomet-
ric analysis using Image Lab software (Bio-Rad), and values
were normalized to GAPDH.

Global DNA methylation quantification

For global DNA, methylation was performed according to
the manufacturer’s instructions, first using the FitAmpTM
Blood and Cultured Cell DNA Extraction Kit, which is
designed for rapid isolation of pure genomic DNA from a
small amount of blood or mammalian cells. The second part
was carried out using the MethylFlash Methylated DNA
Quantification Kit (Epigentek, Farmingdale, NY). Briefly,
methylated DNA was detected utilizing capture and detec-
tion antibody to 5-mC and then quantified colorimetrically
by reading absorbance at 450nm using the Microplate
Photometer. The absolute amount of methylated DNA (pro-
portional to the optical density [OD] intensity) was measured
and was quantified using a standard curve plotting OD
values versus five serial dilutions of control methylated
DNA (0.5-10ng).

RNA extraction and gene expression determination

Total RNA isolation was carried out by means of Trizol
reagent following the manufacturer’s instructions. RNA
content in the samples was measured at 260 nm, and sample
purity was determined by the A260/280 ratio in a Nano-
Drop™ ND-1000 (Thermo Scientific). Samples were also
tested in an Agilent 2100B Bioanalyzer (Agilent Technol-
ogies) to determine the RNA integrity number. Reverse

AUG6 P> transcription-polymerase chain reaction (RT-PCR) was
performed as follows: 2 pug of messenger RNA (mRNA) was
reverse-transcribed using the High Capacity (comple-
mentary DNA) cDNA Reverse Transcription Kit (Applied
Biosystems). Real-time quantitative PCR (qPCR) was uti-
lized to quantify the mRNA expression of inflammatory
genes interleukin 6 and 1 (/L-6 and IL-1), tumor necrosis
factor alpha (TNF-a), C-X-C motif chemokine (Cxcl10), C-
C motif ligand 3 (Ccl3), Aldehyde dehydrogenase 2 (Aldh2),
inducible Nitric Oxide Synthase (iNOS), Cyclooxygenase 2
(Cox2), and aldehyde oxidase 1 (AoxI) and epigenetic en-
zyme genes DNA (cytosine-5-)-methyltransferase 3 alpha
(Dnmt3a), DNA (cytosine-5-)-methyltransferase 3 beta
(Dnmt3b), Histone deacetylase 1 (Hdacl), Histone deace-
tylase 2 (Hdac2), Sirtuin 1 (Sirtl), and Neuronal differen-
tiation 6 (Neurod6). Normalization of expression levels was
performed with actin for SYBR Green and TATA-binding
protein (7bp) for TagMan.

T2P» TI1P» The primers used are presented in Tables 1 and 2. Real-

time PCR was performed on the StepOnePlus Detection

AU13 > TABLE 2. QRT-PCR PRIMER SEQUENCES
USED WITH TAQMAN PROBE
Primers Probes
Dnmt3a MmO00432881_m1
Thp MmO00446971_m1

PALOMERA-AVALOS ET AL

System (Applied Biosystems) using the SYBR Green PCR
Master Mix (Applied Biosystems). Each reaction mixture
contained 7.5 uLL of cDNA, whose concentration was 2 ug,
0.75 uLL of each primer (whose concentration was 100 nM),
and 7.5 uLL of SYBR Green PCR Master Mix (2X).

Data were analyzed utilizing the comparative Cycle
threshold method (AACt), where the actin transcript
level was used to normalize differences in sample loading
and preparation. Each sample (n=4-5) was analyzed in
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FIG. 1. Results of body weight, caloric intake, and glu-

cose test in C57BL/6J mice. (A) Body weights of mice fed
with normal diet (ND young n=12 and ND old n=9), re-
sveratrol (RV old n=9), high-fat diet (HF old n=11), or
high-fat diet plus resveratrol (HF+RV old n=9). (B) Plasma
levels of glucose 1g/kg i.p. administration. (C) Glucose
AUC after 2 hours glucose injection. Data represented ob-
served mean = SEM. For compared groups, we did ANOVA
One way. *Significant differences between ND old groups
versus ND young and RV groups, p<0.05. S’;Signiﬁcant
differences between ND old groups versus HF and HF+RV
groups, p<0.05. ANOVA, analysis of variance; AUC, area
under the curve; HF, high fat; i.p., intraperitoneal; ND, nor-
mal diet; RV, resveratrol; SEM, standard error of the mean.
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triplicate, and results represented the n-fold difference of
transcript levels among different samples.

Statistical analysis

Data are expressed as mean * standard error of the mean.
The trapezoidal rule was used to determine area under the
curve. Means were compared with two-way analysis of
variance and post hoc analysis. Comparisons were per-
formed for young/ND old/RV old and ND old/HF old/
HF+RYV old. Statistical significance was considered when
p-values were <0.05. Statistical outliers were performed out
with the Grubbs test and were removed from analysis.

Results
Weight evolution and glucose tolerance test

Mouse groups under HF diet exhibited exponential in-
crease in body weight (BW) for up to 8 weeks (Fig. 1A).
This gain was absent in ND old animals and was slightly
present in young animals (Fig. 1A). Persistent high-blood
glucose levels between 20 and 90 minutes of glucose tol-
erance test at 8 weeks post HF diet treatment in mice in-
dicated systemic failure to reduce blood glucose, implying
sustained insulin resistance induced by HF diet during 8
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weeks (Fig. 1B). When RV was added to diet (ND and HF),
no changes were observed in BW.

Cognitive studies: learning and memory

Results obtained in the OFT indicated that the HF groups
exhibited a significant increase in time spent in the center

zone with respect to ND group old (Fig. 2A), paralleling the €4 F2

time spent in border zone (Fig. 2B); RV increased, in a no-
significant manner, the time spent in center open field
compared with ND old (Fig. 2A); and no differences were
observed in locomotor activity (Fig. 2C). In the novel object
recognition test (NORT), we found that mice fed with HF
diet had a lower DI with respect to ND old (Fig. 2D),
demonstrating that SAMP8 fed with HF diet exhibited im-
paired memory capabilities compared with old SAMPS fed
with ND or HF-RV.

The results obtained in spatial learning acquisition and

retention in the MWM test are illustrated in Figure 3A and €F3

Table 3. All mouse groups were able to learn along the trial
days, although young animals accomplished this faster than
old animals. Results obtained in MWM memory test were
very variable across the different parameters studied, prob-
ably because the advanced age in addition to the weight gain
in HF animals reduced the reliability of this test under our
experimental condition. Therefore, despite a trend to lower
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FIG. 2. Results of OFT and the NORT in C57BL/6J young and old fed with normal diet (ND young n=12 and ND old
n=9), resveratrol (RV old n=9), high-fat diet (HF old n=11), or high-fat diet plus resveratrol (HF+RV old n=9). (A) Time
spent in center zone in the OFT. (B) Time spent in border zone in the OFT. (C) Locomotor activity in the OFT. (D)
Discrimination index in the NORT. Data represented observed mean+ SEM. For compared groups, we did ANOVA One

way. *Significant differences between ND old groups versus ND young and RV groups, p <0.05.

s

Significant differences

between ND old groups versus HF and HF+RV groups, p <0.05. NORT, novel object recognition test; OFT, open field test.

4T3
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FIG. 3. Results of spatial learning and memory in the
Morris water maze in C57BL/6J young and old fed with
normal diet (ND young n=12 and ND old n=09), resveratrol
(RV old n=9), high-fat diet (HF old n=11), or high-fat diet
plus resveratrol (HF+RV old n=9). (A) Escape latency
time to reach the hidden platform during training days. (B)
Velocity. Data represented observed mean+SEM. For
compared groups we did ANOVA One way. *Significant
differences between ND old groups versus ND young and
RV groups, p<0.05, *¥p<0.01, ***p<0.001. *Significant
differences between ND old groups versus HF and HF+RV
groups, p <0.05.

performance by HF old, no significant memory differ-
ences were obtained (from 20% to 24%-27% time in
platform; Table 3). The most robust result was swimming
velocity (Fig. 3B). This parameter revealed a significant
decrease in swim velocity in old animals with respect to
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young mice and also demonstrated global amelioration in
RV-fed animals.

Molecular and biochemical changes induced
by HF in old mice: effects of resveratrol

HF induces a significant increase in the gene expression
of inflammatory cytokines TNF-a, Cxcll0, IL-1, IL-6, and
Ccl3 in old mice in reference to ND. RV induced significant
reduction in the expression of these cytokines in HF-fed
animals, but no change was determined in ND-fed old mice

after RV administration (Fig. 4A-E). Thus, the preventive € F4

effect of RV appears only under metabolic stress induced by
HF, but not under ND conditions. It is noteworthy that only
TNF-o. and Ccl3 were increased in ND old animals, whereas
the remaining cytokines determined did not change in old
compared with young animals.

We found statistical differences in iNOS gene expression

between ND and HF (Fig. 5A). However, RV administration € F5

did not modify iNOS gene expression in any experimental
groups, although a nonsignificant decrease can be observed
in HF-RV animals (Fig. 5A). Aox! (data not shown), Cox2,
or Aldh2 gene expression did not demonstrate significant
changes in young, ND, or HF mice. RV was able to increase
in Aldh2 ND old mice in a significant manner (Fig. 5B). NF-
kB is a protein complex that is involved in cellular re-
sponses to OS in cytokines, among others. Subsequently,
gene expression as an OS effector was studied. We did not
find statistical differences between ND and HF, but RV was
able to reduce the active subunit of this transcriptional factor
significantly in ND-RV, and there was a nonsignificant trend
to diminish this in HF-RV in comparison with HF (Fig. 5C).
In contrast, catalase (CAT) levels were studied; we found
statistical differences between ND and HF, and a marginal
reversion was observed in RV-fed animals (Fig. SD). These
results reinforced those obtained with iNOS, indicating weak
changes in the level of OS induced by HF in old compared
with young animals. Finally, cytoplasmic and nuclear pro-
tein levels for nuclear factor erythroid 2-related factor 1
(Nrfl) were determined, but no significant changes were
observed (Fig. SE-F).

To determine whether HF affects mitochondrial respira-
tory chain protein elements, OXPHOS was performed by

Western blot (Fig. 6A). Analysis revealed that no significant €4 F6

changes in OXPHOS components took place in the HF
group; however, a significant increase in CIII-UQCRC2,
CIV-MTCOI, and CII-SDHB complexes was found in
RV-treated animals (Fig. 6C-E). Accordingly, with slight

TABLE 3. PARAMETERS MEASURED IN THE MORRIS WATER MAZE IN C57BL/6J YOUNG AND OLD FED
WITH NORMAL DIET (ND YOUNG N=12 AND ND OLD N=9), RESVERATROL (RV OLD N=9),
HiGgH-FAT DIET (HF OLD N=11), oR HIGH-FAT DIET PLUS RESVERATROL (HF+RV OLD N=9)

ND young ND old HF old HF+RV old RV old
Latency to platform (first day) 43.81%+1.11 47.53+1.37 48.17£0.94 46.67+1.67 42.46%+1.59
Latency to platform (last day) 23.17£1.00 28.07£1.30 30.71£0.64 29.03£0.98 29.60£0.85
Distance in zone platform (%) 27+1.48 27+1.65 21t1.44 24+3.30 26+3.15
Time in zone platform (%) 26+2.16 25+2.74 20+1.59 251+4.05 25+3.22
Entries in zone platform 5+0.67 4+0.68 3+0.48 4£0.5 3+0.31
Velocity (cm/s) 17.27+0.48 14.59+0.29 13.16£0.32 11.99+0.40 14.85£0.41

Results are expressed as a mean * standard error of the mean.

HF, high fat; ND, normal diet; RV, resveratrol.
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FIG. 4. Pro-inflammatory gene expression for (A) TNF-a; (B) Cxcli0; (C) IL-1; (D) IL-6; and (E) Ccl3 in C57BL/6]
young and old fed with normal diet (ND young n=12 and ND old n=9), resveratrol (RV old n=9), high-fat diet (HF old
n=11), or high-fat diet plus resveratrol (HF+RV old n=9). Gene expression levels were determined by real-time PCR.
Mean x SEM performed in triplicate is represented. For compared groups, we did ANOVA One way. *Significant differ-

ences between ND old groups versus ND young and RV groups, {) <0.05, **p<0.01.
old groups versus HF and HF+RV groups, p<0.05, **p<0.01, $5

changes in mitochondrial function, no changes were deter-
mined in fission or fusion processes through OPA1, DRPI,
and Mitofusin 1 proteins (Fig. 6G-I).
NeuroD6 expression demonstrated a diminution in old
animals, and RV recovered the expression of this enzyme to
F7» young mice levels (Fig. 7A). In addition, Sirtl gene expres-
sion levels presented significant increase in ND-RV in rela-
tion to ND, but this profile did not occur under HF diet
(Fig. 7B). In contrast, PGC-1« increased in HF with reference
to ND, while RV dietary supplementation recovered PGC-1«
protein levels in ND, but not in HF-fed animals (Fig. 7C).

Slgmﬁcant differences between ND
p<0.001.

In reference to AMPK signaling, we found an increase in
pPAMPK levels in old animals. The increase in phosphory-
lation levels was higher in HF group in reference to ND. RV
administration decreased pAMPK levels, achieving a profile
similar to that of ND mice (Fig. 7D). Moreover, the proa-
poptotic protein Bax was analyzed; no changes were ob-
served in protein levels by RV treatment (Fig. 7E),

Wnt pathway can be modulated by metabolic stress.
GSK-3f is one of the effectors of this pathway. RV was
able to increase the inactive form of GSK-3f (pSer9) pro-
tein levels, which reached significance in HF-fed animals
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FIG. 5. Oxidative stress markers in young and old mice C57BL/6J. Gene expression levels were determined by real-time
PCR. (A) iNOS, (B) Aldh2, (C) Cox2, representative Western blot and quantification for (D) NFkB, (E) Catalase, (F) Nrfl
nucleus, and (G) Nrfl cytoplasm. Mean = SEM performed in triplicate is represented in PCR; for Western blot the values are
adjusted to 100% for levels C57BL/6J old with Normal Diet. For compared groups, we did ANOVA One way. *Significant
differences between ND old groups versus ND young and RV groups, p <0.05. Slgmﬁcant differences between ND old
groups versus HF and HF+RV groups, p <0.05.
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(A) Representative Western blot OXPHOS and quantifications for (B) CV-ATPASA, (C) CHI-UQCRC2, (D)

CIV-MTCOlL, (E) CII-SDHB, (F) CI-NDUFBS, (G) OPA1, (H) Mitofusinl, and (I) DRP1 in C57BL/6J young and old fed
with normal diet (ND young n=12 and ND old n=9), resveratrol (RV old n=9), high-fat diet (HF old n=11), or high-fat
diet plus resveratrol (HF+RV old n=9). Bars represent mean + SEM, and values are adjusted to 100% for levels C57BL/6J
old with Normal Diet. For compared groups, we did ANOVA One way. *Significant differences between ND old groups
versus ND young and RV groups, p<0.05, **p<0.01. S‘;Signiﬁcant differences between ND old groups versus HF and

HF+RYV groups, p<0.05.

F8 P (Fig. 8A). f-catenin, a target of this kinase through Wnt
pathway, was activated in RV-fed animals (both ND and HF
diet) (Fig. 8B). In contrast, no changes were observed in
DKK or DvI3 protein levels in the experimental groups of
interest (Fig. 8C, D).

Aging and HF were described to induce changes in epi-
genetic hallmarks. The levels of DNA methylation, DNA
MethyTtransferases (DNMT), histone demethylases, and
Histone DeACetylases (HDAC), were determined by RT-

F9» PCR in all groups (Fig. 9A-E). Global methylation was
studied measuring 5 mC levels; we observed that RV re-
duced 5 mC levels in ND mice (Fig. 9A). DNMT did not
exhibit changes with age or diet (Fig. 9B, C). Only a re-
duction in Dnmt3b in the RV group with respect to the ND
group was shown in Figure 9C. In Hdacl expression levels,

there were no significant results (Fig. 9D). Conversely,
Hdac2 showed an increase in gene expression in old ND
animals in reference to young mice, and RV was able to
revert gene expression to young mouse levels (Fig. 9E).

Discussion

Reductions in specific cognitive abilities, such as mental
speed, executive function, and episodic memory, are com-
monly experienced in aging.”® The excessive production of
reactive oxidative species (ROS) is associated with inflam-
mation,?® and aged rodents exhibited exaggerated neuroin-
flammation and memory deficits in response to 0S.>° We
found a clear inflammatory landscape in hippocampus in
old in comparison with young mice, which could be the
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consequence of the OS condition in aged animals, finally
rendering cognitive impairment. Furthermore, old mice
showed a decrease in Neurod6 and PGC-1alpha, which are
described as physiological energetic sensors.

In reference to behavior parameters, in the NORT test, a
drop was demonstrated in DI values obtained in HF-fed
mice after NORT in comparison with young and old ani-
mals. RV was able to prevent cognition impairment in HF-
fed mice. MWM results reinforced the effect of RV, but did
not evidence significant changes among untreated animals,
probably due to the physical condition of aged animals. OFT
evaluates motor activity, but also assesses disinhibition be-
havior based on the aversion of mice to open spaces. HF
induced disinhibition behavior in reference to ND-fed mice
that was reversed by RV. Dementia can be gated to this
disinhibition, and AD models have shown increased disin-
hibition.>'*? Thus metabolic stress induced by HF led to
behavior and cognitive disturbances in C57BL/6J old mice
that were prevented by RV.

However, enzymes related with OS (iNOS, CAT, COX2)
did not exhibit significant differences between young and
old animals, although in a number of parameters measured,
distinct tendencies can be observed, indicating that at older
ages, a standby point in oxidative markers appears to be

achieved in this strain. Accordingly, no significant changes
were found in Nrfl described as a transcription factor that
controls the basal and induced expression, regulating the phys-
iological and pathophysiological outcomes of oxidant exposure.

Because we studied aged animals, based on an impaired
condition, it should be feasible to hypothesize that aging
reduced the possibility that HF delivered a high degree of
metabolic-stress impairment, consequently high OS, as re-
ported by several authors in different animal models at
younger ages.”**?

Inducing metabolic stress in the 24-month-old C57BL/6J
strategy exhibited significant changes in several oxidative
markers, including iNOS and CAT, but none were found in
Aox1, Aldh2, Cox2, or Nrfl. RV did not induce effective
changes in oxidant parameters, except for Aldh2, an enzyme
implicated in detoxifying aldehydes that accumulate through
metabolism.>** It is suggested that Aldh2 dysfunction may
contribute to a variety of human diseases, including car-
diovascular diseases, diabetes, neurodegenerative diseases,
stroke, and cancer. The high degree of dispersion did not
allow us to determine changes in iNOS or CAT expression
in RV-fed mice.

Despite the weak OS process present in our model, pro-
inflammatory activity, a process tightly bound to OS,** was



REJ-2016-1885-ver9-Palomera-Avalos_1P.3d 01/11/17 8:48pm Page 11

COGNITION, INFLAMMATION, AGING, AND RESVERATROL 11
A Neurod6 B Sirt1
2.0+ N 2.0+ .
c
$ . T 2 5
] - 0
@ @
8 E s
3 1.04 X 1.0-
[ [
2 2
8 0.5+ £ 0.5+
4 &
0.0- 0.0- 3 3 3
S > > > %) o) & @ & A
& & o o 5 & o I
o L Y ,2‘3 Q-:\ L Y Y Q(< ‘4
C NDyoung ND old RV old Ve old “Eirirv i D NDyoung NDold RV old HFold HF+RV old

[ =] [= =] [= =]|[====]rsc1 apha

i e i e

I [ | O S5 ) -~

|-."--"--”--I--|mpx

[ e e e

PGC1 alpha
* Ratio pAMPK/AMPK total
250 P 200- :
2004 T
° - 150+
o 150- o
z 2 100-
£ 1004 @
=2 ES
50+ 50
0=
S b & B R
R
< o < &
& Al &S
MDyoung NDold RVold HFold HF+RV old
E

(= === === =]

e e

1501

% vs ND old
§ 8

Bax

T

Q$‘

FIG.7. Gene expression for (A) Neurod6 and (B) Sirt! and representative Western blot and quantifications for (C) PGC-1
alpha, (D) Ratio pAMPK/AMPK total, (E) Bax in C57BL/6J young and old fed with normal diet (ND young n=12 and ND
old n=9), resveratrol (RV old n=9), high-fat diet (HF old n=11), or high-fat diet plus resveratrol (HF+RV old n=9).
Mean + SEM performed in triplicate is represented in PCR; for Western blot the values are adjusted to 100% for levels
CS57BL/6J old with ND. For compared groups, we did ANOVA One way. *Significant differences between ND old groups
versus ND young and RV groups, p<0.05, *#p<0.01. *Significant differences between ND old groups versus HF and

HF+RYV groups, p<0.05.

demonstrated in aged animals. Inflammation comprises a
defensive response to a number of insults, including an
oxidative environment.*® Therefore, the presence of an in-
flammatory response confirmed an oxidative process in the
hippocampus of HF-fed mice. Moreover, the inflammatory

process determined might be based on the cognitive decline
demonstrated by NORT test in old animals and to a higher
degree in metabolically stressed C57BL/6J with respect to
young ND mice. This supports that inflammation was in-
duced by OS. RV, an antioxidant that is a well-known and
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FIG. 8. Representative Western blot and quantifications for (A) Ratio p-Ser9-GSK35/GSK3p, (B) f-catenin ABC, (C)
DKK, and (D) Dv13 in C57BL/6J young and old fed with normal diet (ND young n=12 and ND old n=9), resveratrol (RV
old n=9), high-fat diet (HF old n=11), or high-fat diet plus resveratrol (HF+RV old n=9). In Western blot, bars represent
mean + SEM, and values are adjusted to 100% for levels C57BL/6J old with ND. For compared groups, we did ANOVA
One way. *Significant differences between ND old groups versus ND young and RV groups, p <0.05. Slgnlﬁcant dif-
ferences between ND old groups versus HF and HF+RV groups, p <0.05.

well-characterized compound,®® was able to prevent in-
creases in the majority of the inflammation markers evalu-
ated in this study. Therefore, the effect of RV on the
inflammation process was demonstrated by a reduction in
the gene expression of a number of pro-inflammatory cy-
tokines (TNF-u, Cxcl-10, IL-1, IL-6, and Ccl3).

Metabolic stress induced by HF has been described
as affecting the mitochondrial respiratory chain.*** When
OXPHOS chain protein elements were studied, we did not
find changes in the HF compared with the ND group.
However, we found changes in CII-SDHB, CIII-UQCRC?2,
and CIV-MTCOI complexes in RV treatment. These results
agree with those obtained in previous works®*” and dem-
onstrated that RV exerts consistent action on mitochondrial
function.

The influence of metabolic stress and the effect of the
polyphenol RV, inducing significant changes in mitochon-
drial function, were reinforced through Sirtl-AMPK-PGC-
loo axis alteration. AMPK is a sensor key that controls

PGC-1a activity. Results in these cellular components ex-
hibited significant changes among young animals, old mice,
and HF-fed mice. Thus, we can conclude that, although no
changes in OXPHOS protein content were determined, there
was mitochondrial dysfunction in aged animals. These
changes were more marked in HF diet animals than in ND
mice. RV was able to revert AMPK phosphorylation and
achieve young animal phosphorylation levels. It was dem-
onstrated that RV can act as a direct activator of AMPK.*>3%
In our hands, apart from the antioxidant role of RV, we also
demonstrated the ability of RV to act on AMPK-PGC-1u
axis activation and on its correlation with improvement in
cognition.

SIRT1 plays a role in metabolic rate; it may be impli-
cated in the regulation of neuronal survival®® and its over-
expression in the extended life span®® induced general
cognitive enhancement and protected against AD pathology
in mice.*" Sirtuins are a family of nicotinamide adenine
dinucleotide-dependent deacetylases that are implicated in a
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(A) Global 5-methylated cytosine and gene expression for (B) Dnmt3a; (C) Dnmt3b; (D) Hdacl; and (E) Hdac2

in C57BL/6J young and old fed with normal diet (ND young n=12 and ND old n=9), resveratrol (RV old n=9), high-fat

diet (HF old n=11), or high-fat diet plus resveratrol (HF+RV old n=9). Gene expression levels were determined by

real-time PCR. Mean+ SEM performed in triplicate are represented. For compared groups, we did ANOVA One way.

*Significant differences between ND old groups versus ND young and RV groups, p<0.05, **p<0.01, ***p<0.001.
AUL6» $Signiﬁcant differences between ND old groups versus HF and HF+RV groups, p <0.05.

number of physiological and pathological processes, as the
control of glucose and in lipid metabolism, cancer, genomic
stability, and DNA repair. In reference to the third pillar of
the metabolic sensor, Sirtl-AMPK-PGC-1«, we found an
increase in the protein levels of SIRTI solely in RV-fed
aged animals, but not in the remainder of the experimental
groups. This uniquely indicates that there were no alter-
ations in protein expression, but does not discard changes in
its activity, as will be expected by changes in AMPK
phosphorylation levels, which indicate the activation levels
of this kinase through LKB deacetylation.**** In this re-

spect, RV is also described as an activator of SIRT1 and
as being able to modify cellular response through AMPK
activation.*?

Consequently, optimal control of OS and the action on
SIRT1 and AMPK tandem by RV produced a significant
reduction in inflammation processes in old and in meta-
bolically stressed old mice.

Recently, workers at the Chiaramello laboratory have
launched the idea of the concept of NeuroD6-PGC-1o-
SIRT1 as a neuroprotective axis that may be critical in co-
ordinating mitochondrial functioning and the antioxidant
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reserve, affording cellular resilience to OS. In their work,
these authors demonstrated that NeuroD6 is implicated in
maintaining mitochondrial mass, intracellular ATP levels,
and the expression of specific subunits of respiratory com-
plexes under conditions of OS.'"® NeuroD6 is able to
maintain PGC-1o and also Sirt! expression, among other
mitochondrial factors implicated in proliferation and OS.
Moreover, NeuroD6 plays an intracellular ROS scavenger
role in cells. In old animals, there was a diminution of
NeuroD6 gene expression that RV is able to prevent, and
this correlated with the effects observed for mitochondrial
functioning, such as PGC-1a and AMPK levels, oxidative
markers (Mcpl), Wnt pathway (catenin), and Bax.

Recent studies have suggested that epigenetic mecha-
nisms play an important role in the initiation and develop-
ment of senescence. The methylation of DNA comprises one
of the end points for epigenetic effectors and was commonly
related with OS and inflammation processes in aging.'® It
was recently reported that Dnmt3b plays a role in cognitive
decline in subjects with mild cognitive impairment.'®* In
this study, methylation levels in old animals were increased
and normalized to young animal values by RV. In contrast,
we found weak changes in DNA methylation enzymes
that achieved a spurious significance among experimen-
tal groups. Histone deacetylases have been implicated in
memory and cognition, and concretely, HDAC2 plays a
central role in coupling lysine acetylation with synaptic
plasticity.*® Results demonstrated an increase in Hdac2 gene
expression in old animals compared with younger ones, and
notably, RV was able to reduce this deacetylase expression
in both groups of old mice. In addition to cytosolic deace-
tylase activity, as we previously pointed out, SIRT1 is also
an enzyme participating in histone deacetylation and then in
the epigenetic control of gene expression,*” and RV was
able to increase Sirtl expression in RV-fed old mice.

Therefore, epigenetic markers strongly depend on the
inflammatory response, which was present in the C57BL/6J
cohorts studied herein. RV was able to modify 5 mC and
Dnmt3b levels in ND old animals, indicating that an anti-
oxidant intervention, such as RV, produces an anti-
inflammatory effect and could modify epigenetic patterns as
described by other authors.**~>°

Because several findings suggested that OS resulted in an
imbalance between DNA methylation and demethylation
and histone acetylation and deacetylation associated with
the activation of transcription factors when RV modifies OS
may modify the expression of antioxidant enzymes, ren-
dering a low oxidative level, and the expression of pro-
inflammatory cytokines, controlling inflammatory processes
under specific experimental conditions such as those dem-
onstrated in the present work. Taking into account the ef-
fects on several cellular mechanisms for fighting against
aging, the effect of RV on senescence and on metabolic
stress during aging might be explained by a diminution in
OS, which rebounds in the improvement of the inflammation
process, energetic imbalance control, and finally, in epige-
netic changes.

In conclusion, we demonstrated how RV induced a co-
ordinated network of defense mechanisms against metabolic
stress in the older animals, namely, it protects against old
age frailty, promoting neuronal rejuvenation. Therefore, it is
warranted to pursue on the study of RV brain neuroprotec-
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tive mechanisms to identify a feasible target to be addressed
for healthy aging.
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