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Abstract Polyphenols have beneficial neurological effects
delaying cognitive and motor decline in aging due to their
antioxidant, antiinflammatory and neuroprotective properties.
These effects could be related to SIRT1 activation (implicated
in synaptic plasticity, memory and inflammation) and mono-
aminergic synthesis modulation. In this work, we studied in
old male rats, the in vivo effects of long-term administration of
different polyphenols (silymarin, quercetin and naringenin;
20 mg/kg/day i.p, 4 weeks) (Sprague-Dawley, 18 months)
on cognition and motor coordination. We also analyzed in
different brain regions: tryptophan hydroxylase (TPH) and
tyrosine hydroxylase (TH) activities, which mediate central

monoaminergic neurotransmitters synthesis; and immunore-
activities of SIRT1 and NF-κB (total and acetylated forms).
Results indicated that chronic polyphenolic treatments
showed restorative effects on cognition and motor coordina-
tion consistently with the biochemical and molecular results.
Polyphenols reversed the age-induced deficits in monoamin-
ergic neurotransmitters (serotonin, noradrenaline, and dopa-
mine), increasing TPH and TH activity. In addition, polyphe-
nolic treatments increased SIRT1 levels and decreased NF-κB
levels in hippocampus. These results confirm polyphenolic
treatments as a valuable potential therapeutic strategy for at-
tenuating inflamm-aging and brain function decline.
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Introduction

Aging of the world population and a concomitant increase in
age-related diseases highlights the need to identify potential
points of intervention to improve the quality of life in older
adults. Aging leads to numerous changes in the physiology of
the brain, such as synaptic dysfunction and cognitive alter-
ations, in part due to an increase in oxidative stress (Harman
1956) and neuroinflammation (Salminen et al. 2008), accom-
panied by reduced levels of endogenous antioxidants (Bishop
et al. 2010; Venkataraman et al. 2013). In vivo studies have
demonstrated the importance of dietary antioxidants as mela-
tonin (Esteban et al. 2010a; Moranta et al. 2014), tocopherol
(Ramis et al. 2016) and polyphenols as resveratrol (Sarubbo
et al. 2015) limiting some effects of aging. Silymarin, querce-
tin and naringenin are naturally occurring polyphenols found
in citric and red fruits, vegetables, cereals and tea. They are
used as a dietary supplement by their putative multiple
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positive health effects (Pandey and Rizvi 2009). These effects
have been attributed to the antioxidant and anti-inflammatory
properties described for silymarin (Nencini et al. 2007), quer-
cetin (Chondrogianni et al. 2010) and naringenin (Hirai et al.
2007), which possibly allow them to exert neuroprotection
(see Scalbert et al. 2005 for more information).

Brain functions as memory and motor coordination are
intimately regulated by neuromodulatory systems, including
the noradrenergic (Lemon et al. 2009; Murchison et al. 2004),
serotonergic (Meneses 1999), and dopaminergic (Lemon and
Manahan-Vaughan 2006; Li et al. 2003) systems. In fact,
some of the cognitive and motor impairments associated with
aging are explained by alterations in monoamine levels in
cognitive-related brain regions (Esteban et al. 2010a, b;
Ramis et al. 2016; Sarubbo et al. 2015; Tsunemi et al. 2005).
The antioxidant properties of polyphenols may protect the
enzymes involved in the synthesis and metabolism of mono-
amines (i.e., tryptophan hydroxylase (TPH), tyrosine hydrox-
ylase (TH) and monoaminooxidase (MAO)) against oxidative
damage, as it was suggested for resveratrol treatment (Sarubbo
et al. 2015). Moreover, neuroprotective effects of polyphenols
in neurological disorders like Alzheimer (Khan et al. 2012) or
cerebral ischemic damage (Della-Morte et al. 2009) have been
linked to SIRT1 activation. Actually, SIRT1 has a direct role in
regulating normal brain function such as plasticity and mem-
ory (Gao et al. 2010), as well as it has been demonstrated that
SIRT1 regulates NF-κB signaling, modulating proinflamma-
tory responses (Salminen et al. 2008) and cell survival (Yeung
et al. 2004). Consequently, SIRT1 may be a valuable potential
therapeutic target to improve the older people’s quality of life
throughout treating central nervous system disorders (see
Yang et al. 2015 for knowing the current understanding of
SIRT1 in regulating immune responses). Thus, the aim of this
study was to evaluate the in vivo effects in aged rats of chronic
silymarin, quercetin and naringenin treatments at cognitive
(working and episodic memory, spatial learning) and motor
level, to analyze whether the observed changes are related to
modulation of synthesis and metabolism of monoamines (5-
HT, NA, and DA), but also SIRT1 and NF-κB levels.

Materials and Methods

Animals and Treatments

Young (3 months) and old (18 months) male Sprague-Dawley
rats (Charles River, Spain) were housed individually in stan-
dard cages under controlled environmental conditions
(20° ± 2 °C; 70% humidity, and 12-h light/dark cycle, lights
on at 08.00 h) with free access to standard food (Panlab A04,
Spain) and tap water. All procedures were performed during
light period and in accordance with the European Convention
for the Protection of Vertebrate Animals used for

Experimental and other Scientific Purposes (Directive 86/
609/EEC) and the Bioethical Committee of the University.
As the aim of this study was to determine the effects of poly-
phenols in aging, old male rats were chronically treated, dur-
ing 28 days with 20 mg/kg/day, i.p of silymarin (n = 5), quer-
cetin (n = 7) and naringenin (n = 6) dissolved in corn oil, or
vehicle (corn oil, 1 ml/kg/day, i.p, n = 5) in the old control
group. Young rats (3 month, n = 8) also received vehicle (i.p.)
as old control group. Doses were set from a pilot study pre-
sented at the 9th FENS Forum of Neuroscience (Milan, Italy
2014). Rats were sacrificed by decapitation the next day after
the last polyphenol or vehicle administration. Sacrifice was
performed at 8:00 AM (during dark/light change). In order
to analyze monoamines synthesis, all rats received a single
administration of NSD 1015 (which is a central aromatic ami-
no acid DOPA decarboxylase inhibitor) (100 mg/kg, i.p.)
30 min before sacrifice (under red light) to measure the
in vivo activity of TPH and TH, through accumulation of 5-
hydroxytryptophan (5-HTP) and dihydroxyphenylalanine
(DOPA) respectively during these 30 min (see below).
Brains were quickly removed and dissected on an ice-cold
plate to separate the following entire regions: hippocampus,
striatum (caudate-putamen) and pineal gland, which were im-
mediately frozen in liquid nitrogen and stored at −80 °C until
assays.

Behavioural Tests

Behavioural test were conducted between 9:00 to 13:00 h,
three times during treatments: before at the start of treatment,
in the middle, and at the end of treatment period (Fig. 1). In
order to avoid temporal overlaps between tests, they were
conducted in the following order: the first day Barnes maze,
the next day object recognition and rotarod, and after 24 or
48 h (depending on the age of rats) radial maze was conduct-
ed. In this way, there were avoided interferences between
tests, not only for performing the test itself but also by the
preparation periods (eg fasting in radial maze). The experi-
ments were conducted in 3 runs of 10–11 animals, each
displaced 2 days from the previous one. RamisMR performed
the Radial maze test and Sarubbo F performed all other be-
havioural tests do to overlap between different animal runs.
The day where the rats were tested, the administration of poly-
phenols took place after the performance on the test (Fig. 1).

Radial Maze Test

Radial maze test was used to test spatial working memory in
rats as previously reported (Sarubbo et al. 2015). The 8-arm
radial maze (Panlab) consisted of an octagonal central plat-
form (32 cm diameter) with eight equally spaced radial arms.
To test working memory, rats were allowed to make an arm
choice to obtain small pieces of food pellets (Panlab A04,
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Spain) until all eight arms had been visited, in case rats do not
finish the task, the maximum time given was 20 min. Animals
were submitted to fasting before each radial maze test to
achieve the same motivational level in the different groups:
24 h for young rats or 48 h for old rats to achieve similar body
weight loss, as described previously (Sharma et al. 2010). The
maze was set in an experimental room with several external
visual cues. The movements of the animals were monitored
via digital video tracking system (LE 8300 with software
SEDACOM v 1.3, Panlab). The sum of non-visited arms
and re-entry into arms was scored as working memory errors.

Novel Object Recognition Test

The novel object recognition test is a method to measure
episodic-like memory in rodents, which assesses their natu-
ral propensity to explore the novel object as their natural
propensity to the novelty (Antunes and Biala 2012). It was
performed in an open field device. It was conducted before
the start, in the middle and in the end of treatment period.
The test consists of three phases: habituation, familiarization,
and test phase (Ramis et al. 2013; 2016). In the habituation
phase, each animal is allowed to freely explore the open
field in the absence of objects for 10 min, daily, during 4
consecutive days. On day 5, each animal was placed in the
apparatus and allowed to explore for 1 min for re-habitua-
tion. During the familiarization phase, animals were placed
in the centre of the apparatus with two identical objects (e.g.
plastic blue 6 × 6 cm with cubes shapes) always placed in
the same location by using velcro into the base of the ob-
jects, 16 cm away from the walls and allowed to explore
both objects until 10 min had elapsed. Object exploration
was considered when the animal’s nose or mouth was in
contact with the object. After the delay (10 min), for the test
phase, the animals were placed back in the open field with

one object familiar (the same as the previous phase) and one
novel object (e.g. plastic red 8 × 4 cm with bolus shape).
The time spent exploring the objects was recorded until
10 min had elapsed. The objects had no natural significance
for animals, since they are made of the same material in
different shapes, and had never been associated with rein-
forcement or location. Moreover, during training session
both objects are novel, so that the time spent on both objects
should be similar, which was verified in each session. In this
way, the test phase reflects the preference for novelty. The
objects and the apparatus were cleaned with ethanol solution
between trials. In addition, anxiety and exploratory drive of
the animals were measured by recording the number of
times the rats passed through the different areas of the open
field and the number of urinations and defecations.

Visuospatial Learning in Barnes Maze Test

The maze consists of a circular disk (130 cm diameter) elevat-
ed above the floor with 18 holes equidistantly located around
the perimeter. Under one of these holes, there is a black box or
target not visually discriminated from the centre of the maze.
The maze was set in an experimental room with several visual
cues to serve as reference points for locating the target. Bright
light was used as a stimulus to find the target, accentuating the
natural agoraphobia of rats (Barrett et al. 2009). Previous stud-
ies indicated that performance on this task requires spatial
stimuli recognition mediated by the hippocampus (Deacon
et al. 2002). Animals were habituated to the maze, allowing
them to freely explore the maze the day before the test in one
session (familiarization phase). Each rat was placed in the
middle of the platform, the light was switched on and the
animal had 3 min to escape by hiding in the target. If the rat
did not escape, it was manually placed in the target box, where
it remained for 1 min. Once the animal is inside the box the
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Fig. 1 Time schedule for experimental design. Old male rats were
chronically treated, during 28 days with different polyphenols (20 mg/
kg/day, i.p): quercetin (n = 7), naringenin (n = 6), or silymarin (n = 5)
dissolved in vehicle (corn oil). Old control rats (n = 5) young rats
(3 month, n = 8) were chronically treated with vehicle (corn oil, 1 ml/
kg/day, i.p,). Rats were sacrificed by decapitation the next day at 8:00AM
and whole brain samples were dissected and immediately frozen at
−80 °C. All animals received NSD 1015 (100 mg/kg, i.p.) 30 min
before sacrifice by decapitation to analyse monoamines syntheses.
Behavioural test were conducted between 9:00 to 13:00 h, three times
during chronic treatments: before the start of treatment (except Barnes

test), in the middle, and at the end of treatment period. In order to avoid
temporal overlaps between tests, they were conducted in the following
order: the first day Barnes maze (BM; one day for familiarization), the
next day object recognition (OR) and rotarod (RR)(both test with four
days for familiarization), and after 24 or 48 h (depending on the age/
weight of rats) radial maze (RM) was conducted. Three different
experimental groups of 10–11 animals were sequentially conducted
with a two days delay. Polyphenol and vehicle were administered at
9:00 AM except days devoted to behavioural tests which were
administered after performing the tests
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light was turned off. Between tests and trials the whole appa-
ratus was cleaned with ethanol 90%, to avoid the presence of
olfactory or solid traces between animals. The day of the test,
each rat performed four trials separated by 10 min. The trial
finished when the animal entered the target or after 3 min,
when animal was manually placed into the target box and
remained there for 1 min. The time spent exploring the maze
until reaching the target was denominated latency. Exploration
of the non-target hole was counted as an error. Latency and
errors were analysed as a percent respect to young rats in order
to compare the effect of aging and treatments. Three different
strategies to search the target were considered (Rueda-Orozco
et al. 2008): direct (rats go directly to the target), serial (rats
explore holes in sequence), or random (any other pattern to
reach the target).

Motor Coordination in Rotarod Test

Motor ability and balance were evaluated on the rotarod tread-
mill (Panlab). Animals were submitted to training sessions
during 4 days prior to test (one session/day) on a rotarod at a
constant speed of 4 rpm until their performance was stabilized.
In the test phase, the rats were placed on the rotarod in accel-
eration mode (from 4 to 40 rpm over a period of 60 s) for
recording the latency to fall. Each rat repeated the test five
times, leaving a few minutes for recovery.

TPH Activity (Synthesis of 5-HT) and TH Activity
(Synthesis of DA and NA)

Transformation of tryptophan into 5-HTP is the limiting step
in 5-HT synthesis which requires the TPH-2 isoform enzyme
in most of the brain, and TPH-1 isoform enzyme in the
pineal gland (Walther et al. 2003). Regarding catecholamine
(NA and DA) synthesis, the limiting step is the transforma-
tion of tyrosine into DOPA which requires the TH enzyme.
The in vivo activities of these rate-limiting enzymes were
determined by measuring the accumulation of 5-HTP and
DOPA within 30 min after inhibition of the aromatic L-
amino acid decarboxylase by a maximally effective dose of
NSD 1015 (3-hydroxybenzylhydrazine HCl, 100 mg/kg,
i.p.). Accumulation of 5-HTP indicates 5-HT synthesis in
all brain regions, whereas DOPA accumulation indicates
synthesis of NA in the hippocampus and synthesis of DA
in the striatum. This method also enables to quantify the
pool of 5-HT, DA or NA unaffected by recent synthesis
and primarily stored within neurons. Furthermore, this meth-
od allows determining levels of some monoaminergic me-
tabolites that can reveal recent use of these neurotransmit-
ters: 5-hydroxyindoleacetic (5-HIAA) and homovalinic acid
(HVA) (Moranta et al. 2009; Sastre-Coll et al. 1999). All
these compounds (monoamines, precursors and metabolites)
were determined simultaneously by high-performance liquid

chromatography (HPLC) with electrochemical detection.
Brain regions (one of the two hippocampus, one of the
two striatum, and the pineal gland) were homogenized with
an Ultra-Turrax homogenizer (Type Tp 18/10, Janke and
Kunkel, Germany) in 1 mL of 0.4 M HClO4, 0.01%
K2EDTA and 0.1% Na2S2O5; and the homogenate was cen-
trifuged at 40,000 g for 15 min at 4 °C. The resulting su-
pernatant was filtered (Millex LH, Millipore) and aliquots
were injected into the HPLC system on a reversed-phase
column (Spherisorb S3 ODS1 C18; 3- μm particle size
range) coupled to a Tracer ODS2 C18 pre-column (2–
5 μm particle size range, Teknokroma, Spain). The mobile
phase consisted of 0.1 M KH2PO4; 2.1 mM octane sulfonic
acid; 0.1 mM K2EDTA; 2 mM NaCl and 12% methanol
(pH 2.7–2.8, adjusted with 85% H3PO4), which was pumped
at a flow rate of 0.8 ml/min with a Waters M-600 controller
solvent delivery system (Waters, Spain). The compounds
were electrochemically detected by a cell with a glassy
working carbon electrode with an applied oxidation potential
of +0.75 V against an in situ Ag/AgCl reference electrode
(Waters M-2465 Electrochemical Detector). The output cur-
rent was monitored by an interphase (Waters busSAT/IN
Module) connected to a PC. The concentrations of the com-
pounds in a given sample were calculated by interpolating
the corresponding peak height into a parallel standard curve
using the software Empower Pro (Waters).

Western Blot Analysis

The remaining hippocampus from animals was homogenized
in 1:15 weight/volume of homogenization buffer (50 mM
Tris-HCl, pH 7,5; 1 mM EDTA; 2% SDS) in the presence of
a protease inhibitor cocktail (Pierce). Extracts were sonicated
three times for 5 s, and then they were mixed 1:1 with loading
Laëmmli buffer. Protein samples (20 μg) were separated by
10% SDS-PAGE and transferred to nitrocellulose membranes
(3 MM Whatman). Immunoblot analyses were performed by
using the antibodies: anti-SIRT1 (rabbit polyclonal, 1:1000
dilution, Millipore); anti-NF-κB p65 (rabbit polyclonal,
1:1000 dilution, Santa Cruz); anti-NF-κB p65 (acetyl K310)
(rabbit polyclonal, 1:1000 dilution, Abcam); anti-α-tubulin
(mouse monoclonal, 1:5000, Sigma). Proteins were detected
with the ECLWestern Blotting Substrate (Pierce). The chemi-
luminescence bans were digitalized with GeneGnome XRQ
(Syngene, USA) and analyzed with the public domain soft-
ware ImageJ (Rasband, 1997–2016).

Drugs and Reagents

Drugs and reagents were purchased from Sigma-Aldrich (a
part of the Merck group, Germany).
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Statistics

Results are expressed as means ± S.E.M. of values. Two-
way ANOVA followed by Fisher’s LSD test was used for
statistical evaluation of behavioural test in each experi-
mental group throughout the chronic treatments. One-
way ANOVA followed by Newman-Keul test was used
for other statistical evaluations. Level of significance
was set at p ≤ 0.05. Chi-square test was used to analyse
strategies in Barnes maze test. Data were analyzed with
the program Graph-Pad Prism, version 5.0.

Results

Effects of Chronic Polyphenols Treatments
on the Deterioration of Spatial Working Memory of old
Rats in Radial Maze Test

As expected, aging was characterized by a deterioration in
spatial working memory analyzed by the radial maze test
(Fig. 2a, b). Old rats spent more time and made more errors
than young rats during the task. However, old animals
chronically treated with silymarin, quercetin and naringenin
(20 mg/kg, i.p. daily) improved working memory; which
was already observed at the middle of the treatment and
more clearly at the end. Rats chronically treated with
silymarin, quercetin and naringenin decreased their perfor-
mance time and number of errors; showing performance
time and errors similar to young animals in the radial maze
test. These animals spent less time (30–60%) and made few-
er errors (34–54%) during the task than rats treated with
vehicle respect to the beginning of treatment (Fig. 2a, b).
In order to ensure a correct working memory analysis and a
correct interpretation of results from radial maze test, it was
also analysed the motor activity as the ratio between the
distance and the exploration time. No differences in motor
activity were observed between groups (data not shown).
Note that there were not observed acute effects for these
polyphenols in the radial maze; analyzed 1 h after the an
acute i.p. administration (20 mg/kg; data not shown, present-
ed at the 9th FENS Forum of Neuroscience).

Effects of Chronic Polyphenols Treatments
on the Deterioration of Episodic Memory of old Rats
on the Novel Object Recognition Test

Episodic-like memory was analyzed using the novel object
recognition test (Fig. 3a, b). During familiarization phase,
animals did not show any preference for an object (left or
right, both identical), regardless of treatment performed (data
not shown). However, during test phase, young animals ex-
plored the novel object longer than the familiar one;

according to the rodent’s novelty preference behaviour; but
old control rats did not showed statistical differences in the
time spend exploring both objects. In contrast, old rats
chronically treated with polyphenols explore the novel ob-
ject for more time than the familiar one, in some cases
already at the middle of the treatment period, and in all cases
at the end of treatment period (Fig. 3a, b). On the other
hand, the level of anxiety and exploration in the open field
(areas visited, urinations and defecations) was not affected
by treatments since no differences were observed between
the old control group and the groups of animals treated with
polyphenols (data not shown). Thus, increased exploration
of the novel object in old animals treated with polyphenols
seems to be more related to an improvement in memory than
to an increase in exploration in general.

Effects of Chronic Polyphenols Treatments
on the Deterioration of Spatial Learning of old Rats
in Barnes Maze Test

Spatial learning was assessed with the Barnes maze test at the
middle and at the end of treatment period (Fig. 4). Throughout
training period it was detected a general improvement in spa-
tial learning; which was observed by a decrease in time and
number of errors and by an increase in the use of direct strat-
egy (data not shown). In any case, and as expected, test results
showed an impairment in old rats respect to young rats in the
parameters previously mentioned. However, at the end of
treatments with silymarin, quercetin and naringenin old ani-
mals decreased significantly the time (77%, 44% and 54.3%
respectively) and the number of errors (92.3%, 74.4% and
80.8% respectively) respect to the old control group. In quer-
cetin and naringenin treated rats improvements in time were
observed on midtreatment. The improvement in spatial learn-
ing in polyphenol treated rats was due to the predominant use
of direct and serial strategy (as it happened in young rats). In
contrast, old control rats followed a random strategy (Fig. 4c).

Effects of Chronic Polyphenols Treatments
on the Deterioration of Motor Coordination in old Rats
in Rotarod Test

Figure 5 shows the permanence time (s) in rotarod apparatus.
Results showed that aging causes impairment in motor coor-
dination, as it is showed by the decrease in permanence time
on rotarod of old rats respect to young rats. Nevertheless, at
the end of treatments with silymarin, quercetin and naringenin
old rats not only managed to increase their permanence time
on the wheel respect to the start of treatments, they also im-
proved respect to old control rats (38%, 43% and 53%,
respectively).
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Effects of Chronic Polyphenols Treatments in old Rats
on 5-HT Synthesis and Metabolism in Hippocampus,
Striatum and Pineal Gland

Old rats showed a reduction in 5-HTP accumulation, 5-HT
content and 5-HIAA level in hippocampus, striatum and
prominently in pineal gland (Fig. 6), revealing a reduced ac-
tivity of TPH-2 and TPH-1 due to aging. Chronic silymarin,
quercetin and naringenin treatments in old rats increased sim-
ilarly the TPH activity (measured as 5-HTP accumulation) in

hippocampus (37%, 52% and 53%;), striatum (36%, 44% and
53%;) and pineal gland (239%, 288% and 238%).
Consequently, the mean value of 5-HT content also increased
after polyphenolic treatments (hippocampus: 44%, 48%, and
49%; striatum: 77%, 68% and 57%; pineal gland 323%, 307%
and 145%, respectively). In contrast with these results, poly-
phenols reduced 5-HIAA levels in hippocampus and striatum
respect to old control rats (with exception of sylimarin in
hippocampus), suggesting an inhibitory effect on MAO-A
enzime (Fig. 6). This effect was not seen in pineal gland where

a

b

Fig. 2 Radial Maze Test. Effects of silymarin (n = 5), quercetin (n = 7)
and naringenin (n = 6) (20 mg/kg/day, i.p) in old rats on the eight-arm
radial maze task, compared with young (n = 8) and old (n = 5) vehicle
(vh) groups. Bars represent means ± SEM derived from the time spent to
complete the task a, and the sum of errors made during the task b. For
performance time a, two way ANOVA detected a significant main effect
for the treatment: F(4, 66) = 13.76, p < 0.0001; but also effect for period
of treatment: F(2, 66) = 5.86, p = 0.0045; and interaction of both: F(8,
66) = 2.38, p = 0.0257. Fisher’s LSD post-hoc test detected significant
differences respect young control group with Old vehicle group at start,
middle, and end of treatment (***p ≤ 0.001); and with silymarin
(***p ≤ 0.001), quercetin and naringenin (**p ≤ 0.01, both) treated
groups only before the chronic treatment. Fisher’s LSD test also
detected significant differences respect old vehicle group with

polyphenol treated groups at middle (†p ≤ 0.05 for silymarin and
††p ≤ 0.01 for quercetin and naringenin) and end of treatment (†p ≤ 0.05
for silymarin and †††p ≤ 0.001 for quercetin and naringenin). For errors b,
two way ANOVA detected a similar significant effects for the treatment:
F(4, 66) = 12.57, p < 0.0001; period of treatment: F(2, 66) = 18.41,
p < 0.0001; but also for interaction of both: F(8, 66) = 3.88,
p < 0.0001. Fisher’s LSD post-hoc test detected significant differences
respect young control group with Old vehicle group at middle (*p ≤ 0.05)
and end of treatment (***p ≤ 0.001); and with quercetin (*p ≤ 0.05 at
middle and end of treatment). Ficher’s LSD test also detected significant
differences respect old vehicle group with polyphenol treated groups at
middle (††p ≤ 0.001 for naringenin and †††p ≤ 0.001 for silymarin and
quercetin) and end of treatment (††p ≤ 0.01 for silymarin and †††p ≤ 0.001
for quercetin and naringenin)
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the effect of age reduced drastically 5-HIAA levels to limit of
detection of the HPLC-ED detector used.

Effects of Chronic Polyphenols Treatments in old Rats
on Noradrenaline Synthesis and Metabolism
in Hippocampus

Aging decreased DOPA accumulation (synthesis of NA by
TH) and NA content in hippocampus (Fig. 7a). Silymarin,
quercetin and naringenin treatments in old rats increased
DOPA accumulation (71%, 133% and 169%, respectively)

and NA content (39%, 29% and 37%, respectively) respect
to old control rats (Fig. 7a). HPLC method used do not allow
detection of any NA metabolite.

Effects of Chronic Polyphenols Treatments in old Rats
on Dopamine Synthesis and Metabolism in Striatum

An age-related decrease in DOPA accumulation (TH activity),
DA content and HVA levels in striatum was observed (Fig.
7b). Meanwhile, silymarin, quercetin and naringenin treated
old rats increased similarly DOPA accumulation (63%, 57%

a

b

Fig. 3 Novel objects recognition test. Long-term effects of silymarin
(n = 5), quercetin (n = 7) and naringenin (n = 6) (20 mg/kg/day, i.p) in
old rats on the test phase of the novel object recognition test, compared
with young (n = 8) and old (n = 5) vehicle (vh) groups. Bars represent
means ± SEM of the time spent exploring the novel and the familiar
object (N = novel object, F = familiar object) a the difference in time
spent exploring the novel and the familiar object (N-F) b. T-test detected
significant differences in a comparing the time exploring the novel and
the familiar objects (##p ≤ 0.01, ###p ≤ 0.001). In b, Two way ANOVA
detected a significant main effect for the treatment: F(4, 66) = 7.91,
p < 0.0001; but also an effect for period of treatment: F(2, 66) = 3.67,

p = 0.0309; and interaction of both: F(8, 66) = 2.45, p = 0.0217. Fisher’s
LSD post-hoc test detected significant differences respect young control
group with Old vehicle group at start (*p ≤ 0.05), middle (**p ≤ 0.01),
and end of treatment (***p ≤ 0.001); and with silymarin, quercetin and
naringenin treated groups at star (*p ≤ 0.05, all); and naringenin at middle
of treatment (*p ≤ 0.05). Fisher’s LSD test also detected significant
differences respect old vehicle group with silymarin treated group at the
middle of treatment (††p ≤ 0.01) and all polyphenol treated groups at end
of treatment (††p ≤ 0.01 for silymarin and †††p ≤ 0.001 for quercetin and
naringenin)
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a

b

c

Fig. 4 Barnes maze test. Effects of silymarin (n = 5), quercetin (n = 7)
and naringenin (n = 6) (20 mg/kg/day, i.p) on Barnes maze test in old rats,
compared with young (n = 8) and old (n = 5) vehicle (vh) groups, in the
middle and at the end of the treatment. Bars represent means ± SEM
derived from Total latency a and total errors b. For latency a, two way
ANOVA detected a significant effect only for the treatment: F(4,
53) = 5.78, p < 0.001; but not effect for period of treatment: F(1,
53) = 2.8, p = 0.1002; and interaction of both: F(4, 53) = 1.33,
p = 0.271. Fisher’s LSD post-hoc test detected significant differences
respect young control group with Old vehicle group at middle
(***p ≤ 0.001) and end of treatment (*p ≤ 0.05). Fisher’s LSD test also
detected significant differences respect old vehicle group with polyphenol
treated groups at middle (†p ≤ 0.05 for silymarin, ††p ≤ 0.01 for quercetin,
and †††p ≤ 0.001 for naringenin) and end of treatment (††p ≤ 0.01 for
silymarin, p = 0.0894 for quercetin and †p ≤ 0.05 for naringenin). For
errors b, two way ANOVA also detected a significant effect only for the
treatment: F(4, 53) = 3.08, p < 0.05; but not effect for period of treatment:

F(1, 53) = 2.14, p = 0.1495; and interaction of both: F(4, 53) = 0.77,
p = 0.5483. Fisher’s LSD post-hoc test detected significant differences
respect young control group with Old vehicle group at middle of
treatment (*p ≤ 0.05). Fisher’s LSD test also detected significant
differences respect old vehicle group with polyphenol treated groups at
middle (†p ≤ 0.05 for naringenin and p = 0.0747 for quercetin) and end of
treatment (†p ≤ 0.05 for silymarin and naringenin, and p = 0.0649 for
quercetin). c Strategy percentage. Chi-square test detected significant
differences respect young control group with old control animals
(#χ2 = 8.57, df = 2, p < 0.05 at middle and ###χ2 = 15.96, df = 2,
p < 0.001 end of treatment) and Silymarin group only at middle of
treatment (#χ2 = 8.42, df = 2, p < 0,05); And between old treated
animals only at the end of chronic treatment. In old animals treated with
Silymarin ($$$χ2 = 21.01, df = 2, p < 0.001), Quercetin ($$$χ2 = 27.7,
df = 2, p < 0.001), and Naringenin ($$$Chi-square: χ2 = 22.3, df = 2,
p < 0.001) respect Old control group treated with vehicle
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and 42%, respectively) and DA content (28%, 38% and 39%,
respectively) respect to old control rats, while HVAmetabolite
was not significantly modified, which suggested a possible
attenuation of MAO activity by polyphenols (Fig. 7b).

Effects of Polyphenols on SIRT1 and NF-κB
Immunoreactivity in Hippocampus

SIRT1 protein (110 kDa) level in hippocampus of old rats was
significantly lower than in young rats (35% reduction, Fig.
8a). In contrast, the immunoreactivity for SIRT1 from old rats
chronically treated with silymarin, quercetin and naringenin
was significantly higher than in old control rats, reaching
values close to those of young rats (77%, 86% and 93%,
respectively Fig. 8a); indicating the ability of polyphenols to
increase SIRT1 protein levels. Interestingly, in all SIRT1 west-
ern blots were also detected a secondary band of 75 kDa,
which was also modulated by different experimental condi-
tions. Previous studies have shown that this 75 kDa band
could correspond to a cleaved form of SIRT1 (Oppenheimer
et al. 2012). The immunoreactivity for this 75 kDa band also
decreased in aged hippocampus, but less than SIRT1 band
(110 kDa), only suffered a 14% decrease respect to young
animals (Fig. 8a). Silymarin, quercetin and naringenin treat-
ments also increased the immunorreactivity of this 75 kDa
band to levels close to those of young rats (100%, 115% and
113% respect young rats levels, respectively).

Additionally, these changes in SIRT1 observed were ac-
companied by changes in NF-κB levels. SIRT1 reductions
observed in old rats were accompanied by an incresase in
NF-κB acetylated immunoreactivity (16%); meanwhile, aging
did not modify NF-κB total levels in hippocampus (Fig. 8b).
In contrast, polyphenols treatments decreased levels of both

NF-κB total and acetylated form, respect to both young and
old control rats. These chronic treatments decreased NF-κB
acetylated levels in old rats reaching values below those of
young rats (silymarin 74%, quercetin 81% and naringenin
58%); but polyphenols treatments also reduced the immuno-
reactivity for NF-κB total in hippocampus below those of
young rats (silymarin 37.38%, quercetin 36.84% and
naringenin 49.72%, respectively).

Discussion

Although not all the molecular mechanisms involved in the
aging process are well known, oxidative stress (Harman 1956)
and inflammaging (Franceschi et al. 2000; Salminen et al.
2008a, b) have been identified as the leading causes. In this
regard, polyphenols due to their antioxidant (Halliwell et al.
1997; Khurana et al. 2013) and anti-inflammatory properties
(Tangney and Rasmussen 2013), has been pointed out as key
molecules in the prevention of brain aging. Oxidative damage
and inflammaging are two processes, which suffer a feedback
among themselves, having different effects on brain during
aging such as the declive in functionality of TPH and TH
enzymes due to their inefficient phosphorylation after ROS
injury (De la Cruz et al. 1996; Hussain and Mitra 2000).
Altogether brings a marked reduction in monoamines levels
such as NA, DA, and 5-HT (Esteban et al. 2010a, b; Sarubbo
et al. 2015; Tsunemi et al. 2005) which are believed to be
partially responsible for impairments in memory and motor
coordination (Collier et al. 2004; Cools 2011; Haider et al.
2014; Ramis et al. 2016; Sarubbo et al. 2015), and for the
prevalence of neurodegenerative diseases during senescence
(Hussain and Mitra 2000). Results from the present work

Fig. 5 Rotarod test. Effects of silymarin (n = 5), quercetin (n = 7) and
naringenin (n = 6) (20 mg/kg/day, i.p) in old rats on the rotarod test,
compared with young (n = 8) and old (n = 5) vehicle (vh) groups. Bars
represent the mean ± SEM of the permanence time on the apparatus. Two
way ANOVA detected a significant main effect for the treatment: F(4,
66) = 26.83, p < 0.001; but also an effect for period of treatment: F(2,
66) = 8.383, p < 0.001. Fisher’s LSD post-hoc test detected significant

differences respect young control group with Old vehicle group and the
different polyphenol treated groups (***p ≤ 0.001 for all at any period of
treatment, except **p ≤ 0.01 for naringenin at the end of treatment).
Fisher’s LSD test also detected significant differences respect old
vehicle group with naringenin treated group at the middle of treatment
(†p ≤ 0.05) and all polyphenol treated groups at end of treatment
(†p ≤ 0.05)
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demonstrated that chronic administration of polyphenols
(silymarin, quercetin and naringenin) to old rats can improve
their cognitive and motor functions as well as restore TPH-1,
TPH-2 and TH activity. As Figs. 6 and 7 show, monoamine
levels (NA, DA and 5HT) are also increased in regions direct-
ly involved in cognitive and motor processes such as the hip-
pocampus and the striatum; and also in the pineal gland, in-
volved in the control of circadian rhythms; which also directly
affect the cognitive functions. These results are in line to those
observed from other polyphenols such as resveratrol (Sarubbo
et al. 2015) and other antioxidants such as tocopherol (Ramis
et al. 2016). These studies explained the positive effects of
polyphenols as a consequence of the antioxidant protection
of polyphenols on the enzymes involve in monoamines syn-
thesis, which help to increase the monoamine levels contrib-
uting to the improve in cognitive function. Similarly to what is

described in these other works, we have not observed signif-
icant effect from acute administration of any of the polyphe-
nols tested in the present work (tested 1 h after i.p administra-
tion, 20 mg/kg), at least in the radial maze performance (data
not shown, but presented at 9th FENS Forum). Suggesting a
long-term adaptive mechanism for polyphenol neuroprotec-
tive effects, rather than an acute or fast effect. This is support
by the fact that, cognitive performance in the different behav-
ioral test is better at the end of the chronic treatments, com-
paring with the middle of these chronic treatments.

Additionally, It is noteworthy that there were not detected
differences in anxiety or exploratory drive by effect of poly-
phenols treatments as it was seen in the analyses of Radial test
and Novel object recognition test. This support the idea that
the cognitive improvement after polyphenol treatments is due
to enhancement of memory and learning capacities and not

Fig. 6 Serotonergic System. Effect of chronic silymarin (n = 5),
quercetin (n = 7) and naringenin (n = 6) treatments on serotonergic
system in hippocampus, striatum, and pineal gland. Bars represent
(mean ± SEM in ng/g of wet tissue or total pineal gland) 5-HTP
accumulation (during 30 min after decarboxylase inhibition), 5-HT
tissue content, and 5-HIAA metabolite levels. One-way ANOVA
followed by Newman-Keuls test was used for statistical evaluation:
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 compared to young rats; †p ≤ 0.05,

††p ≤ 0.01, †††p ≤ 0.001 compared to old control rats. Statistic differences
were found for 5-HTP accumulation (hippocampus: F(4, 26) = 11.7,
p < 0.0001; striatum: F(4, 26) = 3.69, p < 0.0301; pineal gland: F(4,
26) = 7.85, p = 0,0003); 5-HT content (hippocampus: F(4, 26) = 3.05,
p = 0.002; striatum: F(4, 26) = 4.82, p = 0.01; pineal gland: F(4,
26) = 47.46, p < 0,0001) and 5-HT content (hippocampus: F(4,
26) = 8.17, p = 0.0002; striatum: F(4, 26) = 7.8, p = 0.0003)

J Neuroimmune Pharmacol (2018) 13:24–38 33



consequence of other factors that could influence the perfor-
mance of behavioural test. Moreover, and in the same line of
the previous statement, although there was deterioration in
motor coordination due to aging, this did not affect the perfor-
mance of the behavioural tests, since no differences in motor
activity were detected during the performance of these behav-
ioural tests.

The molecular mechanism behind these beneficial effects
of polyphenols is still unknown. However, some proteins and
signalling pathways have been higlighted as to be involved in
it. The first one is the enzyme SIRT1, which has been associ-
ated with a neuroprotective function in a myriad of neuronal
injury and neurodegeneration paradigms (Ng et al. 2015). The
function of SIRT1 is related to the regulation of memory (Gao
et al. 2010), and therefore some studies have found that reduc-
tion in the expression of SIRT1 has negative consequences on
cognitive abilities (Adler et al. 2007; Michán et al. 2010), as
well as this decrease contributes to the development of neuro-
degenerative diseases associated with aging such as
Alzheimer and Parkinson (Herskovits and Guarente 2013
and 2014; Qin et al. 2006). Results of the present work cor-
roborate that aging reduces SIRT1 levels in hippocampus
(Quintas et al. 2012). The present work also demonstrates that
silymarin, quercetin and naringenin can increase SIRT1 levels
in aged rats. Although it has been shown in vitro that

resveratrol can activate SIRT1 directly through an allosteric
mechanism (Hubbard et al. 2013), in vivo this direct effect has
not been observed and it is not well known how polyphenols
increase SIRT1 activity in vivo. It seems that oxidative stress
is a key event, because it reduces SIRT1 mRNA levels induc-
ing inhibition of SIRT1 expression (Yamakuchi et al. 2008). In
addition, cysteine residues from SIRT1 are vulnerable to oxi-
dation affecting both the activity of SIRT1 and its degradation
by the proteasome (Cai et al. 2012; Furukawa et al. 2007).
Therefore, we hypothesize that polyphenols due to their anti-
oxidant properties may avoid the consequences of oxidative
damage, protecting SIRT1 enzyme.

SIRT1 modulation could contribute to modulate another
important action mechanism for polyphenol effects, NF-κB
signaling pathway. Many age-related deleterious effects ob-
served in the brain could be related with inflamm-aging pro-
cesses, in which NF-κB signaling plays a highly relevant role
(Adler et al. 2007; Chen and Greene 2003). It is of crucial
importance the finding that the efficiency of the NF-κB signal-
ling might be regulated by SIRT1 longevity factor (Adler et al.
2007; Salminen et al. 2008; Yeung et al. 2004). SIRT1 interacts
with the RelA/p65 subunit of NF-κB and inhibits transcription
by deacetylating RelA/p65 at lysine 310 (Chen et al. 2005;
Kauppinen et al. 2013; Xie et al. 2013; Yeung et al. 2004).
Thus, the age-related decrease in SIRT1 activity enhances the

a bFig. 7 Catecholaminergic
system. Effect of chronic
silymarin (n = 5), quercetin
(n = 7) and naringenin (n = 6)
treatment on catecholaminergic
system in hippocampus and
striatum. Bars represent DOPA
accumulation (during 30min after
decarboxylase inhibition), DA or
NA tissue content, and HVA
metabolites levels in striatum.
One-way ANOVA followed by
Newman-Keuls test was used for
statistical evaluation: **p ≤ 0.01,
***p ≤ 0.001 compared to young
rats; †p ≤ 0.05, ††p ≤ 0.01,
†††p ≤ 0.001 compared to old
control rats. Statistic differences
were found for DOPA
accumulation (hippocampus: F(4,
26) = 12.39, p < 0.0001; striatum:
F(4, 26) = 58.22, p < 0.0001) and
for NA content (hippocampus:
F(4, 26) = 7.57, p = 0.0004) in;
DA content (striatum: F(4,
26) = 55.03, p < 0.0001)
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NF-κB signaling, which supports inflammatory responses in
brain (Salminen et al. 2013). In this regard, we detected an
increase in NF-κB acetylated levels in hippocampus of old rats
without significant changes in total protein levels of NF-κB.
Interestingly, all polyphenolic treatments produced a promi-
nent decrease in NF-κB acetylated level in hippocampus from
aged rats; with a greater effect for naringenin. But these effects
were accompanied by a decrease in NF-κB total levels, coin-
ciding with previous results from old rats fed with diet rich in
polyphenols (Goyarzu et al. 2004). Results suggest that

changes in NF-κB acetylated levels are mainly due to changes
in total protein levels rather than changes in post-
transcriptional modifications. The pharmacological inhibition
of NF-κB has been shown to prevent the occurrence of differ-
ent types of inflammation in mouse models of premature aging
(Gillum et al. 2011; Osorio et al. 2012; Tilstra et al. 2012; Yao
et al. 2012; Zhang et al. 2010). Consistently, our results suggest
that polyphenolic treatments could lead to a downregulation of
the NF-κB signaling pathway through a SIRT1 mediated
mechanism (direct or indirect); which would contribute to

a b

Fig. 8 Western blot. Effects of chronic silymarin (n = 5), quercetin
(n = 7) and naringenin (n = 6) treatments on SIRT1 (110 and 75 kDa) a
and NF-κB acetylated, total and NF-κB acetylated respect to NF-κB total
levels b in hippocampus, compared with young and old (vh) rats. Protein
levels were normalized to α-tubulin content. Bars represent mean ± SEM
of 4 experiments, and they are express as percentage relative to the young
(vh) group. One-way ANOVA followed by Newman-Keuls test detected

significant differences for SIRT1 (110 kDa: F(4, 26) = 15.03; p < 0.0001;
75 kDa: F(4, 26) = 7.19, p = 0.0005), NF-κB acetylated levels (F(4,
26) = 47.56; p < 0.0001), NF-κB total levels (F(4, 26) = 77.91;
p < 0.0001) and NF-κB acetylated respect to total levels (F(4,
26) = 3.026; p < 0.05) comparing with young rats (*p ≤ 0.05,
**p ≤ 0.01,*** p ≤ 0.001) and old rats (†p ≤ 0.05, †††p ≤ 0.001). Below
graphs are showed a representative immunoblot of each analyzed protein
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neuroprotection by reducing the proinflammatory state in the
hippocampus of aged rats.

In addition, it has been discovered under proinflammatory
conditions an alternative mechanism of action for SIRT1.
Oppenheimer et al. (2012) discovered that exposing human
osteoarthritic chondrocytes to inflammatory factors (like
TNF-α) generates a stable and enzymatically inactive SIRT1
fragment (75 kDa) resistant to further degradation; which in
turn prevents cell death avoiding apoptosis. In this regard, we
have observed for the first time in brain the 75 kDa fragment
of SIRT1, which was conserved by aging and reduced by
polyphenolic treatments in hippocampus. The increase in
SIRT1 fragmentation during aging could reveal a cell mecha-
nism to protect them from inflamm-aging; and polyphenols
would reduce SIRT1 fragmentation as a consequence of pro-
inflammatory state reduction in the brain. Current efforts are
underway to clarify this.

On the other hand, Flowers et al. 2015 have demonstrated
that NT-020 (a proprietary blend of polyphenols) can en-
hance performance in learning and memory tasks in aged
mice by activating oxidative stress response pathways, and
decrease inflammation trough the reduction of proinflamma-
tory molecules (TNF-α, IL-1β, etc), meanwhile supports
anti-inflammatory and pro-neurogenic (neurotrophines) gene
expression in the hippocampus. It seems that these combi-
nations of results agree with the results of the present work,
which also found the combination of the following points:
cognitive improvement, SIRT1 increased levels and reduc-
tion of inflammation after polyphenolic treatments. In addi-
tion, we found increased levels of monoamines, which can
be explained in part by the regulation of inflammatory path-
ways and increased levels of SIRT1, which may interact
reducing not only inflammation but also oxidative stress,
protecting TH and TPH from ROS and cytokines.
Moreover, a direct relationship between SIRT1 levels and
brain monoaminergic systems modulation has been
established, since SIRT1 directly regulates mood and behav-
ior by deacetylating the NHLH2 transcription factor, which
activates MAO-A transcription increasing anxiety (Libert
et al. 2011; Chaudhuri et al. 2013). Results from the present
work do not reflect this direct effect of SIRT1 on brain,
because despite SIRT1 level increase due to polyphenol
treatment, monoamine metabolites do not change. In this
same regard, some polyphenols have been shown to directly
inhibit MAO activity or monoamine re-uptake (Chen et al.
2015; Yañez et al. 2006), which could be a generalized
mechanism of polyphenolic compounds. More studies are
also needed to deep understand the relevance of SIRT1 on
the effects of polyphenols on monoaminergic systems. In
spite of the fact that we did not study the effects of poly-
phenols on adult hippocampal neurogenesis, it is very inter-
esting the fact that Flowers et al. 2015 found an improvement
in neurogenesis in aged rats after polyphenolic treatment,

throughout the augment in Nrf-2 and Wnt signalling (direct-
ly involve in neurogenesis). Monoamines like serotonin and
its receptors have a critical role in adult hippocampal
neurogenesis, having positive impact on cell proliferation
and survival of newborn neurons (Alenina and Klempin
2015). Moreover, an increase in number of neurons may
lead to an increase in the number of potential monoamine
synthesis sites, giving place to an increase in levels of
monoamines. For these reasons, it seems that the increase
in monoamine synthesis found in this work may be related
to the regulation by polyphenols of several mechanisms such
as oxidative stress, inflammaging and last but not less im-
portant neurogenesis, which all at the same time obviously
affect positively cognition. It is necessary that research con-
tinues in this line for understanding the molecular and phar-
macological network by which polyphenols can synergisti-
cally modulate all these processes meanwhile preserves cog-
nition, avoiding aging consequences.

Finally, we have to consider that additional mechanism
and/or brain regions could contribute to the observed phe-
notypes; since there is not a direct correlation between the
polyphenol that improves to a greater extend behavioral pa-
rameters and the one that obtains a greater recovery of neu-
rochemical and molecular parameters in the analyzed brain
regions.

Conclusion

Chronic polyphenolic treatments modulate hippocampal
SIRT1 and NF-κB levels, attenuating inflamm-aging and
avoiding the monoamines descent in cognitive related brain
regions. Therefore, polyphenols may be used as a potential
therapy for restoring the impaired cognitive and motor func-
tions that frequently accompany aging.
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