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Abstract: The polyphenol resveratrol (RVT) may drive protective mechanisms of cerebral homeostasis
during the hypoperfusion/reperfusion triggered by the transient bilateral common carotid artery
occlusion followed by reperfusion (BCCAO/R). This immunochemical study investigates if a single
dose of RVT modulates the plasticity-related markers brain-derived neurotrophic factor (BDNF),
the tyrosine kinase trkB receptor, Polysialylated-Neural Cell Adhesion Molecule (PSA-NCAM), and
Activity-regulated cytoskeleton-associated (Arc) protein in the brain cortex after BCCAO/R. Frontal
and temporal-occipital cortical regions were examined in male Wistar rats randomly subdivided in
two groups, sham-operated and submitted to BCCAO/R. Six hours prior to surgery, half the rats were
gavage fed a dose of RVT (180 mg·kg−1 in 300 µL of sunflower oil as the vehicle), while the second
half was given the vehicle alone. In the frontal cortex of BCCAO/R vehicle-treated rats, BDNF and
PSA-NCAM decreased, while trkB increased. RVT pre-treatment elicited an increment of all examined
markers in both sham- and BCCAO/R rats. No variations occurred in the temporal-occipital cortex.
The results highlight a role for RVT in modulating neuronal plasticity through the BDNF-trkB system
and upregulation of PSA-NCAM and Arc, which may provide both trophic and structural local
support in the dynamic changes occurring during the BCCAO/R, and further suggest that dietary
supplements such as RVT are effective in preserving the tissue potential to engage plasticity-related
events and control the functional response to the hypoperfusion/reperfusion challenge.
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1. Introduction

Increasingly emerging evidence indicates that natural products with anti-oxidative and
anti-inflammatory properties may prevent and counteract the hypoperfusion/reperfusion tissue
challenge induced by acute transient bilateral common carotid artery occlusion followed by reperfusion
(BCCAO/R) [1–4]. As a model of global hypoperfusion/reperfusion, the acute transient BCCAO/R
can be used to investigate in vivo the biological effects of acute cerebral oxidative stress and the early
formation of a deleterious pro-inflammatory milieu. BCCAO/R-induced derangement of brain tissue
physiological homeostasis can be directly correlated to molecular changes that can be found in brain
tissue and plasma as early as 30 min [5] to 2.5 h after surgery [1,2,6–8].
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A number of independent studies have contributed to develop and consolidate the notion that
dietary control and nutritional intake are potent environmental regulators of brain neuroplasticity in
health and well-being [9]. Resveratrol (RVT) (3,4′,5-trihidroxystilbene) is a natural polyphenol found in
different vegetal species, grapes and red wine [10,11], produced naturally by some plants in response
to injury or pathogens [12]. RVT has manifold beneficial properties for cerebral tissue homeostasis,
related mainly to its ability to scavenge the free radicals by inducing anti-oxidant pathways and
exerting anti-inflammatory effects [10,13–15]. Preclinical studies have shown the RVT therapeutic
properties against ageing [10], chronic inflammation [16,17], cardiovascular syndromes and neurological
disorders [10,11,18–20], and in models of transient and chronic ischemia [21–23]. Many studies have
added to the knowledge of mechanisms underlying the responsiveness of intracellular signaling
transducers to RVT [24]. Thus, during stroke [25] and in the BCCAO/R model [4], RVT-induced
neuroprotection appears to be directly correlated to the peroxisome proliferator-activated receptor-α
(PPAR-α), a lipid-sensing transcription factor through which RVT may control the expression of
pro-inflammatory molecules in the nervous system [26–30]. Parallel studies on animal models in vivo
have further unveiled effects of RVT in neuroprotection [13,31,32], including its ability to revert synaptic
plasticity deficits following acute [4,33] and chronic cerebral hypoperfusion [34]. Accordingly, in the
BCCAO/R model, RVT pre-treatment restores the tissue concentration of docosahexaenoic acid (DHA),
a structural component of neural cell membranes, and increases expression of synapse-associated
proteins [4]. In this context, it is not surprising that RVT has also been shown to modulate the
expression of brain-derived neurotrophic factor (BDNF) [35–38], a member of the neurotrophin family
that signals through the tyrosine kinase receptor B (trkB). The BDNF-trkB system plays an instructive
role for synaptic plasticity [39], involving activation of cytoskeleton dynamics in dendritic spines.
Accordingly, BDNF is implicated in local translation of the Activity-regulated cytoskeleton-associated
(Arc) protein [a product of the immediate early gene (IEG) Arc] [40,41]. Additionally, modulation of
neuronal signaling is supported by growth-associated proteins, such as the polysialylated form of
the neural cell adhesion molecule (PSA- NCAM) [42], which facilitates BDNF-trkB interaction [43].
This study, carried out by means of Western blot analysis and immunohistochemistry, had a twofold
aim. Firstly, to further characterize the neuronal molecular substrates possibly involved in cerebral
hypoperfusion/reperfusion-induced tissue damage and especially in synaptic adaptive processes [4],
we investigated on possible BCCAO/R-induced changes in the plasticity-related markers BDNF, trkB,
PSA-NCAM, and Arc protein. Secondly, we investigated the ability of a single acute dose of RVT
to prevent the BCCAO/R-induced changes in neuroplasticity markers. For this research we aimed
to examine the forebrain areas that, being directly and selectively reached by terminal branches
of the internal carotid artery, appear to be particularly affected by the BCCAO/R [1,3,4,6], and the
temporal-occipital cortical regions that, being supplied by ramifications of the basilar artery, can be
used as a control. Results are discussed in light of the possible significance of BDNF-trkB system,
PSA-NCAM and Arc as early markers of a transient cerebral global hypoperfusion, the role of RVT as
regulator of neuroplasticity, and the prospect to employ RVT as a dietary supplement to control the
physiological adaptive response to the cerebral hypoperfusion/reperfusion.

2. Materials and Methods

2.1. Animals and Keeping

Adult male Wistar rats (Harlan, Udine, Italy), weighing 210 ± 20 g (mean ± SD), for 1 week
before the experiment begun were housed under controlled temperature (21 ± 2 ◦C), a 12 h light/dark
cycle, and relative humidity (60 ± 5%), avoiding any distress of animals. Rat handling and care met
with national (Legislative Decree n. 26, 04/04/2014) and international (Directive 2010/63/EU) laws and
policies. The experimental protocols conformed to the guidelines of the Animal Ethics Committee of
the University of Cagliari (approval code No. 06/2013, 05/31/2013). Standard laboratory food (A04,
Safe, Augy, France) and water were freely available ad libitum.
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Animals were not fed for 12 h before surgery. Rats (n = 46) were randomly assigned to two
groups that, 6 h before the surgery, were gavage fed a pre-treatment: one group (vehicle-treated)
received the vehicle, i.e., 0.3 mL of sunflower oil, while the other (RVT-treated) was given 40 mg of RVT
(Tokyo Chemical Industry Co., Portland, OR, USA) (equivalent to 180 mg·kg−1), dissolved in 0.3 mL of
sunflower oil as the vehicle. The choice to use a vehicle was made to guarantee that an amount of RVT
as accurate as possible could be administered via gavage and to facilitate the absorption of RVT. Each
group was subdivided into sham-operated or submitted to BCCAO/R.

2.2. Surgery

The surgical procedure was adapted from the method of Iwasaki et al. [44] and, for all animals,
performed between 13:00 and 16:30 p.m. An intraperitoneal injection of Equithesin (16.2% w/w
pentobarbital, 4.2% w/v chloral hydrate, 39.6% w/w propylene glycol, 2.12% w/v MgSO4, and 10% w/w
ethanol in sterile distilled H2O) (5 mL/100 g bodyweight) was used as anesthesia. A midline incision
of the neck was followed by blunt muscle dissection to expose the common carotid arteries (CCA),
taking care to leave the vagus nerve unhurt. To reduce the cerebral blood flow, the CCA were clamped
for 30 min with 2 atraumatic microvascular clips. The reperfusion period was attained by removing
the clips and restoring blood flow for 60 min. The sham-operated rats underwent surgery without
CCA occlusion and for this reason they represented the control animals, used to determine the effects
of anesthesia and surgical manipulation on the results.

2.3. Sampling

At the end of the BCCAO/R procedure, brain samples were collected either as fresh tissue for
Western blot or after fixation by transcardial perfusion with ice cold fixative solution (0.1 M phosphate
buffer (PB), pH 7.3 and 4% paraformaldehyde) for immunohistochemistry. For Western blot analysis,
the cerebral cortex was rapidly dissected from the rest of the brain and transversely cut, respectively,
at the approximate bregma level of −1.0 mm [45] for the frontal cortex, and of −4.5 mm for the
temporal-occipital cortex, used as a control cortical area not supplied by the internal carotid artery
branches; specimens were then frozen at −80 ◦C until analysis. For immunohistochemical assays,
brains were post-fixed by immersion in freshly prepared fixative, pH 7.3, for 4–6 h at 4 ◦C, and then
rinsed in 0.1 M PB, pH 7.3, containing 20% sucrose. For both Western blot and immunohistochemical
assays, the investigator was blind with respect to the experimental condition of rats.

2.4. Western Blot

Tissue homogenates (n = 12 vehicle-treated and 10 RVT-treated rats were prepared in a 2% solution
of sodium dodecyl sulfate (SDS) containing a cocktail of protease inhibitors (cOmplete, Mini Protease
Inhibitor Cocktail Tablets, Roche, Basel, Switzerland). Protein concentrations were determined in
keeping with the Lowry’s protein assay method [46], using bovine serum albumin as the standard.
Proteins for each tissue homogenate (40 µg), diluted 3:1 in 4× loading buffer (NuPAGE LDS Sample
Buffer 4×, Novex by Life Technologies, Carlsbad, CA, USA), were heated to 95 ◦C for 7 min and
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using precast gradient gel (NuPAGE
4–12% Bis-Tris Gel Midi, Novex by Life Technologies) in the XCell4 Sure LockTM Midi-Cell chamber
(Life Technologies). Internal mw standards (Precision Plus ProteinTM WesternCTM Standards, Bio-Rad,
Hercules, CA, USA) were run in parallel. Two gels at a time were run for immunoblotting and
Coomassie blue staining, respectively. Proteins for immunoblotting were transferred by electrophoresis
on a synthetic membrane of polyvinylidene fluoride (Amersham HybondTM-P, GE Healthcare,
Little Chalfont, U.K.) using the CriterionTM Blotter (Bio-Rad). Blots were blocked by immersion in 20 mM
Tris base and 137 mM sodium chloride (TBS), containing 0.1% Tween 20 (TBS/T) and 5% milk powder, for
60 min, at room temperature (RT). The primary antibodies were polyclonal antibodies raised in rabbit
against BDNF (Cat# N-20 sc-546, SCBT, Santa Cruz, CA, USA) and trkB (Cat# 794 sc-12, SCBT), both
diluted 1:1000, and monoclonal antibodies raised in mouse against PSA-NCAM (Cat# MAB5324, EMD
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Millipore, Darmstadt, Germany), diluted 1:1000, and Arc (Cat# sc-17839, SCBT, Santa Cruz, CA, USA),
diluted 1:300 in TBS containing 5% dried milk and 0.02% sodium azide. Incubations were performed
at 4◦C and lasted 48 h for BNDF, trkB, PSA-NCAM and 24 h for Arc. After rinsing in TBS/T, blots were
incubated at RT, for 60 min, with peroxidase-conjugated goat anti-rabbit (Cat#9169, Sigma Aldrich, St.
Louis, MO, USA), diluted 1:10,000, and anti-mouse serum (AP124P, Millipore, Darmstadt, Germany),
diluted 1:5000 in TBS/T. Controls for equal-loading of the wells were obtained by immunostaining
the membranes, as above, for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), using a mouse
monoclonal anti-GAPDH antibody (MAB374, EMD Millipore, Darmstadt, Germany) diluted 1:1000, as
the primary antiserum, and a peroxidase-conjugated goat anti-mouse serum (AP124P, EMD Millipore,
Darmstadt, Germany), diluted 1:5000, as secondary antiserum. To control for non-specific staining, blots
were stripped and incubated with the relevant secondary antiserum. To test out antibody specificity
and cross-reactivity, the anti-BDNF antibody was preabsorbed with 200 ng of rhBDNF (Cat# B-257,
Alomone Labs, Jerusalem, Israel), while the anti-PSA-NCAM antibody was challenged with 500 ng of
the alfa-2-8-linked sialic polymer colominic acid (Cat# sc-239576, SCBT, USA). Membranes were then
rinsed in TBS/T, and protein bands revealed with the Western Lightning Plus ECL (Cat# 103001EA,
PerkinElmer, Waltham, MA, USA), according to the manufacturer’s protocol, and visualized using the
ImageQuantTM LAS-4000 (GE Healthcare, Little Chalfont, UK). Approximate molecular weight (mw)
and relative optical density (O.D.) of the immunostained protein bands were evaluated by a blinded
examiner. Quantification of O.D. was performed by means of the Image Studio Lite Software (Li-Cor,
http://www.licor.com/bio/products/software/image_studio_lite/). The ratio between the intensity of
the bands labelled for BDNF, trkB, PSA-NCAM, Arc and those positive for GAPDH ones was used to
compare the relative levels of protein expression in the four experimental conditions, and is shown as
histograms in Figure 1.

2.5. Immunohistochemistry

Coronal serial sections (14 µm thick) of frontal and temporal-occipital cortex were cut with a
cryostat, collected on chrome alum-gelatin-coated slides and processed by the avidin–biotin–peroxidase
complex (ABC) and the indirect immunofluorescence (IIF) techniques. Brains of vehicle (n = 12) -
and RVT-treated (n = 12) rats were processed in pairs on the same slide. For the ABC, slides were
firstly treated with 0.1% phenylhydrazine in phosphate buffered saline (PBS) containing 0.2% Triton
X-100 (PBS/T) to inhibit the endogenous peroxidase activity, then with 20% of normal goat serum (Cat#
S-1000, Vector Labs Inc., Burlingame, CA, USA) for 1 h at RT. Rabbit polyclonal antibodies against
BDNF (SCBT, Santa Cruz, CA, USA), diluted 1:400, and trkB (SCBT, Santa Cruz, CA, USA), diluted
1:500, were used as primary antibody. For the IIF, polyclonal antibodies raised in rabbit against BDNF
(SCBT, Santa Cruz, CA, USA), diluted 1:100, in rat against Glial Fibrillary Acidic Protein (GFAP) (Cat#
CBL411, Cymbus Biotechnology, Southampton, Hampshire, UK), diluted 1:600, and in goat against
Iba1 (Cat# NC 100-1028, Novus Biologicals, Littleton, CO, USA), diluted 1:1000, were used as primary
antiserum and incubations were run overnight at 4 ◦C. In the ABC method, biotin-conjugated goat
anti-rabbit serum (Cat# BA-1000, Vector Labs Inc., Burlingame, CA, USA), diluted 1:400, was used
as secondary antiserum. The reaction product was revealed with the ABC (Cat#G011-61, BioSpa
Div. Milan, Italy), diluted 1:250, followed by development with the cromogen solution of 0.05%
3,3′-diaminobenzidine (Sigma Aldrich, St. Louis, MO, USA), 0.04% nickel ammonium sulfate and
0.01% hydrogen peroxide in 0.1 M PB, pH 7.3. In the IIF protocol, Alexa Fluor 488- or Alexa Fluor
594-conjugated donkey antisera against goat, rat and rabbit proteins (Invitrogen, Eugene, OR, USA),
diluted 1:500, were used as secondary antiserum. All antisera and the ABC were diluted in PBS/T.
Incubation with primary antibodies was carried out overnight at 4 ◦C. Incubations with secondary
antiserum and ABC lasted 60 min and 40 min, respectively, and were performed at RT. Negative control
preparations were obtained by incubating tissue sections in parallel with either PBS/T, alone, or (i) with
the relevant primary antiserum pre-absorbed with an excess of the corresponding peptide antigen
(Cat# sc-546P and sc-12 P, for the BDNF and the trkB, respectively, SCBT, Santa Cruz, CA, USA); (ii) or
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by omission of the primary antibody; or (iii) by substituting the primary antibody with normal serum.
Slides were observed with an Olympus BX61 microscope and digital images were acquired with a
Leica DFC450 C camera.

2.6. Statistical Analysis

Data from the four experimental conditions, i.e., vehicle-treated and RVT-treated sham animals, and
vehicle-treated and RVT-treated BCCAO/R rats, are depicted in Figure 1 as the mean ± standard error of
mean (S.E.M.). Two-way analysis of variance (ANOVA) (main factors: (a) RVT-treatment (i.e., vehicle-
vs. RVT-treatment) and (b) BCCAO/R (i.e., sham-operation vs. BCCAO/R) was performed using Prism
6.01 for Windows (GraphPad Software, La Jolla CA, USA, www.graphpad.com). Wherever appropriate
(i.e., p for the main factors and their interaction < 0.05), multiple pair-wise contrasts were made, and
the multiplicity adjusted p-value for each comparison was calculated using Tukey’s post hoc test.

3. Results

3.1. Western Blot Assays

The effects of the BCCAO/R without and with preventive administration of RVT on the relative
levels of BDNF, trkB, PSA-NCAM, and Arc proteins are summarized in Table 1 and shown in Figure 1.
Statistical analysis of O.D. values of the immunostained protein bands was carried out by two-way
ANOVA (main factors BCCAO/R and RVT) (Table 1) showed that BCCAO/R-induced molecular
changes as well as the effect of the RVT pre-treatment were obvious in the frontal cortex, while no
statistically-significant differences were observed in the temporal-occipital cortex.

3.1.1. The BDNF Protein Levels

The antibody against BDNF labeled a protein band with a relative mw of about 13 kDa (Figure 1A),
consistent with the reported mw of the protein monomeric form [47,48]. Assessment of the BDNF
densitometric values by a two-way ANOVA (Table 1) revealed effects of BCCAO/R (p < 0.0001) and
RVT (p < 0.0001). Pair-wise contrasts further showed that in the vehicle-treated animals a statistically
significant decrease of BDNF relative protein levels, amounting to −46%, occurred in BCCAO/R vs.
sham-operated rats (p = 0.0489). After the RVT pre-treatment, relative levels of the BDNF protein were
notably increased in both sham-operated (+ 87%; p = 0.0003) and BCCAO/R rats (+ 103%; p = 0.0180) as
compared to the vehicle-treated rats; nonetheless, a statistically significant BCCAO/R-induced decrease
of BDNF relative protein levels was observed as compared to sham-operated rats (−41%; p = 0.002).

3.1.2. The trkB Protein Levels

The anti-trkB antibody, raised against the biologically active receptor protein in its full-length
isoform, recognized a protein band with a relative mw of about 140 kDa (Figure 1C), consistent with the
reported mw of the receptor protein [48,49]. A two-way ANOVA performed to assess the densitometric
values of the trkB protein bands (Table 1) showed an effect of RVT pre-treatment (p = 0.0065) and an
interaction of BCCAO/R and RVT (p = 0.0087). Post-hoc contrasts showed that trkB relative protein
levels increased by 105% (p = 0.0178) in vehicle-treated rats. The RVT pre-treatment induced an
increment of about 140% (p = 0.0024) in the trkB relative protein levels of the sham-operated vs. the
vehicle-treated animals. No trkB relative level changes occurred in the RVT-treated BCCAO/R vs. the
vehicle-treated BCCAO/R rats.

3.1.3. The PSA-NCAM Protein Levels

The antibody against PSA-NCAM recognized a single broad band (Figure 1E), in agreement with
the expected mw of the protein [50–53]. A two-way ANOVA revealed a significant effect of BCCAO/R
(p = 0.0003) and of RVT (p = 0.0002). Pair-wise comparisons showed that a statistically significant
decrease of PSA-NCAM relative levels occurred in BCCAO/R vs. sham-operated rats in both the

www.graphpad.com


Nutrients 2019, 11, 1000 6 of 17

vehicle-treated (−45%; p = 0.02) and RVT-treated rats (−44%; p = 0.0344). In RVT-treated animals, the
PSA-NCAM relative protein levels were noticeably higher than the vehicle-treated animals in both the
sham-operated (+ 46%; p = 0.0176) and BCCAO/R rats (+ 28%; p = 0.0185).

3.1.4. The Arc Protein Levels

The anti-Arc antibody recognized a single band (Figure 1G) with a relative mw of about 55 kDa
(Figure 1D), in keeping with the expected mw [54]. A two-way ANOVA showed a highly significant
effect of RVT (p < 0.0001). In the RVT-treated group, post-hoc contrasts showed an increment of Arc as
high as 350% (p < 0.0001) in sham-operated, and 217% (p = 0.001) in BCCAO/R rats as compared to the
vehicle-treated ones.

3.2. Immunohistochemistry

In order to correlate the molecular changes observed by western blot analysis with the tissue
morphology, the BDNF- (Figure 2) and the trkB-like immunoreactivity (LI) (Figure 3) were also studied
in the cerebral cortex. Both BDNF- and trkB-LI were localized to neuronal structures distributed
throughout the rostrocaudal extension of the frontal cortex and the temporal-occipital cortex. In the
frontal cortex, BDNF- and trkB-immunoreactivity was localized to neuronal proximal processes
and nerve fibers distributed throughout the cortical layers, having the aspect of loose networks of
thin filaments and punctate elements in the superficial layers, and straight neuronal processes with
a prevalent radial orientation in the deep layers. BDNF- and trkB-like immunoreactive neuronal
perikarya could also be observed. In RVT-treated rats, BDNF-positive neuronal processes appeared
more elongated and frequent than those observed in the vehicle-treated ones. Double immunostaining
for BDNF and either GFAP (astrocyte marker) or Iba1 (microglia marker), carried out in selected
series of brain sections from BCCAO/R+RVT rats, showed that colocalization was virtually absent,
demonstrating that BDNF immunolabeling was localized to neuronal structures (Figure 4).

Table 1. F-values and significance levels from two-way ANOVA performed on data obtained after
BCCAO/R and resveratrol (RVT) pre-treatment by means of Western blot in the rat frontal cortex.

Marker

ANOVA Factors

BCCAO/R RVT Treatment RVT Treatment × BCCAO/R
F-Value p-Value F-Value p-Value F-Value p-Value DF

BDNF 26.34 <0.0001 44.49 <0.0001 1.707 ns 1, 18
trkB 2.389 ns 9.461 0.0065 8.672 0.0087 1, 18

PSA-NCAM 19.64 0.0003 22.09 0.0002 0.0003 ns 1, 18
Arc 1.179 ns 63.86 <0.0001 2.012 ns 1, 18

Arc, activity-regulated cytoskeleton-associated protein; BDNF, brain-derived neurotrophic factor; PSA-NCAM,
polysialylated neural cell-adhesion molecule; trkB, tyrosine kinase receptor B. DF, degrees of freedom; ns:
not significant.
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tyrosine kinase receptor B (trkB), (E,F) polysialylated neural cell-adhesion molecule (PSA-NCAM), 

and (G,H) activity-regulated cytoskeleton-associated (Arc) protein. (B,D,F,H) Densitometric analysis of 

the band gray levels expressed as a percentage of the optical density (O.D.) ratio of BDNF-, trkB-, 

PSA-NCAM-, and Arc-positive bands to those immunostained for GAPDH. Data are reported as the 

mean values of 12 vehicle-treated and 10 RVT-treated rats. Error bars depict the standard error of the 

mean (S.E.M.). Asterisks denote significant differences. Two-way ANOVA with the Tukey’s test for 

post hoc analyses was applied to evaluate statistical differences between groups. * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001 (see Table 1 for F- and p-values relevant to effects of BCCAO/R and RVT 

pre-treatment and to the interaction between them). 

Figure 2. Brain-derived neurotrophic factor (BDNF)-like immunoreactivity in coronal sections of 

frontal cortex of sham-operated and bilateral common carotid artery occlusion followed by 

reperfusion (BCCAO/R) rats, pre-treated with either the vehicle alone (A, C) or with resveratrol (RVT) 

Figure 1. Western blot analysis of the frontal cortex homogenates in vehicle-treated and resveratrol
(RVT)-treated rats either in sham-operated or after bilateral common carotid artery occlusion followed by
reperfusion (BCCAO/R). (A,B) Brain-derived neurotrophic factor (BDNF), (C,D) tyrosine kinase receptor
B (trkB), (E,F) polysialylated neural cell-adhesion molecule (PSA-NCAM), and (G,H) activity-regulated
cytoskeleton-associated (Arc) protein. (B,D,F,H) Densitometric analysis of the band gray levels expressed
as a percentage of the optical density (O.D.) ratio of BDNF-, trkB-, PSA-NCAM-, and Arc-positive
bands to those immunostained for GAPDH. Data are reported as the mean values of 12 vehicle-treated
and 10 RVT-treated rats. Error bars depict the standard error of the mean (S.E.M.). Asterisks denote
significant differences. Two-way ANOVA with the Tukey’s test for post hoc analyses was applied to
evaluate statistical differences between groups. * p < 0.05; ** p < 0.01; *** p < 0.001; **** emphp < 0.0001
(see Table 1 for F- and p-values relevant to effects of BCCAO/R and RVT pre-treatment and to the
interaction between them).
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Figure 2. Brain-derived neurotrophic factor (BDNF)-like immunoreactivity in coronal sections of
frontal cortex of sham-operated and bilateral common carotid artery occlusion followed by reperfusion
(BCCAO/R) rats, pre-treated with either the vehicle alone (A,C) or with resveratrol (RVT) (B,D).
Positive neuronal processes, punctate elements, and neuronal perikarya are distributed across the whole
thickness of the cortex. Arrows point to immunostained neuronal perikarya. Panels are representative
of observations carried out in 6 rats for each group. m, molecular layer. Scale bars: 25 µm.
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Figure 3. Tyrosine kinase receptor B (trkB)-like immunoreactivity in coronal sections of frontal cortex
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processes, punctate elements, and neuronal perikarya are distributed across the whole thickness of the
cortex. Arrows point to immunostained neuronal perikarya. Panels are representative of observations
carried out in 6 rats for each group. Scale bars: 25 µm.
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Figure 4. Double immunofluorescence for BDNF (A,C,D,F) and either glial fibrillary acidic protein
(GFAP) (B,C) or Iba1 (E,F) in representative coronal sections of frontal cortex of BCCAO/R + RVT rats.
m, molecular layer. Scale bars A, B = C: 25 µm; D, E = F: 25 µm.

4. Discussion

In this study, we have shown that pre-treatment with a single acute dose of RVT exerts major
preventive effects against the BCCAO/R-induced molecular adaptations by upregulating the relative
levels of proteins involved in neuronal plasticity and synaptic adjustment in response to the tissue
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challenge. In particular, RVT induced in the frontal cortex (a) a general massive increase of relative
protein levels of BDNF, PSA-NCAM, and Arc, the product of the immediate early gene Arc, in both sham
and BCCAO/R conditions, and (b) an increase of trkB protein in sham-operated rats. Data obtained
further extend the range of molecular markers undergoing early changes in response to a BCCAO/R
protocol carried out with the same length of hypoperfusion/reperfusion used in this study [3,4,6], by
supporting the evidence that the BCCAO/R-induced cerebral hypoperfusion/reperfusion is sufficient
for effecting a significant decrease of BDNF and PSA-NCAM, and a significant increase of trkB protein
expression, as compared to sham-operated rats.

RVT is a lipophilic molecule that is quickly metabolized following oral administration, and
displays high efficacy in vivo [55–58]. Studies on RVT pharmacokinetics in rats indicate that it has a
poor bioavailability, its plasmatic levels reaching their top 5–10 min after oral administration, with
elimination half-life of 12–15 min [59]. The polyphenolic nature of RVT hampers its solubility in
water (~3 mg/100 mL), as indicated by the European Pharmacopeia [60]. Nonetheless, experimental
evidence showed that RVT can cross the blood-brain barrier [57,61–64] and that a robust increase of
RVT concentration is detectable in the brain after intraperitoneal (i.p.) injection, reaching a peak 4 h
after administration [63]. The biological characteristics of RVT have been characterized in preclinical
reports and clinical trials [55] and innovative delivery strategies to improve its bioavailability, such as
the complexation with liposomes [65], lipid-core nanoparticles [66], and the self-emulsifying delivery
system (SEDDS) technique [67], have been designed. Thus, in studies of SEDDS characterization, it
appears that the solubility profile of RVT includes emulsions in edible oils [67]. In our experimental
setting, with no purpose of addressing the topic of RVT delivery efficiency, we chose sunflower oil as
the vehicle, an edible oil, the molecular components of which share a similar fatty acid composition to
the rat’s daily diet.

Studies carried out in vitro and in animal models of human pathologies demonstrated that RVT
drives beneficial effects on the brain by preventing age-related neurological disorders, providing
neuroprotection and stimulating synaptic plasticity [58]. Multidisciplinary studies have established a
correlation between the RVT effective properties and BDNF expression [9,58], inspiring the notion that
dietary intake and brain function are interrelated. Thus, RVT has been shown to trigger hippocampal
neuronal plasticity by directly promoting BDNF synthesis through a complex metabolic network,
including downregulation of specific micro RNAs and upregulation of the cAMP Responsive
Element-Binding protein (CREB), a transcription factor strictly implicated in both physiological
and pharmacological control of BDNF expression [9,37,68,69]. Further experimental data revealed that
RVT increases BDNF serum concentration [70], upregulates BDNF mRNA in the rat hippocampus [35]
and stimulates memory and learning through hippocampal BDNF-trkB signaling in Pb intoxicated
rats [71]. Interestingly, for both RVT and BDNF, it has been suggested that they maintain stable
cerebral blood flow [70], which, beyond the presence of collateral systems allowing rapid blood flow
compensation, might be useful to counteract the hypoperfusion/reperfusion challenge.

In our experimental conditions, the semiquantitative analysis of frontal cortex homogenates after
30 min of BCCAO followed by 60 min of reperfusion reveals that BDNF relative protein levels are
reduced compared to sham animals. To the best of our knowledge, no available studies dealt with the
acute BCCAO/R-induced changes of mature BDNF protein in the frontal cortex; however, our findings
are in agreement with data obtained after the onset of permanent BCCAO in both normotensive and
spontaneously hypertensive rats [72], showing a decrease of BDNF protein and mRNA levels at 1 week
post-surgery. Similar data, reporting virtually no changes of BDNF mRNA expression, are available in
the neocortex (namely the entorhinal area) as early as 60 min after the onset of chronic BCCAO [73].
In this study, the RVT treatment induced a marked increase of the BDNF protein level in both sham and
hypoperfusion/reperfusion conditions; nevertheless, did not revert the BCCAO/R-induced reduction
of BDNF protein. Immunohistochemistry also showed a remarkable increase of neuronal processes
in the cerebral cortex of RVT-treated rats, in keeping with data on prefrontal cortex of aged rats
after chronic RVT administration [74]. As for trkB, the BCCAO/R-induced increase that we observed
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in vehicle-treated rats is in line with the trkB mRNA upregulation found to be induced by severe
ischemia models [75–80]. We found that trkB underwent BCCAO/R-induced changes opposite to those
shown by the BDNF, leading to suggest that the trkB and its ligand complement each other to confer
resistance and/or reduce brain damage following the hypoperfusion/reperfusion in vehicle-treated
rats. Somewhat surprisingly, this reciprocal compensation of trkB and BDNF protein expression does
not follow the same scheme after RVT pre-treatment. An explanation could be that the RVT-induced
stabilization of trkB protein levels may help restraining the undesirable possibility that BDNF, beside
the neuroprotective role, enhances the excitatory neurotransmission [76,81]. The immunohistochemical
distribution of BDNF and trkB strengthen the inferring that BDNF and trkB undergo opposite and
complementary changes under the BCCAO/R. Moreover, the almost identical distribution pattern
of the two markers in the frontal cortex allows considering that RVT influence is also affecting the
mechanisms of BDNF-mediated trophic support. As a matter of fact, it has been shown previously that
cortical BDNF immunoreactivity is localized mainly to corticofugal projecting neurons and suggested
that is anterogradely transported towards the trkB containing target neurons [82,83]. However, as
already proposed by tract-tracing and axotomy data [84,85], alternative local (autocrine/paracrine)
actions of BDNF cannot be ruled out.

From our data it could be hypothesized that in BCCAO/R animals both RVT and BDNF may
have effects that converge towards preservation of neuronal membrane, synaptic integrity, and
neuroplasticity, sustaining a causality in the dynamic interplay of RVT and the neurotrophin. As already
suggested in aged rats, beyond the maintenance of neuronal dendritic arborization by stimulating
expression of BDNF, RVT may contrast the shrinkage of dendritic spines induced by oxidative
stress [74]. In the aged brain, the increased generation of oxidative species, such as lipoperoxides,
leads to cerebral oxidative stress, similarly to what observed during the BCCAO/R [4]. In these
conditions, one of the most affected cellular structures is the neuronal membrane, because the
lipoperoxidation processes may severely affect its plasticity at synaptic sites. We have previously
shown that the BCCAO/R (performed with the same durations used in this study) increased tissue
levels of endocannabinoids, palmitoylethanolamide (PEA; a ligand of PPAR-alpha), lipoperoxides, type
1 and 2 cannabinoid receptors (CB1 and CB2), and decreased brain tissue concentrations of DHA [6].
RVT pre-treatment affected the BCCAO/R-induced tissue changes by restoring DHA and augmenting
PEA tissue concentrations, decreasing lipoperoxides, and increasing expression of CB receptors, and
PPAR-α [4]. In parallel, RVT also increased synaptophysin in BCCAO/R rats vs. vehicle-treated
ones, and markedly augmented levels of expression of post-synaptic density-95 protein (PSD-95) in
BCCAO/R vs. sham rats [4].

In this study, RVT pre-treatment is also shown to induce a substantial increase of PSA-NCAM
and Arc protein levels in both sham and BCCAO/R conditions. Literature data regarding RVT effects
on plasticity-related molecules focus on the hippocampus and the structural remodeling occurring
in learning and memory. Our data meet findings in young rat hippocampus, where PSA-NCAM
expression has been shown to be upregulated by polyphenol enriched diet [86]. In this context,
it is of interest that the degree of polysialylation of NCAM is linked to facilitation of BDNF-trkB
signaling [44,87], and that, as already indicated above, BDNF is upregulated by RVT [35,37,38,70].
However, due to contrasting evidence showing the RVT-induced downregulation of PSA-NCAM
expressing neurons in the hippocampus [88], the exact role of RVT in regulating the PSA-NCAM
expression during cerebral ischemia still awaits to be clarified. As for the regulation of dendritic
morphology during synapse remodeling, several coordinated signaling pathways, such as the activation
of PI3 kinase/Akt/mTOR and Mitogen-associated protein kinase (MAPK) cascade, leading to CREB
activation, concur to its achievement [89,90]. In parallel with the BDNF-trkB system, NCAM itself
triggers an intrinsic signaling and turns on the MAPK pathway to modulate dendritic cytoskeleton [91].
Our present findings show that Arc, a key protein for the regulation of dendritic spines [42,43], is
markedly increased in RVT-treated rats. Though it is unattainable to speculate whether the increased
levels of Arc protein go in parallel with modulation of synaptic plasticity, it is relevant that Arc is
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upregulated by RVT together with the upregulation of BDNF endogenous levels. Interestingly, in basal
conditions, BDNF has been shown to have a key role in enhancing the inhibitory cortical signaling,
coordinating its action with endocannabinoids [92,93]. Whether the beneficial effect of RVT for the
hypoperfusion/reperfusion cortical challenge may also reside in the control of Arc-induced homeostatic
scaling of excitatory synapses remains to be further investigated. Conversely, the RVT-induced
sparing of DHA tissue content in the BCCAO/R [4] raises also the interesting question whether, in the
BCCAO/R, the restored DHA concentration is also concurring to the rise of BDNF levels, as suggested
by evidence on DHA-enriched diet [94], and contributing to the plasticity of synaptic proteins [4],
PSA-NCAM and Arc. Altogether, the relationship among RVT dietary intake, tissue availability of
DHA, upregulation of BDNF expression, positive modulation of plasticity-related immediate early
gene products, and structural neuronal proteins highlights further the dynamic interconnectivity
between nutritional status and brain homeostasis [95], that appears to be of importance in the cerebral
oxidative stress induced by the BCCAO/R. This functional interrelation is also evidenced by reported
roles of BDNF in decreasing food consumption, regulation of glucose levels, increase of cerebral energy
expenditure [96–98], and by implications of a deficient BDNF-trkB signaling in the onset of metabolic
disorders, such as obesity [99,100].

5. Conclusions

To the best of our knowledge, this is the first report showing that in the frontal cortex of BCCAO/R
vehicle-treated rats, BDNF and PSA-NCAM decreased, while trkB increased. RVT pre-treatment
augmented all examined markers in both sham- and BCCAO/R conditions; still, a BCCAO/R-induced
reduction was observed for BDNF, PSA-NCAM, and Arc, the product of the immediate early gene
Arc. Collectively, the gathered data indicate that the RVT treatment is effective in inducing neuronal
plasticity by several ways: upregulating PPARα, sparing neuronal membrane DHA, upregulating
synaptic proteins synaptophysin and PSD-95 [4], increasing BDNF, PSA-NCAM and Arc in the frontal
cortex of BCCAO/R rats. Additional studies are necessary to evaluate whether the RVT-induced
augmentation of plasticity-related molecules is directly related to modifications of neuronal dendritic
morphology, as shown in the rat prefrontal cortex [74].

The observed RVT-induced changes represent multiple aspects of plasticity that, similar to what
already suggested for neurotrophins [101], guarantee the maintenance of synaptic plasticity within
a functional dynamic range. In this context, the time course of these changes during longer time
points of reperfusion (e.g., at 6, 12 and 24 h after BCCAO/R) would be of help in understanding
how RVT may favor the synaptic plasticity events. Further studies aimed to evaluate the possible
neuronal colocalization of BDNF protein, BDNF mRNA, and trkB are warranted to clarify the
mechanisms of BDNF trophic support in the rat frontal cortex following the BCCAO/R. Indeed,
the RVT-induced increase of endogenous BDNF levels appears a key element useful both for an
adequate trophic support to hypoperfused/reperfused cerebral tissue and for its involvement in
the regulation of cerebral energy balance. The results are therefore consistent with a role of RVT in
preserving and/or enhancing the nervous tissue neuroplastic potential and further suggest the efficacy
of dietary RVT to preserve the nervous tissue integrity and control the physiological response to the
hypoperfusion/reperfusion challenge.
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Abbreviations

Arc Activity-regulated cytoskeleton-associated protein
BCCAO/R bilateral common carotid artery occlusion followed by reperfusion
BDNF Brain-derived neurotrophic factor
CB cannabinoid receptor
COX-2 cyclooxygenase-2
CREB cAMP Responsive Element-Binding protein
DHA docosahexaenoic acid
eCBs endocannabinoids
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GFAP Glial fibrillary acidic protein
PBS Phosphate-buffered saline
PEA palmitoylethanolamide
PPAR-α peroxisome-proliferator activated receptor-α
PSA-NCAM Polysialylated neural cell-adhesion molecule
PSD-95 post-synaptic density protein-95
RVT resveratrol
SDS PAGE Sodium dodecyl sulphate
TBS Tris base, Sodium chloride, Tween 2
trkB Tyrosine kinase receptor B

References

1. Quartu, M.; Serra, M.P.; Boi, M.; Pillolla, G.; Melis, T.; Poddighe, L.; Del Fiacco, M.; Falconieri, D.; Carta, G.;
Murru, E.; et al. Effect of acute administration of Pistacia lentiscus L. essential oil on rat cerebral cortex
following transient bilateral common carotid artery occlusion. Lipids Health Dis. 2012, 11, 8. [CrossRef]
[PubMed]

2. Ganesana, M.; Venton, B.J. Early changes in transient adenosine during cerebral ischemia and reperfusion
injury. PLoS ONE 2017, 13, e0196932. [CrossRef]

3. Poddighe, L.; Carta, G.; Serra, M.P.; Melis, T.; Boi, M.; Lisai, S.; Murru, E.; Muredda, L.; Collu, M.; Banni, S.;
et al. Acute administration of beta-caryophyllene prevents endocannabinoid system activation during
transient common carotid artery occlusion and reperfusion. Lipids Health Dis. 2018, 17, 23. [CrossRef]

4. Carta, G.; Poddighe, L.; Serra, M.P.; Boi, M.; Melis, T.; Lisai, S.; Murru, E.; Muredda, L.; Collu, M.; Banni, S.; et al.
Preventive effects of resveratrol on endocannabinoid system and synaptic protein modifications in rat cerebral
cortex challenged by bilateral common carotid artery occlusion and reperfusion. Int. J. Mol. Sci. 2018, 19, 426.
[CrossRef]

5. Bakar, B.; Emine Arzu Kose, E.A.; Sari, E.; Sarkarati, B.; Atasoy, P. Effects of low dose methotrexate in cerebral
ischemia reperfusion injury in rat. J. Neurol. Sci. Turk. 2015, 32, 507–518.

6. Quartu, M.; Poddighe, L.; Melis, T.; Serra, M.P.; Boi, M.; Lisai, S.; Carta, G.; Murru, E.; Muredda, L.; Collu, M.;
et al. Involvement of the endocannabinoid system in the physiological response to transient common carotid
artery occlusion and reperfusion. Lipids Health Dis. 2017, 16, 14. [CrossRef] [PubMed]

7. Khoshnam, S.E.; Sarkaki, A.; Khorsandi, L.; Winlow, W.; Badavi, M.; Moghaddam, H.F.; Farbood, Y.
Vanillic acid attenuates effects of transient bilateral common carotid occlusion and reperfusion in rats.
Biomed. Pharmacother. 2017, 96, 667–674. [CrossRef]

8. Khoshnam, S.E.; Farbood, Y.; Fathi Moghaddam, H.; Sarkaki, A.; Badavi, M.; Khorsandi, L. Vanillic acid
attenuates cerebral hyperemia, blood-brain barrier disruption and anxiety-like behaviors in rats following
transient bilateral common carotid occlusion and reperfusion. Metab. Brain Dis. 2018, 33, 785–793. [CrossRef]

9. Murphy, T.; Thuret, S. The systemic milieu as a mediator of dietary influence on stem cell functions during
ageing. Ageing Res. Rev. 2015, 19, 53–64. [CrossRef]

10. Saiko, P.; Szakmary, A.; Jaeger, W.; Szekeres, T. Resveratrol and its analogs: Defense against cancer,
coronary disease and neurodegenerative maladies or just a fad? Mutat. Res. 2008, 658, 68–94. [CrossRef]

11. Sun, A.Y.; Wang, Q.; Simonyi, A.; Sun, G.Y. Resveratrol as a therapeutic agent for neurodegenerative diseases.
Mol. Neurobiol. 2010, 41, 375–383. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1476-511X-11-8
http://www.ncbi.nlm.nih.gov/pubmed/22239952
http://dx.doi.org/10.1371/journal.pone.0196932
http://dx.doi.org/10.1186/s12944-018-0661-4
http://dx.doi.org/10.3390/ijms19020426
http://dx.doi.org/10.1186/s12944-016-0389-y
http://www.ncbi.nlm.nih.gov/pubmed/28103941
http://dx.doi.org/10.1016/j.biopha.2017.10.052
http://dx.doi.org/10.1007/s11011-018-0187-5
http://dx.doi.org/10.1016/j.arr.2014.11.004
http://dx.doi.org/10.1016/j.mrrev.2007.08.004
http://dx.doi.org/10.1007/s12035-010-8111-y
http://www.ncbi.nlm.nih.gov/pubmed/20306310


Nutrients 2019, 11, 1000 13 of 17

12. Fremont, L. Biological effects of resveratrol. Life Sci. 2000, 66, 663–673. [CrossRef]
13. Araki, T.; Sasaki, Y.; Milbrandt, J. Increased nuclear NAD biosynthesis and SIRT1 activation prevent axonal

degeneration. Science 2004, 305, 1010–1013. [CrossRef]
14. Li, C.; Xu, X.; Tao, Z.; Wang, X.J.; Pan, Y. Resveratrol dimers, nutritional components in grape wine, are

selective ROS scavengers and weak Nrf2 activators. Food Chem. 2015, 173, 218–223. [CrossRef]
15. Capiralla, H.; Vingtdeux, V.; Zhao, H.; Sankowski, R.; Al-Abed, Y.; Davies, P.; Marambaud, P. Resveratrol

mitigates lipopolysaccharide- and Aβ-mediated microglial inflammation by inhibiting the TLR4/NF-κB/STAT
signaling cascade. J. Neurochem. 2012, 120, 461–472. [CrossRef]

16. Bureau, G.; Longpré, F.; Martinoli, M.G. Resveratrol and quercetin, two natural polyphenols, reduce apoptotic
neuronal cell death induced by neuroinflammation. J. Neurosci. Res. 2008, 86, 403–410. [CrossRef]

17. Martín, A.R.; Villegas, I.; Sánchez-Hidalgo, M.; de la Lastra, C.A. The effects of resveratrol, a phytoalexin
derived from red wines, on chronic inflammation induced in an experimentally induced colitis model.
Br. J. Pharmacol. 2006, 147, 873–885. [CrossRef] [PubMed]

18. Hassanzadeh, P.; Arbabi, E.; Atyabi, F.; Dinarvand, R. The endocannabinoid system and NGF are involved
in the mechanism of action of resveratrol: A multi-target nutraceutical with therapeutic potential in
neuropsychiatric disorders. Psychopharmacology 2016, 233, 1087–1096. [CrossRef]

19. Kodali, M.; Parihar, V.K.; Hattiangady, B.; Mishra, V.; Shuai, B.; Shetty, A.K. Resveratrol prevents age-related
memory and mood dysfunction with increased hippocampal neurogenesis and microvasculature, and reduced
glial activation. Sci. Rep. 2015, 5, 8075. [CrossRef] [PubMed]

20. Saha, L.; Chakrabarti, A. Understanding the anti-kindling role and its mechanism of Resveratrol in
Pentylenetetrazole induced-kindling in a rat model. Pharmacol. Biochem. Behav. 2014, 120, 57–64. [CrossRef]

21. Kaplan, S.; Bisleri, G.; Morgan, J.A.; Cheema, F.H.; Oz, M.C. Resveratrol, a natural red wine polyphenol,
reduces ischemia-reperfusion-induced spinal cord injury. Ann. Thorac. Surg. 2005, 80, 2242–2249. [CrossRef]
[PubMed]

22. Nabavi, S.F.; Li, H.; Daglia, M.; Nabavi, S.M. Resveratrol and stroke: From chemistry to medicine.
Curr. Neurovasc. Res. 2014, 11, 390–397. [CrossRef] [PubMed]

23. Singh, N.; Agrawal, M.; Doré, S. Neuroprotective properties and mechanisms of resveratrol in in vitro and
in vivo experimental cerebral stroke models. ACS Chem. Neurosci. 2013, 4, 1151–1162. [CrossRef]

24. Thiel, G.; Rössler, O.G. Resveratrol stimulates c-Fos gene transcription via activation of ERK1/2 involving
multiple genetic elements. Gene 2018, 658, 70–75. [CrossRef]

25. Inoue, H.; Jiang, X.F.; Katayama, T.; Osada, S.; Umesono, K.; Namura, S. Brain protection by resveratrol and
fenofibrate against stroke requires peroxisome proliferator-activated receptor alpha in mice. Neurosci. Lett.
2003, 352, 203–206. [CrossRef]

26. Collino, M.; Aragno, M.; Mastrocola, R.; Benetti, E.; Gallicchio, M.; Dianzani, C.; Danni, O.; Thiemermann, C.;
Fantozzi, R. Oxidative stress and inflammatory response evoked by transient cerebral ischemia/reperfusion:
Effects of the PPAR-α agonist WY14643. Free Radic. Biol. Med. 2006, 41, 579–589. [CrossRef]

27. Collino, M.; Patel, N.S.; Thiemermann, C. PPARs as new therapeutic targets for the treatment of cerebral
ischemia/reperfusion injury. Ther. Adv. Cardiovasc. Dis. 2008, 2, 179–197. [CrossRef] [PubMed]

28. Mandrekar-Colucci, S.; Sauerbeck, A.; Popovich, P.G.; McTigue, D.M. PPAR agonists as therapeutics for CNS
trauma and neurological diseases. ASN Neuro 2013, 5, e00129. [CrossRef]

29. D’Agostino, G.; La Rana, G.; Russo, R.; Sasso, O.; Iacono, A.; Esposito, E.; Raso, G.M.; Cuzzocrea, S.;
Lo Verme, J.; Piomelli, D.; et al. Acute intracerebroventricular administration of palmitoylethanolamide,
an endogenous peroxisome proliferator-activated receptor-α agonist, modulates carrageenan-induced paw
edema in mice. J. Pharmacol. Exp. Ther. 2007, 322, 1137–1143. [CrossRef] [PubMed]

30. Ricote, M.; Glass, C.K. PPARs and molecular mechanisms of transrepression. Biochim. Biophys. Acta 2007,
1771, 926–935. [CrossRef] [PubMed]

31. Han, Y.S.; Zheng, W.H.; Bastianetto, S.; Chabot, J.G.; Quirion, R. Neuroprotective effects of resveratrol
against beta-amyloid-induced neurotoxicity in rat hippocampal neurons: Involvement of protein kinase C.
Br. J. Pharmacol. 2004, 141, 997–1005. [CrossRef]

32. Tian, Y.; Ma, J.; Wang, W.; Zhang, L.; Xu, J.; Wang, K.; Li, D. Resveratrol supplement inhibited the NF-κB
inflammation pathway through activating AMPKα-SIRT1 pathway in mice with fatty liver. Mol. Cell. Biochem.
2016, 422, 75–84. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0024-3205(99)00410-5
http://dx.doi.org/10.1126/science.1098014
http://dx.doi.org/10.1016/j.foodchem.2014.09.165
http://dx.doi.org/10.1111/j.1471-4159.2011.07594.x
http://dx.doi.org/10.1002/jnr.21503
http://dx.doi.org/10.1038/sj.bjp.0706469
http://www.ncbi.nlm.nih.gov/pubmed/16474422
http://dx.doi.org/10.1007/s00213-015-4188-3
http://dx.doi.org/10.1038/srep08075
http://www.ncbi.nlm.nih.gov/pubmed/25627672
http://dx.doi.org/10.1016/j.pbb.2014.01.010
http://dx.doi.org/10.1016/j.athoracsur.2005.05.016
http://www.ncbi.nlm.nih.gov/pubmed/16305881
http://dx.doi.org/10.2174/1567202611666140912114833
http://www.ncbi.nlm.nih.gov/pubmed/25219659
http://dx.doi.org/10.1021/cn400094w
http://dx.doi.org/10.1016/j.gene.2018.03.008
http://dx.doi.org/10.1016/j.neulet.2003.09.001
http://dx.doi.org/10.1016/j.freeradbiomed.2006.04.030
http://dx.doi.org/10.1177/1753944708090924
http://www.ncbi.nlm.nih.gov/pubmed/19124421
http://dx.doi.org/10.1042/AN20130030
http://dx.doi.org/10.1124/jpet.107.123265
http://www.ncbi.nlm.nih.gov/pubmed/17565008
http://dx.doi.org/10.1016/j.bbalip.2007.02.013
http://www.ncbi.nlm.nih.gov/pubmed/17433773
http://dx.doi.org/10.1038/sj.bjp.0705688
http://dx.doi.org/10.1007/s11010-016-2807-x
http://www.ncbi.nlm.nih.gov/pubmed/27613163


Nutrients 2019, 11, 1000 14 of 17

33. Kizmazoglu, C.; Aydin, H.E.; Sevin, I.E.; Kalemci, O.; Yuceer, N.; Atasoy, M.A. Neuroprotective effect of
resveratrol on acute brain ischemia reperfusion injury by measuring Annexin V, p53, Bcl-2 Levels in Rats.
J. Korean Neurosurg. Soc. 2015, 58, 508–512. [CrossRef] [PubMed]

34. Li, H.; Wang, J.; Wang, P.; Rao, Y.; Chen, L. Resveratrol Reverses the Synaptic Plasticity Deficits in a Chronic
Cerebral Hypoperfusion Rat Model. J. Stroke Cerebrovasc. Dis. 2016, 25, 122–128. [CrossRef] [PubMed]

35. Rahvar, M.; Nikseresht, M.; Shafiee, S.M.; Naghibalhossaini, F.; Rasti, M.; Panjehshahin, M.R.; Owji, A.A.
Effect of oral resveratrol on the BDNF gene expression in the hippocampus of the rat brain. Eurochem. Res.
2011, 36, 761–765. [CrossRef] [PubMed]

36. Rai, A.R.; Madhyastha, S.; Rao, G.M.; Rai, R.; Sahu, S.S. A comparison of resveratrol and vitamin C therapy
on expression of BDNF in stressed rat brain homogenate. IOSR PHR 2013, 3, 22–27. [CrossRef]

37. Shojaei, S.; Panjehshahin, M.R.; Shafiee, S.M.; Khoshdel, Z.; Borji, M.; Ghasempour, G.; Owji, A.A.
Differential effects of resveratrol on the expression of Brain-Derived Neurotrophic Factor transcripts
and protein in the hippocampus of rat brain. Iran. J. Med. Sci. 2017, 42, 32–39.

38. Song, J.; Cheon, S.Y.; Jung, W.; Lee, W.T.; Lee, J.E. Resveratrol induces the expression of interleukin-10 and
brain-derived neurotrophic factor in BV2 microglia under hypoxia. Int. J. Mol. Sci. 2014, 15, 15512–15529.
[CrossRef] [PubMed]

39. Zagrebelsky, M.; Korte, M. Form follows function: BDNF and its involvement in sculpting the function and
structure of synapses. Neuropharmacology 2014, 6, 628–638. [CrossRef]

40. Rutishauser, U. Polysialic acid in the plasticity of the developing and adult vertebrate nervous system.
Nat. Rev. Neurosci. 2008, 9, 26–35. [CrossRef]

41. Bonfanti, L. PSA-NCAM in mammalian structural plasticity and neurogenesis. Prog. Neurobiol. 2006, 80,
129–164. [CrossRef]

42. Bramham, C.R.; Alme, M.N.; Bittins, M.; Kuipers, S.D.; Nair, R.R.; Pai, B.; Panja, D.; Schubert, M.; Soule, J.;
Tiron, A.; et al. The Arc of synaptic memory. Exp. Brain Res. 2010, 200, 125–140. [CrossRef] [PubMed]

43. Panja, D.; Bramham, C.R. BDNF mechanisms in late LTP formation: A synthesis and breakdown.
Neuropharmacology 2014, 76, 664–676. [CrossRef] [PubMed]

44. Iwasaki, Y.; Ito, S.; Suzuki, M.; Nagahori, T.; Yamamoto, T.; Konno, H. Forebrain ischemia induced by
temporary bilateral common carotid occlusion in normotensive rats. J. Neurol. Sci. 1989, 90, 155–165.
[CrossRef]

45. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Academic Press: Amsterdam,
The Netherlands; Boston, MA, USA, 2007.

46. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent.
J. Biol. Chem. 1951, 193, 265–275. [PubMed]

47. Rosenthal, A.; Goeddel, D.V.; Nguyen, T.; Martin, E.; Burton, L.E.; Shih, A.; Laramee, G.R.; Wurm, F.;
Mason, A.; Nikolics, K.; et al. Primary structure and biological activity of human brain-derived neurotrophic
factor. Endocrinology 1991, 129, 1289–1294. [CrossRef]

48. Serra, M.P.; Poddighe, L.; Boi, M.; Sanna, F.; Piludu, M.A.; Corda, M.G.; Giorgi, O.; Quartu, M. Expression of
BDNF and trkB in the hippocampus of a rat genetic model of vulnerability (Roman low-avoidance) and
resistance (Roman high-avoidance) to stress-induced depression. Brain Behav. 2017, 7, e00861. [CrossRef]
[PubMed]

49. Klein, R.; Parada, L.F.; Coulier, F.; Barbacid, M. trkB, a novel tyrosine protein kinase receptor expressed
during mouse neural development. EMBO J. 1989, 8, 3701–3709. [CrossRef]

50. Dubois, C.; Figarella-Branger, D.; Pastoret, C.; Rampini, C.; Karpati, G.; Rougon, G. Expression of
NCAM and its polysialylated isoforms during mdx mouse muscle regeneration and in vitro myogenesis.
Neuromuscul. Disord. 1994, 4, 171–182. [CrossRef]

51. Quartu, M.; Serra, M.P.; Boi, M.; Melis, T.; Ambu, R.; Del Fiacco, M. Brain-derived neurotrophic factor (BDNF)
and polysialylated-neural cell adhesion molecule (PSA-NCAM): Codistribution in the human brainstem
precerebellar nuclei from prenatal to adult age. Brain Res. 2010, 1363, 49–62. [CrossRef]

52. Quartu, M.; Serra, M.P.; Boi, M.; Ibba, V.; Melis, T.; Del Fiacco, M. Polysialylated-neural cell adhesion molecule
(PSA-NCAM) in the human trigeminal ganglion and brainstem at prenatal and adult ages. BMC Neurosci.
2008, 9, 108. [CrossRef] [PubMed]

http://dx.doi.org/10.3340/jkns.2015.58.6.508
http://www.ncbi.nlm.nih.gov/pubmed/26819684
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26456198
http://dx.doi.org/10.1007/s11064-010-0396-8
http://www.ncbi.nlm.nih.gov/pubmed/21221775
http://dx.doi.org/10.9790/3013-0310022-27
http://dx.doi.org/10.3390/ijms150915512
http://www.ncbi.nlm.nih.gov/pubmed/25184950
http://dx.doi.org/10.1016/j.neuropharm.2013.05.029
http://dx.doi.org/10.1038/nrn2285
http://dx.doi.org/10.1016/j.pneurobio.2006.08.003
http://dx.doi.org/10.1007/s00221-009-1959-2
http://www.ncbi.nlm.nih.gov/pubmed/19690847
http://dx.doi.org/10.1016/j.neuropharm.2013.06.024
http://www.ncbi.nlm.nih.gov/pubmed/23831365
http://dx.doi.org/10.1016/0022-510X(89)90098-1
http://www.ncbi.nlm.nih.gov/pubmed/14907713
http://dx.doi.org/10.1210/endo-129-3-1289
http://dx.doi.org/10.1002/brb3.861
http://www.ncbi.nlm.nih.gov/pubmed/29075579
http://dx.doi.org/10.1002/j.1460-2075.1989.tb08545.x
http://dx.doi.org/10.1016/0960-8966(94)90018-3
http://dx.doi.org/10.1016/j.brainres.2010.09.106
http://dx.doi.org/10.1186/1471-2202-9-108
http://www.ncbi.nlm.nih.gov/pubmed/18990213


Nutrients 2019, 11, 1000 15 of 17

53. Serra, M.P.; Poddighe, L.; Boi, M.; Sanna, F.; Piludu, M.A.; Sanna, F.; Corda, M.G.; Giorgi, O.; Quartu, M.
Effect of acute stress on the expression of BDNF, trkB, and PSA-NCAM in the hippocampus of the Roman
rats: A genetic model of vulnerability/resistance to stress-induced depression. Int. J. Mol. Sci. 2018, 19, 3745.
[CrossRef]

54. Lyford, G.L.; Yamagata, K.; Kaufmann, W.E.; Barnes, C.A.; Sanders, L.K.; Copeland, N.G.; Gilbert, D.J.;
Jenkins, N.A.; Lanahan, A.A.; Worley, P.F. Arc, a growth factor and activity-regulated gene, encodes a novel
cytoskeleton-associated protein that is enriched in neuronal dendrites. Neuron 1995, 14, 433–445. [CrossRef]

55. Gambini, J.; Ingles, M.; Olaso, G.; Lopez-Grueso, R.; Bonet-Costa, V.; Gimeno-Mallench, L.; Mas-Bargues, C.;
Abdelaziz, K.M.; Gomez-Cabrera, M.C.; Vina, J.; et al. Properties of resveratrol: In vitro and in vivo studies
about metabolism, bioavailability, and biological effects in animal models and humans. Oxid. Med.
Cell. Longev. 2015, 2015, 837042. [CrossRef]

56. Wenzel, E.; Somoza, V. Metabolism and bioavailability of trans-resveratrol. Mol. Nutr. Food Res. 2005, 49,
472–481. [CrossRef]

57. Bastianetto, S.; Ménard, C.; Quirion, R. Neuroprotective action of resveratrol. Biochim. Biophys. Acta 2015,
1852, 1195–1201. [CrossRef]

58. Gomez-Pinilla, F.; Nguyen, T.T. Natural mood foods: The actions of polyphenols against psychiatric and
cognitive disorders. Nutr. Neurosci. 2012, 15, 127–133. [CrossRef] [PubMed]

59. Gescher, A.J.; Steward, W.P. Relationship between mechanisms, bioavailibility, and preclinical
chemopreventive efficacy of resveratrol: A conundrum. Cancer Epidemiol. Biomark. Prev. 2003, 12,
953–957.

60. Kristl, J.; Teskac, K.; Caddeo, C.; Abramovic, Z.; Sentjurc, M. Improvements of cellular stress response on
resveratrol in liposomes. Eur. J. Pharm. Biopharm. 2009, 73, 253–259. [CrossRef]

61. Shu, X.H.; Wang, L.L.; Li, H.; Song, X.; Shi, S.; Gu, J.Y.; Wu, M.L.; Chen, X.Y.; Kong, Q.Y.; Liu, J.
Diffusion efficiency and bioavailability of resveratrol administered to rat brain by different routes:
Therapeutic implications. Neurotherapeutics 2015, 12, 491–501. [CrossRef]

62. Virgili, M.; Contestabile, A. Partial neuroprotection of in vivo excitotoxic brain damage by chronic
administration of the red wine antioxidant agent, transresveratrol in rats. Neurosci. Lett. 2000, 281,
123–126. [CrossRef]

63. Wang, Q.; Xu, J.; Rottinghaus, G.E.; Simonyi, A.; Lubahn, D.; Sun, G.Y.; Sun, A.Y. Resveratrol protects against
global cerebral ischemic injury in gerbils. Brain Res. 2002, 95, 439–447. [CrossRef]

64. Sinha, K.; Chaudhary, G.; Gupta, Y.K. Protective effect of resveratrol against oxidative stress in middle
cerebral artery occlusion model of stroke in rats. Life Sci. 2002, 7, 655–665. [CrossRef]

65. Gokce, E.H.; Korkmaz, E.; Dellera, E.; Sandri, G.; Bonferoni, M.C.; Ozer, O. Resveratrol-loaded solid
lipid nanoparticles versus nanostructured lipid carriers: Evaluation of antioxidant potential for dermal
applications. Int. J. Nanomed. 2012, 7, 1841–1850. [CrossRef]

66. Jøraholmen, M.W.; Skalko-Basnet, N.; Acharya, G.; Basnet, P. Resveratrol-loaded liposomes for topical
treatment of the vaginal inflammation and infections. Eur. J. Pharm. Sci. 2015, 79, 112–121. [CrossRef]

67. Balata, G.F.; Essa, E.A.; Shamardl, H.A.; Zaidan, S.H.; Abourehab, M.A. Self-emulsifying drug delivery
systems as a tool to improve solubility and bioavailability of resveratrol. Drug Des. Dev. Ther. 2016, 10,
117–128. [CrossRef]

68. Alboni, S.; Tascedda, F.; Corsini, D.; Benatti, C.; Caggia, F.; Capone, G.; Barden, N.; Blom, J.M.; Brunello, N.
Stress induces altered CRE/CREB pathway activity and BDNF expression in the hippocampus of glucocorticoid
receptor-impaired mice. Neuropharmacology 2011, 60, 1337–1346. [CrossRef]

69. Zhao, Y.N.; Li, W.F.; Li, F.; Zhang, Z.; Dai, Y.D.; Xu, A.L.; Qi, C.; Gao, J.M.; Gao, J. Resveratrol improves learning
and memory in normally aged mice through microRNA-CREB pathway. Biochem. Biophys. Res. Commun.
2013, 435, 597–602. [CrossRef]
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