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Vascular dementia (VaD), the second most common cause of cognitive impairment in 
the population, is a disease that results from reduction in regional cerebral blood flow 
and involves oxidative stress and inflammation. Co-ultramicronized PEALut (co-ultra 
PEALut) is a new compound with beneficial effects, which include anti-inflammatory 
and antioxidant properties. Recently, co-ultraPEALut has been shown to exhibit neuro-
protective effects in models of Parkinson’s disease, cerebral ischemia and Alzheimer’s 
disease. However, its effects on VaD remain unknown. Therefore, the purpose of the 
present study was to highlight the potential neuroprotective actions of co-ultraPEALut 
containing N-palmitoylethanolamine (PEA) and the antioxidant flavonoid luteolin (Lut) 
(10:1 by mass) in a mouse model of VaD induced by bilateral carotid arteries occlusion. 
At 24  h after VaD induction, mice were orally treated with 1  mg/kg co-ultraPEALut 
daily for 15  days. On the 15th day, brain tissues were processed for histological, 
immunohistochemical, Western blot, and immunofluorescent analysis. Our results 
clearly demonstrate that co-ultraPEALut improved learning, memory ability, locomotor 
activity, and the reciprocal social interaction. In addition, the mice subjected to VaD and 
treated with the co-ultraPEALut showed a reorganization of CA1 and CA3 regions of 
the hippocampus and restored the number of hippocampal neurons as evidenced by 
NeuN expression, a specific marker of neurons. Furthermore following carotid arteries 
ligation, mice treated with co-ultraPEALut showed a modification of proinflammatory, 
proapoptotic proteins and of oxidative stress as evidenced by the expression of IκB-α, 
NF-κB p65, Bax, Bcl-2, inducible nitric oxide synthase, and cyclooxygenase-2. In order, 
co-ultraPEALut treatment restored VaD-induced loss of brain-derived neurotrophic 
factor and neurotrophins 3 (NT-3) expression in mice. These results confirmed that the 
neuroprotective effects of co-ultraPEALut were associated with its anti-inflammatory 
and antioxidant properties.
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INTRODUCTION

An estimated 36 million people worldwide were afflicted with 
dementia. Among the subtypes of dementia, vascular dementia 
(VaD) is accounting for 15 to 20% of all cases of dementia (1). 
It results from a variety of causes, including cerebrovascular 
dysfunction. The common risk factors for VaD are diabetes, 
obesity, insulin resistance, hypertension, hyperhomocystinemia, 
and hyperlipidemia (2, 3). VaD happens when vessels that 
furnish blood to the brain become blocked or restricted and 
consequently the supply of blood carrying oxygen to the brain is 
abruptly cut off. However, not all people with stroke will develop 
VaD. Avoiding and controlling risk factors such as diabetes, 
high blood pressure, smoking, and high cholesterol can help 
curb the risk of VaD (4, 5). Many cases of VaD start with slight 
early warning signs: slowness of though, difficulty with planning 
trouble with attention, and concentration mood or behavioral 
changes. Left untreated, the symptoms may continue to get worse 
(6). Currently, no available treatments can repair the damage of 
VaD once it happened (7). The Food and Drug Administration 
(FDA) has not approved any drugs specifically to treat changes 
in judgment, planning, memory and other thought processes 
caused by VaD. However, certain medications approved by 
the FDA to treat these symptoms in Alzheimer’s disease may 
also help people with VaD to the same modest extent they 
help those with Alzheimer’s (8). After blocking of the carotid 
arteries, a significant reduction in regional cerebral blood flow 
causes deprivation of oxygen and glucose. These events lead to 
the activation of neuroinflammation, oxidative, and nitrosative 
stress that are the main causes of VaD (9, 10). A constitutively 
low concentration of oxidants is necessary and they behave as 
signaling molecules for various functions such as regulation of 
vascular tone, monitoring of oxygen tension, and erythropoietin 
production (11, 12). A lot of oxygen free radicals and their deriva-
tives are generated after stroke, including superoxide anions 
O2

•−( ), hydrogen peroxide (H2O2), and hydroxyl radicals (⋅OH). 
O2

•− can react with nitric oxide (NO) to produce peroxynitrite 
(ONOO−) (NO + O2

•− → ONOO−), which is a strong oxidative 
radical that causes protein nitration and dysfunction (13). NO 
generated from neuronal nitric oxide synthase nitrosylates pro-
tein, which leads to cell dysfunction (14). Therefore, the purpose 
of this study was to evaluate the neuroprotective properties of 
a co-ultramicronized compound constituted by the association 
of N-palmitoylethanolamine (PEA), an endogenous fatty acid 
amide members of N-acylethanolamines family, with the veg-
etable flavonoid luteolin (Lut) called co-ultramicronized PEALut 
(co-ultra PEALut), in a mouse model of VaD at 15 days after the 
carotid arteries occlusion. PEA is plentiful in the central nerv-
ous system (CNS) and is produced by glial cells (15–17). PEA 
anti-inflammatory and neuroprotective effects have been studied 
mainly in models of peripheral neuropathies (18). In addition, 
previous studies have showed that PEA treatment significantly 
decreased the inflammation in mouse experimental models of 
spinal cord injury (19) and traumatic brain injury (20), as well 
as in CNS pathologies like PD where neuroinflammation plays 
a key role (21). However, PEA lacks direct antioxidant capacity 
to avoid oxidative stress and counteract damage to DNA and 

proteins, all of which are significant events in CNS diseases. Lut 
belongs to the family of flavonoids, which are largely distributed 
in plants, and which play an important role in the defense 
against microorganisms, insects and ultraviolet radiation (22). 
Given their large quantity in foods, flavonoids have antioxidant 
effect and antimicrobial function (23). Lut exhibits excellent 
antioxidant, cytoprotective, and pharmacological properties, 
by suppressing the production of tumor necrosis factor alpha, 
interleukins, free radicals (reactive oxygen and nitrogen species), 
and their signal transduction pathways (24–26). Moreover, in 
in vivo studies Lut diminishes increased vascular permeability 
and is efficient in animal models of CNS inflammation (27). 
Interestingly, while PEA has not any antioxidant effects per se, 
its coultramicronization with the flavonoid Lut is more efficient 
than either molecule alone. Previously, the association of these 
two molecules, in a fixed ratio of 10:1 in mass, has revealed a 
strong neuroprotective activity (28). Recently, co-ultraPEALut 
has shown an important role in the neurodegenerative diseases 
(Alzheimer’s and Parkinson’s) (29, 30) and in traumatic CNS 
injury (brain and spinal cord injury) (31, 32). In all these cases, 
this compound was able to reduce significantly the neurode-
generation and neuroinflammation that characterized these 
pathologies. About this, we hypothesized that co-ultraPEALut 
can play an important role on improving dementia following 
carotid arteries occlusion.

MATERIALS AND METHODS

Animals
CD1 mice (male 25–30  g; Envigo, Milan, Italy) and Sprague 
Dawley rats (male 200–250 g; Envigo, Milan, Italy) were accom-
modated in a controlled environment and equipped with regular 
rodent food and water. Mice and rats were accommodated in steel 
cages in a room kept at 22 ±  1°C with a 12-h light, 12-h dark 
cycle. Mice and rats were acclimatized to their habitat for 1 week 
and they had ad  libitum access to water of faucet rand rodent 
standard diet. The University of Messina Review Board for the 
care of animals approved the research. All animal experiments 
observe the regulations in Italy (D.M. 116192) as well as the EU 
regulations (O.J. of E.C. L 358/1 12/18/1986).

First Step of the Study: Pharmacokinetics 
of PEA
Healthy Rats
In order to measure the brain penetration of ultramicronized 
PEA, we carried out a simple pharmacokinetic study using 
ultramicronized-[13C]4-PEA (UM-PEA), whose quantification 
by our LC-MS method would not be biased by the presence 
of endogenous, unlabeled PEA. UM-[13C]4-PEA was orally 
administered at the dose of 30 mg/kg. Rats were sacrificed after 
0  min from administration of vehicle [carboxymethylcellulose 
(CMC) 2.5% p/p in water], 5 and 15 min from administration 
of UM-PEA. Subsequently, brains were removed, subjected to 
extraction, purification, and quantification of [13C]4-PEA by liq-
uid chromatography-atmospheric pressure chemical ionization-
mass spectrometry (LC-APCI-MS) analysis.
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[13C]4-PEA Measurement by LC-APCI-MS
Liquid chromatography-atmospheric pressure chemical 
ionization-mass spectrometry analysis of [13C]4-PEA levels 
was carried out as previously described (33–35). The only dif-
ference being that 10  pmol of N-heptadecanoyl-ethanolamine 
were added as internal standard instead of [2H]4-PEA. In 
fact, we could not use commercially available [2H]4-PEA for 
these measurements since it has the same MW as [13C]4-PEA. 
Therefore, we had to use a chemically distinct internal standard, 
the C17 homolog of PEA, N-heptadecanoyl-ethanolamine. 
Briefly, brains were homogenized in a solution of chloroform/
methanol/Tris–HCl 50  mM pH 7.4 (2:1:1 by vol.) containing 
10 pmol of N-heptadecanoyl-ethanolamine as internal standard. 
The lipid-containing organic phase was prepurified by open-bed 
chromatography on silica gel, and fractions obtained by eluting 
the column with a solution of chloroform/methanol (90:10 by 
vol.) were analyzed by LC-APCI-MS by using a Shimadzu HPLC 
apparatus (LC-10ADVP) coupled to a Shimadzu (LCMS-2020) 
quadrupole MS via a Shimadzu APCI interface. LC-APCI-MS 
analysis of [13C]4-PEA was carried out in the selected ion 
monitoring mode, using m/z values of 314 and 304 (molecular 
ions  +  1 for the standard and [13C]4-PEA, respectively), and 
retention times were 17 and 13  min, respectively. [13C]4-PEA 
levels were calculated on the basis of their area ratio with the 
internal standard signal areas, and the amounts (pmol) were 
normalized per g of tissue.

Second Step of the Study: Animal Model 
of VaD Induction
The mice were anesthetized by xylazine and ketamine [0.16 
and 2.6  mg/kg body weight, respectively, given intraperitoneal 
(i.p.)] and then the anterior cervical skin was disinfected with 
75% alcohol. A ventral midline skin cut was made in the neck 
zone after moderate tweezing of neck muscles and just above the 
sternal bone, carotid arteries were identified and then a wire was 
passed below each carotid artery for closure. The bilateral carotid 
arteries were locked by ligation for 10 min, and then released for 
10  min, and this was repeated three times. The threading was 
then removed and the incision sutured. After surgery, mice were 
located under a heating lamp for the prevention of hypothermia 
until complete recovery from overall anesthesia. The mice were 
placed in cages for rearing. 15 days after surgery mice were sac-
rificed by decapitation. Brains were dissected out, sectioned, and 
processed (36).

Experimental Groups
The animals were arbitrarily divided into the following groups:

Group 1: Sham + vehicle = mice were subjected the same sur-
gical procedure without carotid arteries ligation and treated 
orally with vehicle [CMC (1.5% wt/vol in saline)] for 15 days 
(N = 10).
Group 2: Sham + co-ultraPEALut = same as the Sham + vehi-
cle group, but co-ultraPEALut [1  mg/kg orally, dissolved in 
CMC (1.5% wt/vol in saline)] was administered 24  h after 
the surgical procedure without carotid arteries ligation and 
continuing for 15 days after (data not shown) (N = 10).

Group 3: VaD  +  vehicle  =  the mice were subjected to the 
aforementioned modeling method and treated with vehicle as 
described for Sham + vehicle group (N = 10).
Group 4: VaD + co-ultraPEALut = same as the VaD + vehicle 
group, but co-ultraPEALut [at a dose of 1 mg/kg orally, dis-
solved in CMC (1.5% wt/vol in saline)] was administered 24 h 
after the surgical procedure and continuing for 15 days after 
(N = 10).

The dose and the animal model used were based on previous 
in vivo studies (36, 37).

Preparation of Nuclear and Cytosolic Extracts from 
Brain and Western Blot Analysis
To perform Western blot analysis, the mice were anesthetized 
by xylazine and ketamine (0.16 and 2.6  mg/kg body weight, 
respectively, given i.p.) and after decapitated with large band-
age scissors. Brains of each mouse were quickly removed and 
suspended in extraction Buffer A comprising 20 mM leupeptin, 
0.15 mM pepstatin A, 1 mM sodium orthovanadate, 0.2 mM 
PMSF, homogenized for 2 min, and centrifuged at 12,000 rpm 
at 4°C for 4 min. Supernatants represented the cytosolic por-
tion. The pellets, which contains nuclei, were resuspended in 
Buffer B comprising 10 mM Tris–HCl pH 7.4, 150 mM NaCl, 
1 mM EGTA, 1% Triton X-100, 1 mM EDTA, 0.2 mM PMSF, 
20  mm leupeptin, and 0.2  mM sodium orthovanadate. After 
centrifugation for 10 min at 12,000 rpm at 4°C, the superna-
tants containing the nuclear protein. Protein concentrations 
were assessed by the Bio-Rad protein assay using bovine 
serum albumin as standard. The expression of inducible 
nitric oxide synthase (iNOS), Bax, Bcl-2, cyclooxygenase-2 
(COX-2), and IκB-α were quantified in cytosolic fractions. 
NF-κBp65 was quantified in nuclear fractions collected 15 days 
after VaD-induction. The filters were probed with specific 
antibodies for rabbit polyclonal anti-IκB-α (1:500; Santa Cruz 
Biotechnology), rabbit polyclonal anti-NF-κB p65 (1:1,000; 
Santa Cruz Biotechnology), mouse monoclonal anti-iNOS 
(1:1,000; BD Trasduction), mouse monoclonal anti-COX-2 
(1:1,000; Cayman), rabbit polyclonal anti-Bax (1:500; Santa 
Cruz Biotechnology), and rabbit polyclonal anti-Bcl-2 (1:500; 
Santa Cruz Biotechnology) were mixed in 1  ×  phosphate-
buffered saline (PBS), 5% w/v non-fat dried milk, 0.1% 
Tween-20 and incubated at 4°C overnight. Membranes were 
then incubated with peroxidase-conjugated goat antirabbit 
IgG or peroxidase-conjugated bovine antimouse IgG second-
ary antibody (1:2,000; Jackson ImmunoResearch) for 1  h 
at room temperature. To make sure that blots were loaded 
with equal amounts of protein lysates, they were also incu-
bated with the antibody agonist β-actin or laminin antibody 
(1:5,000; Santa Cruz Biotechnology). Signals were detected 
with enhanced chemiluminescence detection system reagent 
giving to the company’s instructions (SuperSignal West Pico 
Chemiluminescent Substrate, Pierce). Relative expression of 
protein bands was quantified by densitometry with BIORAD 
ChemiDoc™ XRS  +  software and standardized to β-actin 
levels. Images of blot signals (8  bit/600  dpi resolution) were 
transferred to analysis software (Image Quant TL, v2003).
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Immunohistochemical Localization of Bax, Bcl-2, 
Poly-ADP-Ribose, and Nitrotyrosine
At the end of the experiment, brains were before fixed in 10% 
(w/v) PBS-buffered formalin and then 7 µm sections were pre-
pared from paraffin-fixed tissues. After deparaffinization, endog-
enous peroxidase was reduced with 0.3% (v/v) H2O2 60% (v/v) 
methanol for 30 min. The sections were permeabilized with 0.1% 
(v/v) Triton X-100 in PBS for 20 min. Non-specific adsorption 
was minimized incubating the section in 2% (v/v) normal horse 
serum in PBS for 20 min. Endogenous biotin or avidin binding 
points were blocked by sequential incubation with avidin and 
biotin for 15 min (Vector Laboratories, Burlingame, CA, USA). 
Slices were incubated overnight with anti-Bax antibody (Santa 
Cruz Biotechnology, 1:100 in PBS, v/v), anti-Bcl-2 antibody (Santa 
Cruz Biotechnology, 1:500 in PBS, v/v), antipoly ADP-ribose 
(anti-PAR) antibody (Santa Cruz Biotechnology, 1:100 in PBS, 
v/v), and antinitrotyrosine (Millipore, 1:500 in PBS, v/v). Sections 
were cleaned with PBS and incubated with secondary antibody. 
Specific category was identified with a biotin-conjugated goat 
antirabbit IgG and avidin-biotin peroxidase complex (Vector 
Labs Inc., Burlingame, CA, USA). To verify the binding specific-
ity for different antibodies, some sections were also incubated 
with only primary or secondary antibody; no positive staining 
was observed in these sections. The sections were quantitatively 
evaluated for a variance in immunoreactivity by computer-
assisted color image investigation (Leica QWin V3, Cambridge, 
UK). Immunoreactivity was quantized within five random fields 
at ×20 and ×40 magnifications. The fraction of positive staining 
as a function of total tissue area was determined (38). In Sham 
mice, the central zones of corresponding tissue portions were 
taken as reference points and an equivalent number of optical 
fields were calculated. All the immunocytochemistry analysis was 
carried out without knowledge of the treatments.

Immunofluorescence of NeuN, Brain-Derived 
Neurotrophic Factor, Neurotrophins 3, GFAP,  
and Iba-1
After deparaffinization and rehydration, detection of NeuN, 
brain-derived neurotrophic factor (BDNF), neurotrophins 3 
(NT-3), GFAP, and Iba-1 was carried out after boiling for 1 min 
in 0.1 M citrate buffer. Non-specific adsorption was reduced by 
incubating the section for 20 min in 2% (vol/vol) normal goat 
serum in PBS. Sections were incubated with mouse monoclonal 
anti-NeuN (Millipore; 1:100 in PBS, v/v), with mouse monoclo-
nal anti-GFAP (Santa Cruz Biotechnology; 1:200 in PBS, v/v), 
with mouse monoclonal anti-Iba-1 (Santa Cruz Biotechnology; 
1:200 in PBS, v/v), with rabbit polyclonal anti-BDNF (Santa Cruz 
Biotechnology; 1:200 in PBS, v/v), or with rabbit polyclonal anti-
NT-3 (Santa Cruz Biotechnology; 1:100 in PBS, v/v) antibodies 
in a humidified chamber O/N at 37°C. Sections were cleaned 
with PBS and were incubated with secondary antibody TEXAS 
RED-conjugated antirabbit Alexa Fluor-594 antibody (1:1,000 in 
PBS, v/v Molecular Probes, UK) and with FITC-conjugated anti-
mouse Alexa Fluor-488 antibody (1:2,000 v/v Molecular Probes, 
UK) for 1 h at 37°C. Sections were laved and for nuclear staining 
4′,6′-diamidino-2-phenylindole (Hoechst, Frankfurt; Germany) 
2 µg/mL in PBS was added. Sections were seen and photographed 

by a Leica DM2000 microscope (Leica, Milan Italy). Optical por-
tions of fluorescence samples were acquired using an Ar laser 
(458 nm) and a HeNe laser (543 nm), a laser UV (361–365 nm) 
at a 1  min, 2  s scanning speed with up to eight averages; 1.5-
µm sections were acquired using a pinhole of 250. Examining 
the most intensely labeled pixels and applying backgrounds that 
allowed clear image of structural details while keeping the highest 
pixel intensities close to 200 established contrast and illumina-
tion. The same backgrounds were used for all images acquired 
from the other samples that had been managed in parallel. Digital 
images were collected and figure montages arranged using Adobe 
Photoshop CS6 (Adobe Systems, Milan, Italy).

Behavioral Testing
Behavioral evaluations on all mice were made 1 day prior to, and 
15 days after, surgical procedure with carotid arteries ligation.

Social Interaction Test
Qualitative and quantitative impairments in social interaction 
are important clinical features of dementia (39). For this reason, 
behavioral neuroscientists use standardized scoring methods to 
quantitate various types of social interactions in mice. Preference 
for social approach was measured using the three-chambered 
apparatus (40). The apparatus was a rectangular box made of 
polycarbonate (80  cm  ×  31.5  cm) and was divided into three 
compartments by partitions with openings, which allowed free 
access to all compartments. The paradigm consisted of three 
trials each lasting for 10 min. Initially, mice were habituated to 
the empty arena for 5  min after which empty wire cages were 
introduced and the mice were allowed to inspect these cages for 
another 10  min. The second phase of the test measured social 
preference involving a 10-min session where the experimental 
mouse was exposed to an inanimate object, one of the empty 
wired cages and a wired cage covering a stimulus mouse. The 
placement of both social and non-social targets was counterbal-
anced between experimental subjects. Time spent engaging in 
investigatory behavior with the novel mouse and frequency of 
investigatory behavior with the novel mouse was monitored by a 
color charge-coupled device camera (Sony DXC-151A) in order 
to observe social approach and preference. Parameters measured 
were the number of active contacts initiated by the target animal, 
mean duration per contact, total duration of contact, and total 
distance traveled were measured. The number of active contacts 
was defined as follows. Images were acquired at one frame 
per  second, and the distance moved between two consecutive 
frames was estimated for each mouse. If the two mice in mutual 
contact and the distance traveled by either mouse was longer than 
5  cm, the behavior was considered to be “active contact.” The 
mouse that traveled a longer distance from the previous frame 
was considered to have approached the other subject actively. All 
testing happened during the dark phase (21:00–03:00 h) under 
illumination with red light.

Novel Object Recognition Test
Mice were tested in a round open field (OF, 40 cm diameter) situ-
ated in a room with dim lighting. Briefly, mice were familiarized 
to the OF in the absence of the objects for 10 min/day over 2 days. 
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During the training period, mice were placed in the OF with two 
identical objects for 10  min. The retention test was performed 
90 min (short-term memory) and 24 h (long-term memory) after 
training by placing the mice back to the OF for a 5 min session and 
by randomly exchanging one of the familiar objects with a novel 
one. Each session was videotaped from above and the dependent 
measure included time spent investigating an object. Mice were 
considered to be exploring an object when it was actively sniffing 
the object or if the nose was investigating the familiar object in the 
test period, which implies that they recognized the object before 
presented (41).

Open Field
Locomotor activity was observed in an OF for 5 min, a Plexiglas 
box 50 cm × 50 cm with its floor separated into 16 squares. Four 
squares were defined as the center and 12 squares along the walls 
as the periphery. Each mouse was gently located in the center 
of the box and movement was scored as a line crossing when a 
mouse removed all paws from one square and entered another. 
Before each test, the chamber was washed with water contain-
ing a detergent. The animals’ behavior was recorded. The line 
crossings and the period spent in the center were calculated and 
scored.

All the behavioral studies were performed in a blinded fashion.

Light Microscopy
For histopathological examination, standard hematoxylin and 
eosin (H&E) staining was performed. Briefly, 15 days after the 
surgery, mice in each group were selected and were decapitated 
after anesthesia. The brain was quickly removed and was fixed in 
4% formalin. Following dehydration with ethanol and embedding 
with paraffin, 7 µm sections were made, followed by H&E stain-
ing. The hippocampal CA1 and CA3 regions were then observed 
under an optical microscope (Leica QWin V3, Cambridge, UK). 
Ischemic neuronal damage was graded on a scale of 0 = normal, 
1 = a few (<30%) neurons damaged, 2 = many neurons (30 to 
70%) damaged, and 3 = majority of neurons (>70%) damaged 
(42). All the histological studies were performed in a blinded 
fashion.

Materials
Unless otherwise indicated, all compounds were obtained from 
Sigma-Aldrich, while co-ultraPEALut and [13C]4-PEA were a 
kind gift from Epitech Group Spa (Saccolongo, Italy). All other 
substances were of the highest commercial grade available. All 
stock solutions were prepared in non-pyrogenic saline (0.9% 
NaCl, Baxter, Milan, Italy) or 10% dimethyl sulfoxide.

Statistical Evaluation
All values in the figures and the text are expressed as mean ± SEM. 
Results shown in the figures are representative of at least three 
experiments performed on different in vivo experimental days. 
In each experiment, we used five animals per group, unless 
otherwise indicated. The results were analyzed by one-way 
analysis of variance followed by a Bonferroni post  hoc test for 
multiple comparisons. A p-value of less than 0.05 was considered 
significant.

RESULTS

Levels of [13C]4-PEA in the Brain  
of Healthy Rats
Our results, shown in Figure 1, indicate that, after oral adminis-
tration of 30 mg/kg of UM-[13C]4-PEA, the peak concentration 
of [13C]4-PEA was found at 15 min in the brain of healthy rats 
(21.68  ±  4.67  pmol/g) (Figure  1). In fact, we observed that, 
at this time point, [13C]4-PEA levels were (1) 12-fold higher 
than [13C]4-PEA levels found at time 0 (1.77  ±  0.49  pmol/g) 
(Figure  1) and (2) 4-fold higher than [13C]4-PEA levels 
found after 5  min from administration of UM-[13C]4-PEA 
(5.93  ±  1.63  pmol/g) (Figure  1). These finding indicates 
that oral treatment with 30  mg/kg of UM-PEA can result in 
low-medium nanomolar brain concentrations of PEA already 
shortly after administration.

Effect of Co-ultraPEALut on Histological 
Parameters
To evaluate in the mice the severity of the damage at the level of 
the hippocampal area 15 days after injury, the sections obtained 
from each group were stained with H&E. Sections from normal 
control mice showed a normal architecture in hippocampal. 
Nerve cells were numerous, closely organized and had rounded 
nuclei (Figure 2A, for hippocampal CA1 and CA3 regions see 
magnification higher A1, A2, and relative histological analysis 
Figure  2D). Reduced number of nerve cells, disorganized, 
heavily stained were found in the hippocampal of all mice at 
15 days after the injury (Figure 2B, for hippocampal CA1 and 
CA3 regions see magnification higher B1, B2, and relative histo-
logical analysis Figure 2D). In contrast, brain sections from mice 
treated with co-ultraPEALut showed a marked reorganization of 
hippocampal CA1 and CA3 regions; treatment also restored the 
number of hippocampal neurons (Figure 2C, for hippocampal 
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FIGURE 2 | Effects of co-ultraPEALut on histological parameters in hippocampal area after carotid arteries occlusion. Control mice showed large 
numbers of nerve cells with closely arranged, neat and rounded nuclei in hippocampal (A), in particular in CA1 and CA3 regions (A1,A2), whereas vascular dementia 
(VaD) mice showed low number of nerve cells and hippocampal disorganized structure (B,B1,B2). Co-ultraPEALut treatment restored the number of neurons to a 
level comparable to control mice (C) and mice showed a reorganization of hippocampal CA1 and CA3 regions (C1,C2). These data are also visible in the histological 
score (D). ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD, as determined by one-way ANOVA followed by Bonferroni post hoc test.
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CA1 and CA3 regions see magnification higher C1, C2, and 
relative histological analysis Figure 2D ***p < 0.001 vs. Sham; 
###p < 0.001 vs. VaD).

Behavioral Measurements Following 
Carotid Arteries Ligation
Reciprocal Social interactions
Social behavior represents a common deficit in VaD. Following 
the introduction of the unfamiliar mouse into the three-chamber 
test arena, we observed that the number of contacts was signifi-
cantly increased in mice of VaD group when compared to control; 
while number of social contacts was decreased in mice treated 
with co-ultraPEALut (Figure 3A; *p < 0.05 vs. Sham; #p < 0.05 
vs. VaD). On the contrary the total duration contacts with unfa-
miliar mouse were significantly decreased in VaD mice, while 

they increased in mice treated with co-ultraPEALut (Figure 3B; 
*p < 0.05 vs. Sham).

Novel Object Recognition
Using the Novel Object Recognition test we evaluated changes in 
cognitive function. Mice were tested at 15 days after the injury 
and compared to Sham-operated controls. During training, 
controls and VaD animals showed no significant difference 
in exploration time of objects; while mice spent more time to 
discover the novel object in the test session after co-ultraPEALut 
treatment (Figure 3C; *p < 0.05 vs. Sham; #p < 0.05 vs. VaD). At 
15 days following carotid arteries ligation, VaD animals showed 
significantly reduced preference for the novel object, indicating 
compromise of cognitive function; while in mice treated with 
co-ultraPEALut the function within the novel object recognition 
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FIGURE 3 | Effect of co-ultraPEALut on behavioral changes in vascular dementia (VaD) mice. (A,B) Effects of co-ultraPEALut treatment on Reciprocal 
Social Interactions. (A) The number of contacts was significantly increased in VaD mice; while number of social contacts was decreased in mice treated with 
co-ultraPEALut. *p < 0.05 vs. Sham; #p < 0.05 vs. VaD. (B) The total duration contacts were significantly decreased in VaD mice, while they increased in mice 
treated with co-ultraPEALut. *p < 0.05 vs. Sham. (C,D) Effects of co-ultraPEALut treatment on memory deficit using the Novel Object Recognition. Results are 
calculated by the time expended exploring novel object at each intertrial interval and the time spent investigating the familiar object at each intertrial interval. (C) In 
the first time, controls and VaD animals showed no significant difference in exploration time of objects; while mice spent more time exploring the novel object after 
co-ultraPEALut treatment. *p < 0.05 vs. Sham; #p < 0.05 vs. VaD. (D) VaD animals showed significantly reduced of memory for the objects; while in mice treated 
with co-ultraPEALut the total exploration time of objects returned to normal values. *p < 0.05 vs. Sham; #p < 0.05 vs. VaD. (E,F) Effects of co-ultraPEALut treatment 
on locomotor behaviors in open field. Locomotor deficit is calculated as mean of the total time in the center in seconds. (E) The number of crossing was increased 
in VaD mice, while this number was significantly reduced in mice treated with co-ultraPEALut. ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD. (F) Regarding, carotid 
arteries occlusion decreased the time spent in the center of arena. This alteration was reversed by administration of co-ultraPEALut. Data were determinated by 
one-way ANOVA followed by Bonferroni post hoc test.
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test returned to normal values (Figure 3D; *p < 0.05 vs. Sham; 
#p < 0.05 vs. VaD).

Open Field
To measure locomotor activity we used an OF test. After 15 days 
from carotid arteries ligation, number of crossing was increased 
in VaD animals, while crossings were significantly reduced in 
mice treated with co-ultraPEALut (Figure 3E; ***p < 0.001 vs. 
Sham; ###p  <  0.001 vs. VaD). In contrast, the occlusion of the 
carotid arteries has led to significantly decrease the time spent in 

the center of arena in mice of VaD group. Such alteration was then 
reversed by co-ultraPEALut treatment (Figure 3F).

Co-ultraPEALut Reduces the Activation of 
NF-κB Following Carotid Arteries Ligation
NF-κB activation plays an important role in VaD. To determine 
the effect of co-ultraPEALut on the activation of NF-κB, we evalu-
ated the cellular levels of IκB-α by Western blot analysis. In the 
Sham group, NF-κB is stabilized by IκB in the cytoplasm. After 
carotid arteries ligation, it triggers the degradation of IκB-α to free 
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FIGURE 4 | Effects of co-ultraPEALut treatment on NF-κB pathways, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) 
expression. Western blot analysis for IκB-α and NF-κB proteins in the brain were detected at 15 days after carotid arteries occlusion. IκB-α levels were reduced 
substantially in mice treated with co-ultraPEALut compared to VaD mice (A,A1). NF-κB p65 levels in the VaD mice were increased significantly compared to Sham 
mice (B). Low levels of NF-κB p65 were found in co-ultraPEALut treated animals (B,B1). The data are demonstrative of at least three independent experiments.  
(A) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD; (B) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD. Western blot analysis for iNOS and COX-2 showed a substantial 
increase of expression of these proteins in VaD mice compared to Sham; co-ultraPEALut treatment considerably reduced iNOS and COX-2 expression [respectively, 
(C,C1,D,D1)]. The data are illustrative of at least three independent experiments. (C) **p < 0.01 vs. Sham; ###p < 0.001 vs. VaD; (D) ***p < 0.001 vs. Sham; 
###p < 0.001 vs. VaD. Data were determinated by one-way ANOVA followed by Bonferroni post hoc test.
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NF-κB for transport into the nucleus. In fact, our results showed 
that, following cerebral damage, the level of IκB-α protein was 
decreased in the cytoplasm (Figure 4A, see densitometry analysis 
A1 ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD), while high levels 
of NF-κB p65 were observed in the nucleus compared with Sham 
group (Figure 4B, see densitometry analysis B1 ***p < 0.001 vs. 
Sham; ###p < 0.001 vs. VaD). However, co-ultraPEALut treatment 
significantly prevented the degradation of IκB-α and the resulting 
NF-κB translocation in the nucleus, compared with the VaD group 
(Figures 4A,B, see respective densitometry analysis in A1 and B1).

Effect of Co-ultraPEALut on iNOS  
and COX-2 Expression
To determine the role of ⋅NO produced after carotid arteries 
ligation, iNOS expression was evaluated using Western blot 
analysis. A significant increase in iNOS expression was observed 
in brain from mice subjected to carotid arteries ligation; while 
a significant decrease in iNOS expression was observed after 
co-ultraPEALut treatment (Figure 4C, see densitometry analysis 
C1 **p < 0.01 vs. Sham; ###p < 0.001 vs. VaD). Similarly, COX-2 
expression was induced by carotid arteries ligation compared to 
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FIGURE 5 | Effects of co-ultraPEALut on proapoptotic protein in VaD mice. Immunohistochemical analysis showed that Bax was significantly increased after 
carotid arteries ligation in hippocampal CA1 and CA3 regions [(A,A1,B,B1) vs. (C,C1,D,D1,G)]; instead, treatment with co-ultraPEALut restored Bax expression 
[(C,C1,D,D1) vs. (E,E1,F,F1,G)]. In addition, Western blot analysis demonstrated Bax expression to be significantly increased in VaD group, whereas treatment with 
co-ultraPEALut significantly reduced levels of Bad (H,H1). The data are representative of at least three independent experiments. (G) ***p < 0.001 vs. Sham; 
###p < 0.001 vs. VaD; (H) **p < 0.01 vs. Sham; ###p < 0.001 vs. VaD, as determined by One way ANOVA followed by Bonferroni post hoc test.
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the Sham group. Treatment with co-ultraPEALut significantly 
lowered COX-2 expression (Figure 4D, see densitometry analysis 
D1 ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD).

Effects of Co-ultraPEALut on Bax and 
Bcl-2 Expression in Mice with VaD
To explore molecular mechanism underlying of the neuro-
protective effect of co-ultraPEALut, we evaluated, in the mice 
hippocampal CA1 and CA3 regions, two proteins implicated 

in apoptotic death using immunohistochemical staining. Low 
Bax expression was found in the Sham group (Figures 5A,B, 
see magnification higher A1, B1, and relative densitometric 
analysis Figure  5G ***p  <  0.001 vs. Sham; ###p  <  0.001 vs. 
VaD). In the VaD group, we observed high Bax expression 
(Figures  5C,D, see magnification higher C1, D1, and rela-
tive densitometric analysis Figure 5G ***p < 0.001 vs. Sham; 
###p < 0.001 vs. VaD); whereas after the co-ultraPEALut treat-
ment Bax levels were significantly decreased (Figures  5E,F, 
see magnification higher E1, F1, and relative densitometric 
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FIGURE 6 | Effects of co-ultraPEALut on antiapoptotic protein in VaD mice. A significantly positive immunostaining for Bcl-2 was found in Sham group and in 
mice after co-ultraPEALut administration (A,A1,B,B1,E,E1,F,F1,G), while VaD mice showed a decreased expression of Bcl-2 in hippocampal CA1 and CA3 regions 
(C,C1,D,D1,G). Moreover, Western blot analysis demonstrated that Bcl-2 expression was reduced after carotid arteries occlusion; however, treatment with 
co-ultraPEALut restored basal levels (H,H1). The data are illustrative of at least three independent experiments. (G) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD;  
(H) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD, as determined by one-way ANOVA followed by Bonferroni post hoc test.
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analysis Figure 5G ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD). 
To confirm immunohistochemical data, Western blot analysis 
was performed. The expression levels of Bax were significantly 
increased in the VaD group mice compared with those of the 
Sham group. By contrast, Bax expression was significantly 
reduced in mice treated with co-ultraPEALut (Figure 5H, see 
densitometric analysis H1 **p  <  0.01 vs. Sham; ###p  <  0.001 
vs. VaD). On the contrary, using immunohistochemical 

staining we showed a low Bcl-2 expression in the Sham group 
(Figures 6A,B, see magnification higher A1, B1, and relative 
densitometric analysis Figure  6G ***p  <  0.001 vs. Sham; 
###p < 0.001 vs. VaD). In the VaD group, the immunostaining 
for Bcl-2 was reduced compared with the Sham group in the 
hippocampal CA1 and CA3 regions (Figures 6C,D, see mag-
nification higher C1, D1, and relative densitometric analysis 
Figure 6G ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD). Instead, 
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FIGURE 7 | Effects of co-ultraPEALut treatment on nitrotyrosine and PAR formation in VaD. Brain sections from Sham mice did not stain for nitrotyrosine 
(A,A1,B,B1,G) and for PAR (H,H1,I,I1,N), sections from VaD mice exhibited positive immunostaining for nitrotyrosine (C,C1,D,D1,G) and PAR formation 
(J,J1,K,K1,N). Treatment with co-ultraPEALut reduced the degree of positive immunostaining for nitrotyrosine (E,E1,F,F1,G) and for PAR formation (L,L1,M,M1,N) 
in hippocampal CA1 and CA3 regions. (G) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD; (N) ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD, as determined by 
one-way ANOVA followed by Bonferroni post hoc test.
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Bcl-2 levels were significantly increased in comparison with 
the VaD group after co-ultraPEALut treatment (Figures 6E,F, 
see magnification higher E1, F1, and relative densitometric 
analysis Figure 6G ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD). 
Using Western blot analysis, we showed that the expression 

levels of Bcl-2 were significantly reduced in the VaD group 
mice compared with Sham group; while levels of Bcl-2 were 
significantly increased in mice treated with co-ultraPEALut 
(Figure  6H, see densitometry analysis H1 ***p  <  0.001 vs. 
Sham; ###p < 0.001 vs. VaD).
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FIGURE 8 | Effects of co-ultraPEALut on neuronal cells after carotid arteries occlusion. Results are shown for Sham group (A–C), mice after carotid 
arteries ligation (D–F), mice treated with co-ultraPEALut (G–I). Representative images showing the intensity of fluorescent signals in regions labeled for NeuN and 
DAPI in the hippocampus from Sham animals (A,B), animals submitted to carotid arteries occlusion (D,E), and animals treated with co-ultraPEALut (G,H). The 
co-localization between NeuN/DAPI is represented by the images (C,F,I). Immunofluorescence staining showed that carotid arteries ligation decreased the NeuN 
immunocontent 15 days after surgery, while treatment with co-ultraPEALut restored the number of neuronal cells.

12

Siracusa et al. Co-UltraPEALut and VaD

Frontiers in Neurology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 233

Effects of Co-ultraPEALut on Nitrotyrosine 
and PAR Polymer
Fifteen days after damage, nitrotyrosine, a specific marker of nitro-
sative stress, was investigated by immunohistochemical staining 
in the brain slices to determine the localization of “peroxynitrite 
formation” and/or other nitrogen derivatives formed following 
carotid arteries ligation. No positive staining for nitrotyrosine 
was detected in hippocampal CA1 and CA3 regions obtained 
from Sham mice (Figures  7A,B, see magnification higher A1, 
B1, and relative histological analysis Figure 7G ***p < 0.001 vs. 
Sham; ###p < 0.001 vs. VaD); whereas brain sections obtained from 
mice, that underwent occlusion of the carotid arteries, exhibited 
positive staining for nitrotyrosine (Figures 7C,D, see magnifica-
tion higher C1, D1, and relative histological analysis Figure 7G 
***p  <  0.001 vs. Sham; ###p  <  0.001 vs. VaD). Treatment with 
co-ultraPEALut significantly reduced the positive nitrotyrosine 
staining in hippocampal CA1 and CA3 regions (Figures  7E,F, 
see magnification higher E1, F1, and relative histological analysis 
Figure 7G ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD). In addition, 
a significant positive staining for the PAR was found primarily 
localized in nuclei of inflammatory cells in the brain tissues from 
the VaD group of mice (Figures 7J,K, see magnification higher J1, 
K1, and relative histological analysis Figure 7N ***p < 0.001 vs. 
Sham; ###p < 0.001 vs. VaD). Co-ultraPEALut reduced the degree 
of positive staining for PAR in the hippocampal CA1 and CA3 
regions (Figures  7L,M, see magnification higher L1, M1, and 
relative histological analysis Figure 7N ***p <  0.001 vs. Sham; 

###p < 0.001 vs. VaD). Note that there was no staining for PAR in 
brain tissues obtained from the Sham group of mice (Figures 7H,I, 
see magnification higher H1, I1, and relative histological analysis 
Figure 7N ***p < 0.001 vs. Sham; ###p < 0.001 vs. VaD).

Effects of Co-ultraPEALut on Loss of 
Neuronal Cells after Carotid Arteries 
Occlusion
To investigate the effect of co-ultraPEALut on hippocampal dam-
age accompanied by massive loss of neuronal cells in VaD mice, 
immunofluorescence staining was performed using anti-NeuN 
antibody. Our results showed an evident loss of NeuN-labeled 
viable neurons in the hippocampal region were observed in mice 
of VaD group (Figures 8D–F) in comparison with the Sham group 
(Figures  8A–C). However, this neuronal loss in VaD mice was 
reduced after co-ultraPEALut treatment (Figures 8G–I).

Co-ultraPEALut Restores VaD-Induced 
Loss of BDNF and NT-3 Expression  
in Mice
The BDNF and NT-3 are essential to support the survival 
of existent neurons and to promote the growth and dif-
ferentiation of novel neurons and synapses. To investigate 
whether co-ultraPEALut modulates the inflammatory process 
through regulation of the neurotrophic factors levels and 
to show their location in specific cell types, we performed 
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FIGURE 9 | Co-localization of GFAP/brain-derived neurotrophic factor (BDNF) after carotid arteries occlusion. Results are shown for Sham group (A–C), 
mice after carotid arteries occlusion (D–F), mice treated with co-ultraPEALut (G–I). Brain sections were double stained with antibodies against GFAP [(A,D,G), 
green], and BDNF [(B,E,H), red]. Hippocampal area revealed increased astrogliosis (D) in VaD group. GFAP immunoreactivity was reduced in co-ultraPEALut-treated 
mice (G). Yellow spots indicate co-localizations and revealed a high co-localization between GFAP/BDNF double staining (C,F,I). The pictures are demonstrative of 
at least three experiments executed on distinctive experimental days. Images are representative of all the animals in every group. All pictures were digitalized at a 
resolution of 8 bits into an array of 2,048 × 2,048 pixels.
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immunofluorescence staining with Iba-1 and GFAP, microglial 
and astrocyte activation marker, respectively. Brain sections 
were double stained with antibodies against Iba-1 and GFAP 
(green) and BDNF and NT-3 (red). Immunofluorescence stain-
ing revealed that GFAP was significantly higher in mice of VaD 
group (Figures 9D and 11D) such as activation of the microglia 
(Figures 10D and 12D) than in the Sham group (Figures 9A, 
10A, 11A, and 12A). GFAP and Iba-1 immunoreactivity were 
significantly reduced in mice treated with co-ultraPEALut 
(Figures  9G, 10G, 11G, and 12G). On the contrary, the 
neurotrophic factors were decreased in animals after carotid 
arteries ligation (Figures 9E, 10E, 11E, and 12E), respect the 
Sham group (Figures 9B, 10B, 11B, and 12B). Treatment with 
co-ultraPEALut significantly increased the release of BDNF 
and NT-3 (Figures  9H, 10H, 11H, and 12H). The yellow 
arrow indicates the co-localization between BDNF and GFAP 
(Figures  9C,F,I) and NT-3 and GFAP (Figures  11C,F,I) as 
well as between BDNF and Iba-1 (Figures 10C,F,I), and NT-3 
and Iba-1 (Figures 12C,F,I). Reported images are representa-
tive of triplicate experiments. All pictures were digitalized at 
a resolution of 8 bits into an array of 2,048  ×  2,048 pixels.

DISCUSSION

The growing importance of dementias phenomenon imposes 
an increasingly urgent need to gain more knowledge about this 
group of diseases, the techniques that allow earlier diagnosis and 
accurate, and primarily on preventive and therapeutic strategies 
acting on the mechanisms that underlie neuropathological cascade 
that leads to the death of neurons and the consequent progressive 
loss of cognitive abilities (43). For dementia refers to a clinical 
syndrome of acquired loss of cognitive and emotional skills, such 
as to interfere with the normal functions of everyday life and the 
quality of life itself (44). They distinguish primary or degenera-
tive forms of dementia and secondary forms such as VaD among 
which the main one is that on ischemic vascular basis. VaD occurs 
when the blood supply that transporting oxygen to the brain is 
suddenly cut off. The absence of oxygen and nutrients generates 
a condition in which the reestablishment of circulation results in 
oxidative and stress inflammation with consequent damage to the 
involved tissues, instead of the normal functionality of the recov-
ery. It is therefore the prospect of investigating new therapeutic 
strategies very interesting that modify the course of the dementia 
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FIGURE 10 | Co-localization of Iba-1/brain-derived neurotrophic factor (BDNF) after carotid arteries occlusion. Results are shown for Sham group (A–C), 
mice after carotid arteries occlusion (D–F), mice treated with co-ultraPEALut (G–I). Brain sections were double stained with antibodies against Iba-1 [(A,D,G), green] 
and BDNF [(B,E,H), red]. Hippocampal area revealed increased microgliosis (D) in VaD group. Iba-1 immunoreactivity was reduced in co-ultraPEALut-treated mice 
(G). Yellow spots indicate co-localizations and revealed a high co-localization between Iba-1/BDNF double staining (C,F,I). The pictures are demonstrative of at least 
three experiments executed on distinctive experimental days. Images are representative of all the animals in every group. All images were digitalized at a resolution 
of 8 bits into an array of 2,048 × 2,048 pixels.
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disease through neuroprotective mechanisms to reduce oxidative 
stress and chronic inflammation leading to neurodegeneration. 
Currently no medication has shown with confidence its effective-
ness in treating VaD (45). PEA is a lipid mediator used in the clinic 
for its neuroprotective, antineuroinflammatory and analgesic 
properties (19, 46, 47). Investigations have been carried out to 
identify the molecular mechanism of action through which PEA 
exerts its pharmacological effects. This research has revealed that 
PEA can act via multiple mechanisms (47). The first mechanism 
of action for PEA was proposed by Rita Levi-Montalcini’s research 
group, who suggested that PEA acts via “Autacoid Local Injury 
Antagonism” to downregulate mast cell activation (48, 49). Later, 
the existence of a “direct receptor-mediated mechanism” was 
proposed, and several studies demonstrated that PEA can act via 
direct activation of at least two different receptors: the peroxisome 
proliferator-activated receptor α (PPAR-α) (50) and the orphan 
GPCR 55 (GPR55) (51). PPAR-α is expressed in many organs 
and tissues, such as the intestine, heart, liver, kidney, muscle, and 
adipose tissue, and also in several cells of the immune system (52). 
Although PPAR-α is the molecular target that directly mediates 
some of the neuroprotective, antineuroinflammatory, and anal-
gesic effects of PEA (53), the existence of indirect mechanisms 
of action for this compound has also often been demonstrated. 

Therefore, a synergistic interaction can occur between the various 
mechanisms and explain why PEA has multiple effects and the 
ability to act on different cell types. Preclinical and human studies 
indicate that PEA, especially when co-micronized together with 
antioxidants, such as luteolin, and in micronized or ultramicro-
nized forms, is a therapeutic tool with high potential for the effective 
treatment of different pathologies characterized by neurodegen-
eration, neuroinflammation, and pain (54). Previous studies have 
shown that PEA-luteolin combination can reduce inflammatory 
processes associated with spinal cord injury and TBI by restoring 
basal expressions of PPARs and by limiting NF-kB activation  
(31, 55). Moreover, co-ultraPEALut was demonstrated to exhibit 
neuroprotective effects in models of cerebral ischemia, Parkinson’s 
disease, and Alzheimer’s disease (29, 30, 37). However, its effects 
on VaD had not yet been evaluated. However, its effects on VaD 
had not yet been evaluated. Therefore, the purpose of this study 
was to explain the neuroprotective effects of co-ultraPEALut in a 
mouse model of VaD.

The experimental design was divided in two steps. First, we 
demonstrated by pharmacokinetic studies that the PEA, the 
major component of the compound co-ultraPEALut, is able to 
cross the blood-brain barrier. Second, we shown that the new 
compound co-ultraPEALut was able of improving the behavior 
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FIGURE 11 | Co-localization of GFAP/NT-3 after carotid arteries ligation. Results are shown for Sham group (A–C), mice after carotid arteries ligation (D–F), 
mice treated with co-ultraPEALut (G–I). Brain sections were double stained with antibodies against GFAP [(A,D,G), green] and NT-3 [(B,E,H), red]. Hippocampal 
sections revealed increased astrogliosis (D) in VaD group. GFAP immunoreactivity was reduced in co-ultraPEALut-treated mice (G). Yellow spots indicate 
co-localizations and revealed a high co-localization between GFAP/NT-3 double staining (C,F,I). The pictures are demonstrative of at least three experiments 
executed on distinctive experimental days. Images are representative of all the animals in every group. All images were digitalized at a resolution of 8 bits into an 
array of 2,048 × 2,048 pixels.
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and histopathological features in mice after VaD-induction. In 
addition, we observed that treatment with co-ultraPEALut had 
beneficial effects on inflammatory and apoptotic processes and 
on the response to oxidative and nitrosative stress. In detail in 
the first step, using LC-APCI-MS, we evaluated the PEA levels in 
the brain of the healthy rats. This analysis showed that after oral 
administration of 30 mg/kg of UM-PEA its levels were increased 
after 5  min and that its concentration peak was obtained after 
15 min. Therefore, our results showed that PEA is able to penetrate 
into the brain.

Based on this evidence, in the second step, using H&E stain-
ing, we evaluated the effect of co-ultraPEALut on hippocampal 
CA1 and CA3 regions at 15 days after injury. Histological analysis 
showed that mice, after VaD, presented neuronal cell loss and 
abnormal architecture in hippocampal; while mice treated with 
co-ultraPEALut showed a significant decreased neuronal cell 
death and a marked reorganization in CA1 and CA3 regions. 
The memory is the cognitive domain most commonly dam-
aged in dementia. In addition to memory, other higher facul-
ties are affected in dementing process; they include language, 
visuospatial skills, calculation, and problem-solving skills. In 
many syndromes, dementigene also develop neuropsychiatric 
disturbances and alterations in social interactions, which result 
in depression, isolation social, hallucinations, delusions, agita-
tion, and insomnia. For this reason in our study, we evaluated 

changes in cognitive function, reciprocal social interactions, 
and locomotor activity using specific behavioral tests. Using the 
Novel Object Recognition test, we demonstrated compromise 
of cognitive function because mice of VaD group showed sig-
nificantly reduced preference for the new object; while treatment 
with co-ultraPEALut reduced the number of animals that had 
no interest for the novel object. Using social behavior test, we 
showed that time in the chamber with unfamiliar mouse was 
less in mice of VaD group, while in the group treated with co-
ultraPEALut the number of animals who spent more time in the 
chamber with the unknown animal was greater. Finally, using an 
OF test we demonstrated an alteration of locomotor activity in 
mice of VaD group, because these animals spent less time in the 
center of arena, while this alteration was significantly reduced 
by treatment with co-ultraPEALut. The pathophysiological 
consequences of the discrepancy between demand and supply of 
energy substrates in the brain, for lack of arterial blood flow or 
reduced venous outflow, resulting in neuronal damage, derived 
from the impairment of cellular metabolism and the cascade of 
events resulting in the failure of cellular energy systems. These 
include: the release of excitotoxic mediators, inflammation and 
apoptosis (56). In this study, we examined the role of the pro-
inflammatory NF-kB pathway in a mouse model of VaD. Using 
Western blot analysis, we demonstrated that, following carotid 
arteries ligation, the level of IκB-α protein was decreased in the 
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cytoplasm, while high levels of NF-κB p65 were observed in the 
nucleus. However, co-ultraPEALut treatment significantly pre-
vented the degradation of IκBα and the consequent migration of 
NF-κB in the nucleus. Other elements play a role in brain damage 
after carotid arteries ligation, such as activation of iNOS and 
COX-2 (57), increased expression of the proapoptotic molecule 
Bax and decreased expression of the antiapoptotic molecule Bcl-2 
(58, 59); and PAR formation (60). In our study, co-ultraPEALut 
significantly reduced iNOS and COX-2 expression, normalized 
Bax/Bcl-2 expression levels and attenuated nitrotyrosine levels 
and PAR formation. Moreover, to study the changes of expression 
of NeuN in the hippocampus of mice with VaD we performed 
immunofluorescence staining. Compared with the Sham group, 
the expression of NeuN in CA1 and CA3 areas of hippocampus 
was significantly decreased in mice of VaD group 15 days after 
operation; while NeuN levels were increased with co-ultraPEALut 
treatment. Therefore, our results confirm the beneficial effect of 
the compound co-ultraPEALut on the loss of neuronal cells in 
the hippocampus. It is well know that neurotrophic factors such 
as BDNF and NT-3 regulate neuronal survival, axonal growth, 
synaptic plasticity, and neurotransmission that play an important 
role in reconstruction after injury in the adult CNS (61). Based 
on of these evidence, we evaluated the activity of co-ultraPEALut 
in limiting the loss of NT, so we have detected by immunofluo-
rescence staining, that levels of BDNF and NT-3 were reduced in 

mice group VaD, while co-ultraPEALut treatment significantly 
increased the expression of these NT. In brain injuries, reactive 
astrocytes and microglia express low levels of BDNF and NT-3 
(62, 63). In the present study, we observed the changes in GFAP 
and Iba-1 expression during brain damage, while co-ultraPEALut 
significantly prevented both astrogliosis and microgliosis. 
Furthermore, expression of BDNF, NT-3 was low in GFAP-
positive astrocytes and in Iba-1-positive microglia. However, the 
expression of all two neurotrophic factors in GFAP and Iba-1 was 
noticeably induced after co-ultraPEALut treatment.

In conclusion, the present work represents the first description 
of co-ultraPEALut administration in an in vivo model of VaD. 
Taken together, our data clearly demonstrate that treatment with 
co-ultraPEALut reduced the inflammatory process, oxidative 
stress and the proapoptotic death that occur after carotid arteries 
occlusion. Thus, we propose that the compound co-ultraPEALut 
can be used as a treatment to control the cognitive impairment 
and the inflammatory and oxidative process associated with VaD.
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FIGURE 12 | Co-localization of Iba-1/NT-3 after carotid arteries ligation. Results are shown for Sham group (A–C), mice after carotid arteries ligation (D–F), 
mice treated with co-ultraPEALut (G–I). Brain sections were double stained with antibodies against Iba-1 [(A,D,G), green] and NT-3 [(B,E,H), red]. Hippocampal 
sections revealed increased microgliosis (D) in VaD group. Iba-1 immunoreactivity was reduced in co-ultraPEALut-treated mice (G). Yellow spots indicate 
co-localizations and revealed a high co-localization between Iba-1/NT-3 double staining (C,F,I). The pictures are demonstrative of at least three experiments 
executed on distinctive experimental days. Images are representative of all the animals in every group. All images were digitalized at a resolution of 8 bits into an 
array of 2,048 × 2,048 pixels.

e 
(U 

> 

... :::, _, 
<t: w 
Q. 

� ... 
:i 
6 
V 

lba-1 NT-3 Merge 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive


17

Siracusa et al. Co-UltraPEALut and VaD

Frontiers in Neurology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 233

REFERENCES

1.	 Ruitenberg A, Ott A, van Swieten JC, Hofman A, Breteler MMB. Incidence 
of dementia: does gender make a difference? Neurobiol Aging (2001) 
22(4):575–80. doi:10.1016/S0197-4580(01)00231-7 

2.	 Craft S. The role of metabolic disorders in Alzheimer disease and vascular 
dementia two roads converged. Arch Neurol (2009) 66(3):300–5. doi:10.1001/
archneurol.2009.27 

3.	 Purnell C, Gao S, Callahan CM, Hendrie HC. Cardiovascular risk factors and 
incident Alzheimer disease a systematic review of the literature. Alzheimer Dis 
Assoc Disord (2009) 23(1):1–10. doi:10.1097/WAD.0b013e318187541c 

4.	 Villeneuve S, Reed BR, Madison CM, Wirth M, Marchant NL, Kriger S,  
et  al. Vascular risk and A beta interact to reduce cortical thickness in AD 
vulnerable brain regions. Neurology (2014) 83(1):40–7. doi:10.1212/WNL. 
0000000000000550 

5.	 Helman AM, Murphy MP. Vascular cognitive impairment: modeling a 
critical neurologic disease in vitro and in vivo. Biochim Biophys Acta (2016) 
1862(5):975–82. doi:10.1016/j.bbadis.2015.12.009 

6.	 Claassen JAHR. Cognitive decline and dementia are we getting to the 
vascular heart of the matter? Hypertension (2015) 65(3):505–6. doi:10.1161/
Hypertensionaha.114.04706 

7.	 Wang J, Zhang HY, Tang XC. Cholinergic deficiency involved in vascular 
dementia: possible mechanism and strategy of treatment. Acta Pharmacol Sin 
(2009) 30(7):879–88. doi:10.1038/aps.2009.82 

8.	 Levine DA, Langa KM. Vascular cognitive impairment: disease mechanisms 
and therapeutic implications. Neurotherapeutics (2011) 8(3):361–73. 
doi:10.1007/s13311-011-0047-z 

9.	 Lenart N, Brough D, Denes A. Inflammasomes link vascular disease with 
neuroinflammation and brain disorders. J Cereb Blood Flow Metab (2016) 
36(10):1668–85. doi:10.1177/0271678X16662043 

10.	 Daulatzai MA. Fundamental role of pan-inflammation and oxidative- 
nitrosative pathways in neuropathogenesis of Alzheimer’s disease. Am 
J Neurodegener Dis (2016) 5(1):1–28. 

11.	 Droge W. Free radicals in the physiological control of cell function. Physiol Rev 
(2002) 82(1):47–95. doi:10.1152/physrev.00018.2001 

12.	 Chan PH. Reactive oxygen radicals in signaling and damage in the ischemic 
brain. J Cereb Blood Flow Metab (2001) 21(1):2–14. doi:10.1097/00004647- 
200101000-00002 

13.	 Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent 
hydroxyl radical production by peroxynitrite: implications for endothelial 
injury from nitric oxide and superoxide. Proc Natl Acad Sci U S A (1990) 
87(4):1620–4. doi:10.1073/pnas.87.4.1620 

14.	 Gu Z, Kaul M, Yan B, Kridel SJ, Cui J, Strongin A, et  al. S-nitrosylation of 
matrix metalloproteinases: signaling pathway to neuronal cell death. Science 
(2002) 297(5584):1186–90. doi:10.1126/science.1073634 

15.	 Hansen HS, Moesgaard B, Hansen HH, Petersen G. N-Acylethanolamines 
and precursor phospholipids – relation to cell injury. Chem Phys Lipids (2000) 
108(1–2):135–50. doi:10.1016/S0009-3084(00)00192-4 

16.	 Walter L, Franklin A, Witting A, Moller T, Stella N. Astrocytes in culture 
produce anandamide and other acylethanolamides. J Biol Chem (2002) 
277(23):20869–76. doi:10.1074/jbc.M110813200 

17.	 Muccioli GG, Stella N. Microglia produce and hydrolyze palmitoylethanol-
amide. Neuropharmacology (2008) 54(1):16–22. doi:10.1016/j.neuropharm. 
2007.05.015 

18.	 Di Cesare Mannelli L, Pacini A, Corti F, Boccella S, Luongo L, Esposito E, 
et al. Antineuropathic profile of N-palmitoylethanolamine in a rat model of  

oxaliplatin-induced neurotoxicity. PLoS One (2015) 10(6):e0128080. 
doi:10.1371/journal.pone.0128080 

19.	 Skaper SD, Facci L, Barbierato M, Zusso M, Bruschetta G, Impellizzeri D, 
et al. N-palmitoylethanolamine and neuroinflammation: a novel therapeutic 
strategy of resolution. Mol Neurobiol (2015) 52(2):1034–42. doi:10.1007/
s12035-015-9253-8 

20.	 Ahmad A, Crupi R, Impellizzeri D, Campolo M, Marino A, Esposito E, et al. 
Administration of palmitoylethanolamide (PEA) protects the neurovascular 
unit and reduces secondary injury after traumatic brain injury in mice. Brain 
Behav Immun (2012) 26(8):1310–21. doi:10.1016/j.bbi.2012.07.021 

21.	 Esposito E, Impellizzeri D, Mazzon E, Paterniti I, Cuzzocrea S. Neuroprotective 
activities of palmitoylethanolamide in an animal model of Parkinson’s disease. 
PLoS One (2012) 7(8):e41880. doi:10.1371/journal.pone.0041880 

22.	 Harborne JB, Williams CA. Advances in flavonoid research since 1992. 
Phytochemistry (2000) 55(6):481–504. doi:10.1016/S0031-9422(00)00235-1 

23.	 Birt DF, Hendrich S, Wang W. Dietary agents in cancer prevention: flavonoids 
and isoflavonoids. Pharmacol Ther (2001) 90(2–3):157–77. doi:10.1016/
S0163-7258(01)00137-1 

24.	 Xagorari A, Papapetropoulos A, Mauromatis A, Economou M, Fotsis T, 
Roussos C. Luteolin inhibits an endotoxin-stimulated phosphorylation cas-
cade and proinflammatory cytokine production in macrophages. J Pharmacol 
Exp Ther (2001) 296(1):181–7. 

25.	 Chen CC, Chow MP, Huang WC, Lin YC, Chang YJ. Flavonoids inhibit 
tumor necrosis factor-alpha-induced up-regulation of intercellular adhesion  
molecule-1 (ICAM-1) in respiratory epithelial cells through activator 
protein-1 and nuclear factor-kappaB: structure-activity relationships. Mol 
Pharmacol (2004) 66(3):683–93. doi:10.1124/mol.66.3 

26.	 Kumazawa Y, Kawaguchi K, Takimoto H. Immunomodulating effects of 
flavonoids on acute and chronic inflammatory responses caused by tumor 
necrosis factor alpha. Curr Pharm Des (2006) 12(32):4271–9. doi:10.2174/ 
138161206778743565 

27.	 Seelinger G, Merfort I, Schempp CM. Anti-oxidant, anti-inflammatory and 
anti-allergic activities of luteolin. Planta Med (2008) 74(14):1667–77. doi:10.
1055/s-0028-1088314 

28.	 Paterniti I, Impellizzeri D, Di Paola R, Navarra M, Cuzzocrea S, Esposito E. A 
new co-ultramicronized composite including palmitoylethanolamide and lute-
olin to prevent neuroinflammation in spinal cord injury. J Neuroinflammation 
(2013) 10:91. doi:10.1186/1742-2094-10-91 

29.	 Paterniti I, Cordaro M, Campolo M, Siracusa R, Cornelius C, Navarra M, et al. 
Neuroprotection by association of palmitoylethanolamide with luteolin in 
experimental Alzheimer’s disease models: the control of neuroinflammation. 
CNS Neurol Disord Drug Targets (2014) 13(9):1530–41. doi:10.2174/1871527
313666140806124322 

30.	 Siracusa R, Paterniti I, Impellizzeri D, Cordaro M, Crupi R, Navarra M, et al. 
The association of palmitoylethanolamide with luteolin decreases neuroin-
flammation and stimulates autophagy in Parkinson’s disease model. CNS 
Neurol Disord Drug Targets (2015) 14(10):1350–65. doi:10.2174/187152731
4666150821102823 

31.	 Cordaro M, Impellizzeri D, Paterniti I, Bruschetta G, Siracusa R, De Stefano D, 
et al. Neuroprotective effects of Co-UltraPEALut on secondary inflammatory 
process and autophagy involved in traumatic brain injury. J Neurotrauma 
(2016) 33(1):132–46. doi:10.1089/neu.2014.3460 

32.	 Siracusa R, Paterniti I, Bruschetta G, Cordaro M, Impellizzeri D, Crupi R, et al. 
The association of palmitoylethanolamide with luteolin decreases autophagy 
in spinal cord injury. Mol Neurobiol (2016) 53(6):3783–92. doi:10.1007/
s12035-015-9328-6 

revision of the manuscript for intellectual content: SC and EE. All 
authors read and approved the final manuscript.

ACKNOWLEDGMENTS

The authors would like to thank Maria Antonietta Medici for 
excellent technical assistance, Miss Valentina Malvagni for 

editorial support with the manuscript, and Mr. Francesco Soraci 
for secretarial and administrative assistance.

FUNDING

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1016/S0197-4580(01)00231-7
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.1001/archneurol.2009.27
https://doi.org/10.1097/WAD.0b013e318187541c
https://doi.org/10.1212/WNL.
0000000000000550
https://doi.org/10.1212/WNL.
0000000000000550
https://doi.org/10.1016/j.bbadis.2015.12.009
https://doi.org/10.1161/Hypertensionaha.114.04706
https://doi.org/10.1161/Hypertensionaha.114.04706
https://doi.org/10.1038/aps.2009.82
https://doi.org/10.1007/s13311-011-0047-z
https://doi.org/10.1177/0271678X16662043
https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.1097/00004647-
200101000-00002
https://doi.org/10.1097/00004647-
200101000-00002
https://doi.org/10.1073/pnas.87.4.1620
https://doi.org/10.1126/science.1073634
https://doi.org/10.1016/S0009-3084(00)00192-4
https://doi.org/10.1074/jbc.M110813200
https://doi.org/10.1016/j.neuropharm.
2007.05.015
https://doi.org/10.1016/j.neuropharm.
2007.05.015
https://doi.org/10.1371/journal.pone.0128080
https://doi.org/10.1007/s12035-015-9253-8
https://doi.org/10.1007/s12035-015-9253-8
https://doi.org/10.1016/j.bbi.2012.07.021
https://doi.org/10.1371/journal.pone.0041880
https://doi.org/10.1016/S0031-9422(00)00235-1
https://doi.org/10.1016/S0163-7258(01)00137-1
https://doi.org/10.1016/S0163-7258(01)00137-1
https://doi.org/10.1124/mol.66.3
https://doi.org/10.2174/
138161206778743565
https://doi.org/10.2174/
138161206778743565
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1186/1742-2094-10-91
https://doi.org/10.2174/1871527313666140806124322
https://doi.org/10.2174/1871527313666140806124322
https://doi.org/10.2174/1871527314666150821102823
https://doi.org/10.2174/1871527314666150821102823
https://doi.org/10.1089/neu.2014.3460
https://doi.org/10.1007/s12035-015-9328-6
https://doi.org/10.1007/s12035-015-9328-6


18

Siracusa et al. Co-UltraPEALut and VaD

Frontiers in Neurology  |  www.frontiersin.org June 2017  |  Volume 8  |  Article 233

33.	 Bisogno T, Sepe N, Melck D, Maurelli S, De Petrocellis L, Di Marzo V. 
Biosynthesis, release and degradation of the novel endogenous cannabi-
mimetic metabolite 2-arachidonoylglycerol in mouse neuroblastoma cells. 
Biochem J (1997) 322( Pt 2):671–7. doi:10.1042/bj3220671 

34.	 Di Marzo V, Goparaju SK, Wang L, Liu J, Batkai S, Jarai Z, et  al. Leptin-
regulated endocannabinoids are involved in maintaining food intake. Nature 
(2001) 410(6830):822–5. doi:10.1038/35071088 

35.	 Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, et al. 
The endogenous cannabinoid system controls extinction of aversive memo-
ries. Nature (2002) 418(6897):530–4. doi:10.1038/nature00839 

36.	 Wang H. Establishment of an animal model of vascular dementia. Exp Ther 
Med (2014) 8(5):1599–603. doi:10.3892/etm.2014.1926 

37.	 Caltagirone C, Cisari C, Schievano C, Di Paola R, Cordaro M, Bruschetta G, 
et al. Co-ultramicronized palmitoylethanolamide/luteolin in the treatment of 
cerebral ischemia: from rodent to man. Transl Stroke Res (2016) 7(1):54–69. 
doi:10.1007/s12975-015-0440-8 

38.	 Heeneman S, Sluimer JC, Daemen MJ. Angiotensin-converting enzyme 
and vascular remodeling. Circ Res (2007) 101(5):441–54. doi:10.1161/
CIRCRESAHA.107.148338 

39.	 Akanuma K, Meguro K, Meguro M, Sasaki E, Chiba K, Ishii H, et al. Improved 
social interaction and increased anterior cingulate metabolism after group 
reminiscence with reality orientation approach for vascular dementia. 
Psychiatry Res (2011) 192(3):183–7. doi:10.1016/j.pscychresns.2010.11.012 

40.	 Silverman JL, Yang M, Lord C, Crawley JN. Behavioural phenotyping 
assays for mouse models of autism. Nat Rev Neurosci (2010) 11(7):490–502. 
doi:10.1038/nrn2851 

41.	 Botton PH, Costa MS, Ardais AP, Mioranzza S, Souza DO, da Rocha JB, 
et al. Caffeine prevents disruption of memory consolidation in the inhibitory 
avoidance and novel object recognition tasks by scopolamine in adult mice. 
Behav Brain Res (2010) 214(2):254–9. doi:10.1016/j.bbr.2010.05.034 

42.	 Fujii M, Hara H, Meng W, Vonsattel JP, Huang ZH, Moskowitz MA. Strain-
related differences in susceptibility to transient forebrain ischemia in SV-129 and 
C57Black/6 mice. Stroke (1997) 28(9):1805–10. doi:10.1161/01.STR.28.9.1805 

43.	 Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, et  al. 
Global prevalence of dementia: a Delphi consensus study. Lancet (2005) 
366(9503):2112–7. doi:10.1016/S0140-6736(05)67889-0 

44.	 Cicconetti P, Riolo N, Ettorre E, Costarella M, Priami C, Marigliano V. 
[Demographic evolution, aging and frailty]. Recenti Prog Med (2003) 94 
(7–8):309–13. 

45.	 Roman GC. Vascular dementia: distinguishing characteristics, treatment, 
and prevention. J Am Geriatr Soc (2003) 51(5 Suppl Dementia):S296–304. 
doi:10.1046/j.1532-5415.5155.x 

46.	 Esposito E, Cuzzocrea S. Palmitoylethanolamide in homeostatic and trau-
matic central nervous system injuries. CNS Neurol Disord Drug Targets (2013) 
12(1):55–61. doi:10.2174/1871527311312010010 

47.	 Iannotti FA, Di Marzo V, Petrosino S. Endocannabinoids and endocan-
nabinoid-related mediators: targets, metabolism and role in neurological 
disorders. Prog Lipid Res (2016) 62:107–28. doi:10.1016/j.plipres.2016.02.002 

48.	 Aloe L, Leon A, Levi-Montalcini R. A proposed autacoid mechanism con-
trolling mastocyte behaviour. Agents Actions (1993) 39 Spec No:C145–7. 
doi:10.1007/BF01972748 

49.	 Levi-Montalcini R, Skaper SD, Dal Toso R, Petrelli L, Leon A. Nerve growth 
factor: from neurotrophin to neurokine. Trends Neurosci (1996) 19(11): 
514–20. doi:10.1016/S0166-2236(96)10058-8 

50.	 Lo Verme J, Fu J, Astarita G, La Rana G, Russo R, Calignano A, et al. The 
nuclear receptor peroxisome proliferator-activated receptor-alpha mediates 
the anti-inflammatory actions of palmitoylethanolamide. Mol Pharmacol 
(2005) 67(1):15–9. doi:10.1124/mol.104.006353 

51.	 Ryberg E, Larsson N, Sjogren S, Hjorth S, Hermansson NO, Leonova J, et al. 
The orphan receptor GPR55 is a novel cannabinoid receptor. Br J Pharmacol 
(2007) 152(7):1092–101. doi:10.1038/sj.bjp.0707460 

52.	 Daynes RA, Jones DC. Emerging roles of PPARs in inflammation and immu-
nity. Nat Rev Immunol (2002) 2(10):748–59. doi:10.1038/nri912 

53.	 Mattace Raso G, Russo R, Calignano A, Meli R. Palmitoylethanolamide in 
CNS health and disease. Pharmacol Res (2014) 86:32–41. doi:10.1016/j.
phrs.2014.05.006 

54.	 Nestmann ER. Safety of micronized palmitoylethanolamide (microPEA): 
lack of toxicity and genotoxic potential. Food Sci Nutr (2017) 5(2):292–309. 
doi:10.1002/fsn3.392 

55.	 Paterniti I, Impellizzeri D, Crupi R, Morabito R, Campolo M, Esposito E,  
et al. Molecular evidence for the involvement of PPAR-delta and PPAR-gamma 
in anti-inflammatory and neuroprotective activities of palmitoylethanolamide 
after spinal cord trauma. J Neuroinflammation (2013) 10:20. doi:10.1186/ 
1742-2094-10-20 

56.	 Iadecola C. Neurovascular regulation in the normal brain and in Alzheimer’s 
disease. Nat Rev Neurosci (2004) 5(5):347–60. doi:10.1038/nrn1387 

57.	 Lerouet D, Beray-Berthat V, Palmier B, Plotkine M, Margaill I. Changes in 
oxidative stress, iNOS activity and neutrophil infiltration in severe transient 
focal cerebral ischemia in rats. Brain Res (2002) 958(1):166–75. doi:10.1016/
S0006-8993(02)03685-5 

58.	 Finucane DM, Bossy-Wetzel E, Waterhouse NJ, Cotter TG, Green DR. 
Bax-induced caspase activation and apoptosis via cytochrome c release from 
mitochondria is inhibitable by Bcl-xL. J Biol Chem (1999) 274(4):2225–33. 
doi:10.1074/jbc.274.4.2225 

59.	 Kowaltowski AJ, Fenton RG, Fiskum G. Bcl-2 family proteins regulate mito-
chondrial reactive oxygen production and protect against oxidative stress. 
Free Radic Biol Med (2004) 37(11):1845–53. doi:10.1016/j.freeradbiomed. 
2004.09.005 

60.	 Tokime T, Nozaki K, Sugino T, Kikuchi H, Hashimoto N, Ueda K. Enhanced 
poly(ADP-ribosyl)ation after focal ischemia in rat brain. J Cereb Blood Flow 
Metab (1998) 18(9):991–7. doi:10.1097/00004647-199809000-00008 

61.	 Yuan Y, Fang M, Wu CY, Ling EA. Scutellarin as a potential therapeutic 
agent for microglia-mediated neuroinflammation in cerebral ischemia. 
Neuromolecular Med (2016) 18(3):264–73. doi:10.1007/s12017-016-8394-x 

62.	 Liu H, Yang X, Tang R, Liu J, Xu H. Effect of scutellarin on nitric oxide 
production in early stages of neuron damage induced by hydrogen peroxide. 
Pharmacol Res (2005) 51(3):205–10. doi:10.1016/j.phrs.2004.09.001 

63.	 Benakis C, Garcia-Bonilla L, Iadecola C, Anrather J. The role of microglia and 
myeloid immune cells in acute cerebral ischemia. Front Cell Neurosci (2014) 
8:461. doi:10.3389/fncel.2014.00461 

Conflict of Interest Statement: SC is co-inventor on patent WO2013121449 
A8 (Epitech Group Srl), which treats with methods and compositions for the 
modulation of amidases capable of hydrolyzing N-acylethanolamines employable 
in the treatment of inflammatory diseases. This invention is wholly unrelated to 
the present study. Moreover, SC is also, with Epitech Group, a co-inventor on the 
following patent: EP 2 821 083; MI2014 A001495; 102015000067344, which are 
however unrelated to the study.

Copyright © 2017 Siracusa, Impellizzeri, Cordaro, Crupi, Esposito, Petrosino and 
Cuzzocrea. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1042/bj3220671
https://doi.org/10.1038/35071088
https://doi.org/10.1038/nature00839
https://doi.org/10.3892/etm.2014.1926
https://doi.org/10.1007/s12975-015-0440-8
https://doi.org/10.1161/CIRCRESAHA.107.148338
https://doi.org/10.1161/CIRCRESAHA.107.148338
https://doi.org/10.1016/j.pscychresns.2010.11.012
https://doi.org/10.1038/nrn2851
https://doi.org/10.1016/j.bbr.2010.05.034
https://doi.org/10.1161/01.STR.28.9.1805
https://doi.org/10.1016/S0140-6736(05)67889-0
https://doi.org/10.1046/j.1532-5415.5155.x
https://doi.org/10.2174/1871527311312010010
https://doi.org/10.1016/j.plipres.2016.02.002
https://doi.org/10.1007/BF01972748
https://doi.org/10.1016/S0166-2236(96)10058-8
https://doi.org/10.1124/mol.104.006353
https://doi.org/10.1038/sj.bjp.0707460
https://doi.org/10.1038/nri912
https://doi.org/10.1016/j.phrs.2014.05.006
https://doi.org/10.1016/j.phrs.2014.05.006
https://doi.org/10.1002/fsn3.392
https://doi.org/10.1186/
1742-2094-10-20
https://doi.org/10.1186/
1742-2094-10-20
https://doi.org/10.1038/nrn1387
https://doi.org/10.1016/S0006-8993(02)03685-5
https://doi.org/10.1016/S0006-8993(02)03685-5
https://doi.org/10.1074/jbc.274.4.2225
https://doi.org/10.1016/j.freeradbiomed.
2004.09.005
https://doi.org/10.1016/j.freeradbiomed.
2004.09.005
https://doi.org/10.1097/00004647-199809000-00008
https://doi.org/10.1007/s12017-016-8394-x
https://doi.org/10.1016/j.phrs.2004.09.001
https://doi.org/10.3389/fncel.2014.00461
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anti-Inflammatory and Neuroprotective Effects of Co-UltraPEALut in a Mouse Model of Vascular Dementia
	Introduction
	Materials and Methods
	Animals
	First Step of the Study: Pharmacokinetics of PEA
	Healthy Rats
	[13C]4-PEA Measurement by LC-APCI-MS

	Second Step of the Study: Animal Model of VaD Induction
	Experimental Groups
	Preparation of Nuclear and Cytosolic Extracts from Brain and Western Blot Analysis
	Immunohistochemical Localization of Bax, Bcl-2, Poly-ADP-Ribose, and Nitrotyrosine
	Immunofluorescence of NeuN, Brain-Derived Neurotrophic Factor, Neurotrophins 3, GFAP, 
and Iba-1
	Behavioral Testing
	Social Interaction Test
	Novel Object Recognition Test
	Open Field

	Light Microscopy

	Materials
	Statistical Evaluation

	Results
	Levels of [13C]4-PEA in the Brain 
of Healthy Rats
	Effect of Co-ultraPEALut on Histological Parameters
	Behavioral Measurements Following Carotid Arteries Ligation
	Reciprocal Social interactions
	Novel Object Recognition
	Open Field

	Co-ultraPEALut Reduces the Activation of NF-κB Following Carotid Arteries Ligation
	Effect of Co-ultraPEALut on iNOS 
and COX-2 Expression
	Effects of Co-ultraPEALut on Bax and Bcl-2 Expression in Mice with VaD
	Effects of Co-ultraPEALut on Nitrotyrosine and PAR Polymer
	Effects of Co-ultraPEALut on Loss of Neuronal Cells after Carotid Arteries Occlusion
	Co-ultraPEALut Restores VaD-Induced Loss of BDNF and NT-3 Expression 
in Mice

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References


