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A B S T R A C T

Aim: Recent studies revealed that pharmacological modulation of NAE-hydrolyzing acid amidase (NAAA) can be
achieved with PEA oxazoline (PEA-OXA). Hence, the aim of the present work was to thoroughly evaluate the
anti-inflammatory and neuroprotective effects of PEA-OXA in an experimental model of vascular dementia (VaD)
induced by bilateral carotid arteries occlusion. At 24 h after VaD induction, animals were orally administered
with 10mg/kg of PEA-OXA daily for 15 days.
Results: Brain tissues were handled for histological, immunohistochemical, western blot, and immuno-
fluorescence analysis. PEA-OXA treatment evidently reduced the histological alterations and neuronal death
induced by VaD and additionally improved behavioral deficits. Further, PEA-OXA decreased GFAP and Iba-1,
markers of astrocytes, and microglia activation, as well as increased MAP-2, a marker of neuron development.
Moreover, PEA-OXA reduced oxidative stress, modulated Nrf2-mediated antioxidant response, and inhibited the
apoptotic process.
Innovation: Some drugs may demonstrate their healing potential by regulating neuroinflammation, rather than
by their habitually attributed actions only. Palmitoylethanolamide (PEA) is a prototype ALIAmide, well-known
for its analgesic, anti-inflammatory, and neuroprotective properties. The inhibition of PEA degradation by tar-
geting NAAA, its catabolic enzyme, is a different approach for treating neuroinflammation. This research offers
new insight into the mechanism of PEA-OXA-induced neuroprotection.
Conclusion: Thus, the modulation of intracellular NAAA by PEA-OXA could offer a novel means of controlling
neuroinflammatory conditions associated with VaD.

1. Introduction

Vascular dementia (VaD) is the second cause of dementia, after

Alzheimer's disease (AD) (Choi et al., 2011). It can be aggravated by a
multiplicity of causes, including cerebrovascular dysfunction. The
principal risk factors of VaD are obesity, insulin resistance, diabetes,
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hyperhomocystinemia, hypertension, and hyperlipidemia (Craft, 2009;
Purnell et al., 2009). VaD is frequently initiated by an acute, specific
event such as transient ischemic attack or stroke in which blood flow to
the brain has been stopped. It can also advance more gradually over
time from very small obstructions or the slowing of blood flow. Instead
of seeing VaD a clear result of neuronal death and the break of neuronal
networks that maintenance cognitive function, VaD-brain malfunction
is induced by vascular risk factors and hypoxia. The molecular links
between stoke and VaD are presently not clearly comprehended. There
are many demands raised in research connecting stroke and dementia,
which are principally unanswered. Hence, it is essential to apprehend
early events of stroke, and stroke leading to VaD. However, not all in-
dividuals who experience a stroke develop VaD (Siracusa et al., 2017).
The majority of people affected by VaD have cognitive deficits, partly
owing to the cerebral hypoperfusion-induced ischemia, oxidative stress,
and neuroinflammation that are associated with the disease (Bar et al.,
2003). Nuclear factor erythroid 2 related factor 2(Nrf2), a common
transcription factor, is a principal cytoprotective defender against oxi-
dative stress (Crunkhorn, 2012). Hitherto, the Nrf2 pathway has been
recognized as a key factor in preventing oxidative injury in cerebral
ischemia and dementia (Janda et al., 2015; Narayanan et al., 2015).
Other studies reported that Nrf2 subdues inflammation by inhibiting
nuclear factor (NF)-κB activation through control of the redox balance
(Thimmulappa et al., 2006).

Despite the pressing need for strategies for the treatment of VaD,
few currently exist (Toyama et al., 2014). The use of anti-inflammatory
treatments for central nervous system (CNS) neuroinflammation has
thus far proven clinically disappointing. For this reason, new ther-
apeutic strategies are being considered. Some drugs may demonstrate
their healing potential by regulating neuroinflammation, rather than by
their habitually attributed actions only. ALIAmides are endogenous N-
acylethanolamines (NAEs) whose levels are mostly normalized by en-
zymes involved in their degradation and synthesis (Esposito et al.,
2014). Palmitoylethanolamide (PEA) is a prototype ALIAmide well-
known for its analgesic, anti-inflammatory, and neuroprotective prop-
erties. PEA exerts its anti-inflammatory effects by down-regulating
mast-cell (MC) degranulation via an autacoid local inflammation an-
tagonism (ALIA) mechanism. In our studies, we proved the beneficial
effects of PEA alone or associated with antioxidants in several experi-
mental models of neuroinflammation, such as spinal cord injury (SCI),
traumatic brain injury (TBI), and stroke (Ahmad et al., 2012a; Ahmad
et al., 2012b; Paterniti et al., 2013).

The inhibition of PEA degradation by targeting NAE-hydrolyzing
acid amidase (NAAA), its catabolic enzyme, represents an alternative
strategy for treating neuroinflammation. Various NAAA inhibitors have
been designated (Sasso et al., 2013; Saturnino et al., 2010; Solorzano
et al., 2009), which modulate responses induced by inflammation (Li
et al., 2012; Solorzano et al., 2009) and raise PEA levels in vitro
(Favaloro et al., 2012; Solorzano et al., 2009). Surprisingly, pharma-
cological or genetic handling of PEA catabolism may cause important
side effects (Benito et al., 2012; Hoyer et al., 2014; Rivera et al., 2015;
Siegmund et al., 2013). Hence, it is essential to find a new approach to
the inhibition of NAAA, with the use of molecules able to modulate
NAAA activity, permitting a finer ‘tuning’ of PEA levels. Recent studies
revealed that pharmacological modulation of NAAA can be done with
the oxazoline contained in PEA (PEA-OXA) (Impellizzeri et al., 2016).
The synthesis and biological plant sources of PEA-OXA were reported in
a model of carrageenan-induced inflammation (Impellizzeri et al.,
2016). In particular, Petrosino et al. and Impellizzeri et al. (Impellizzeri
et al., 2016; Impellizzeri et al., 2017) showed that PEA-OXA exerts
stronger anti-inflammatory and anti-nociceptive effects than PEA, at
least in part through modulation of the NAAA. A previous study also
confirmed the neuroprotective effects of PEA-OXA in animal models of
neuroinflammation, such as traumatic brain and spinal cord injuries
(Impellizzeri et al., 2017). Recently, Cordaro et al. also showed that
PEA-OXA treatment reduced neurodegeneration and the

neuroinflammatory response in an MPTP model of Parkinson's disorder
by neutralizing excessive ROS and activating an intracellular anti-
oxidant system (Cordaro et al., 2018). Hence, the aim of the present
study was to better evaluate the anti-inflammatory and neuroprotective
effects of PEA-OXA in a mouse model of VaD by repeated bilateral
common carotid arteries occlusion.

2. Materials and methods

2.1. Animals

CD1 mice (male 25–30 g; Envigo, Milan, Italy) were housed in steel
cages in a room at 22 ± 1 °C with a 12-h light, 12-h dark cycle, and
furnished with regular rodent food and water. The University of
Messina Review Board for the care of animals approved the research.
All animal experiments observed the new regulations in Italy (D.Lgs
2014/26), as well as EU regulations (EU Directive 2010/63).

2.2. Animal model of VaD induction

VaD induction was performed in mice, as previously indicated
(Siracusa et al., 2017; Wang, 2014). Briefly, after anesthesia, the bi-
lateral carotid arteries were obstructed by ligation for 10min, and then
unrestricted for 10min, and this cycle was repeated three times. The
threading was removed and the incision closed. Fifteen days after in-
duction, the mice were killed by decapitation, and their brains collected
and processed.

2.3. Experimental groups

The animals were indiscriminately distributed into the following
groups:

Group 1: Sham+vehicle=mice were exposed to the surgery
without carotid arteries ligation and were treated orally with vehicle
(carboxymethylcellulose 1% wt/vol in saline) once a day for 15 days
(N=10).

Group 2: Sham+PEA-OXA= same as the sham+vehicle group, but
PEA-OXA (10mg/kg orally, dissolved in carboxymethylcellulose 1%
wt/vol in saline) was administered 24 h after the surgical procedure
without carotid arteries ligation and once a day for 15 days thereafter
(data not shown) (N=10).

Group 3: VaD+vehicle= the mice were subjected to the VaD
surgery described above and treated with vehicle as indicated for Sham
+vehicle group (N=10).

Group 4: VaD+PEA-OXA= same as the VaD+Veh group, but
PEA-OXA (at a dose of 10mg/kg orally, dissolved in carbox-
ymethylcellulose 1% wt/vol in saline) was administered 24 h after the
surgical procedure and once a day for 15 days thereafter (N=10).

The dose and the route of administration of PEA-OXA were chosen
based on a previous study (Cordaro et al., 2018). 5 mice for im-
munohistochemical analyses and 5 mice for western blot analyses for
each experimental group) were used. Replicates for each experimental
condition and histochemical staining were acquired from each mouse in
each experimental group.

2.4. Behavioral testing

Behavioral testing on all mice was conducted one day before and
15 days after VaD induction.

2.5. Novel object recognition test (NOR)

This model was performed as previously described (Siracusa et al.,
2017). The exploration time for the animal to investigate the new object
was reported.
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2.6. Morris water maze (MWM)

To examine spatial learning and memory, the MWM procedure was
performed as described (Wang et al., 2015). The escape latency, the
time it took the mice to find and stand on a platform under water, was
evaluated in navigation trials (3 trials per day for 5 consecutive days),
and the frequency time around and within the quadrant of the platform
was measured in probe trial (at 6th day) (Xiong et al., 2017).

2.7. Light microscopy

Histopathological examination with hematoxylin and eosin staining
was performed as previously described (Siracusa et al., 2017). The
brains were quickly collected and fixed in 4% formalin. Following de-
hydration with ethanol and embedding with paraffin, 7 μm sections
were prepared and stained. The hippocampal CA1 and CA3 areas were
then observed by an optical microscope (Leica QWin V3, Cambridge,
UK). Ischemic neuronal damage was scored on a gradation of
0= normal, 1= a few neurons damaged, 2=many neurons damaged,
and 3=majority of neurons damaged (Fujii et al., 1997). All the his-
tological studies were completed in a blinded fashion.

For Nissl staining, brain paraffin tissues were prepared with a 20 μm
thickness. The sections were submersed in 0.2% Cresyl violet for 5min
and then enclosed with xylene-based mounting medium.

In every slice (three slices per mouse), we counted the number of
surviving intact neuronal cells per mm length of hippocampal CA1 and
CA2/3 subfield in both hemispheres (Zhen et al., 2014). Sections were
observed blinded by a second investigator using a light microscope
(Leica QWin V3, Cambridge, UK).

2.8. Immunohistochemical localization of Nrf2 and iNOS

The immunohistochemical techniques used have been previously
described (Siracusa et al., 2017). Slices were incubated overnight with
one of the following primary antibodies (specific for each, whether
polyclonal or monoclonal): anti-Nrf-2 (Santa Cruz Biotechnology
(SCBT), 1:250 in PBS, v/v), or anti-iNOS (SCBT, 1:250 in PBS, v/v).
Sections were cleaned with PBS and incubated with peroxidase-con-
jugated bovine anti-mouse immunoglobulin G (IgG) secondary anti-
body or peroxidase-conjugated goat anti-rabbit IgG (Jackson Immuno
Research, West Grove, PA, USA, 1:2000). Specific labeling was detected
with a biotin-conjugated goat anti-rabbit IgG or biotin-conjugated goat
anti-mouse IgG and avidin-biotin peroxidase complex (Vector Labora-
tories, Burlingame, CA, USA). The counter-stain was developed with
diaminobenzidine (DAB; brown color) and nuclear fast red (red back-
ground). To verify antibody-binding specificity, control slices were in-
cubated with only the primary antibody or the secondary antibody,
neither of which gave positive staining. Images were collected using a
Zeiss microscope and Axio Vision software. Images were captured with
20× objective lenses (Varghese et al., 2014), using a Zeiss microscope
(Zeiss, Germany) equipped with an AxioCam MRc5 camera (Zeiss,
Germany).

The digital images were opened in ImageJ, followed by deconvo-
lution using the color deconvolution plug-in. When the IHC profiler
plug-in is selected, it automatically plots a histogram profile of the
deconvoluted DAB image, and a corresponding scoring log is displayed
(Sawant et al., 2016). The histogram profile corresponds to the positive
pixel intensity value obtained from the computer program (Varghese
et al., 2014). All immunohistochemical analyses were carried out by
two observers blinded to the treatment.

2.9. Immunofluorescence of MAP-2, GFAP, and Iba-1

After deparaffinization and rehydration, detection of MAP-2, GFAP,
and Iba-1 was carried out as previously indicated (Siracusa et al.,
2017). Sections were incubated with monoclonal anti-MAP-2

(Millipore; 1:100 in PBS, v/v), monoclonal anti-GFAP (SCBT; 1:200 in
PBS, v/v), or monoclonal anti-Iba-1 (SCBT; 1:200 in PBS, v/v), anti-
bodies in a humidified chamber overnight at 37 °C. Sections were seen
and photographed by a Leica DM2000 microscope (Leica, Milan, Italy).
Digital images were collected and figure montages arranged using
Adobe Photoshop CS6 (Adobe Systems, Milan, Italy).

2.10. TUNEL staining

TUNEL staining was performed according to a Roche protocol
(Cordaro et al., 2017).

2.11. Analysis by LC-APCI-MS of PEA levels

Liquid chromatography-atmospheric pressure chemical ionization-
mass spectrometry (LC-APCI-MS) analyses of PEA levels were carried
out as previously described (Bisogno et al., 1997; Marsicano et al.,
2002). Briefly, brains were homogenized in a solution of chloroform/
methanol/Tris-HCl 50mM pH 7.4 (2:1:1 by vol.) containing 5 pmol of
[2H]4-PEA as internal deuterated standard. The lipid-containing organic
phase was pre-purified 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
analyses of PEA were carried out in the selected ion monitoring (SIM)
mode, using m/z values of molecular ions +1 for deuterated and un-
deuterated compound, respectively of 304 and 300. PEA levels were
calculated on the basis of their area ratio with the internal deuterated
standard signal areas, and their amounts (pmol) were normalized per g
of brain.

2.12. Western blots for IKB-α, nuclear factor-κB (NF-κB) p65, COX-2,
iNOS, NRF-2, HO-1, MnSOD, MAP-2, IL-10, BAX, BCL-2, NAAA and
FAAH

Cytosolic and nuclear extracts were prepared as previously de-
scribed on hippocampus tissues (Esposito et al., 2016). The following
primary antibodies were used: anti-IκB-α (SCBT, DBA Italia srl, Milan,
Italy; 1:500), anti-NF-κB p65 (SCBT; 1:500), anti-COX-2 (SCBT; 1:500),
anti-iNOS (BD Transduction Laboratories, 1:500), anti-BAX (SCBT;
1:500), anti-Bcl-2 (SCBT; 1:500), anti-IL-10 (SCBT; 1:500), anti-MAP-2
(Millipore; 1:500), anti-Nrf-2 (SCBT; 1:500), anti-HO-1 (SCBT; 1:500),
anti-MnSOD (Millipore; 1:500), and anti-NAAA (Millipore; 1:500), anti-
FAAH (Abnova; 1:500) in 1× phosphate-buffered saline, 5% w/v non-
fat dried milk, 0.1% Tween-20 at 4 °C overnight. Membranes were in-
cubated with peroxidase-conjugated bovine anti-mouse IgG secondary
antibody or peroxidase-conjugated goat anti-rabbit IgG (Jackson Im-
munoResearch, West Grove, PA, USA; 1:2000) for 1 h at room tem-
perature. To establish that blots were loaded with identical volumes of
lysate, they were also probed with anti-β-actin or anti-lamin A/C an-
tibodies. Relative expression of protein bands was detected with a
chemiluminescence detection system reagent, according to the manu-
facturer's instructions (Super Signal West Pico Chemiluminescent Sub-
strate; Pierce). Relative expression of protein bands was calculated by
densitometry with BIORAD ChemiDoc™ XRS+ software and standar-
dized to β-actin or lamin A/C levels. Images of blot signals (8 bit/600
dpi resolution) were imported to analysis software (Image Quant TL,
v2003).

2.13. Materials

All compounds were acquired from Sigma-Aldrich, while PEA-OXA
was a kind gift from Epitech Group Spa (Saccolongo, Italy). Deuterated
standard - [2H]4-PEA - was purchased from Cayman Chemical (Cabru,
Arcore, Italy).
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All other substances were of the uppermost profitable grade avail-
able. All stock solutions were prepared in non-pyrogenic saline (0.9%
NaCl; Baxter, Milan, Italy) or 10% dimethyl sulfoxide.

2.14. Statistical evaluation

All values in the images and text are expressed as mean ± standard
error of the mean (SEM) of N observations. For in vivo studies, N re-
presents the number of animals. In experiments involving histology and
immunohistochemistry, the illustrations represent the outcomes of at
least three independent experiments. A p-value of< 0.05 was con-
sidered significant. The results were analyzed by one- or two-way
ANOVA, followed by a Bonferroni post-hoc test for multiple compar-
isons.

For PEA levels analysis, data were analyzed by using GraphPad
Prism 7 (GraphPad Software, Inc., La Jolla, CA, USA), and one-way
analysis of variance (ANOVA) followed by Newman-Keuls multiple
comparison test was used for analysis.

3. Results

3.1. Effects of PEA-OXA on NAAA and FAAH modulation and endogenous
PEA levels after VaD induction

Previous work reported that PEA-OXA could exert its anti-in-
flammatory action at least in part by NAAA modulation (Petrosino
et al., 2017). With this in mind, western blot analysis for NAAA ex-
pression was conducted. Basal levels of NAAA were observed in the
sham groups. By contrast, increased levels of NAAA were found in VaD-
subjected animals compared to the sham animals. PEA-OXA treatment
was able to reduce NAAA levels (Fig. 1 A). Accordingly, we also de-
monstrated that the endogenous levels of PEA were strongly decreased
in the brains of mice after VaD induction (Fig. 1 B), and PEA-OXA
treatment significantly increased the levels of the endogenous PEA in
the brains of mice with VaD (Fig. 1 B).

In addition, western blot for FAAH expression was conducted. Basal
levels of FAAH were found in sham animals. Increased levels of FAAH
were observed in VaD-subjected mice compared to the sham (Fig. 1 C).
PEA-OXA was not able to reduce in a significant way FAAH expression
compared to vehicle group (Fig. 1 C).

3.2. Effect of PEA-OXA on histological parameters and neuronal death

To assess the gravity of damage in the hippocampal regions 15 days
after injury, all sections were stained with H&E. Control mice showed a
regular architecture in the hippocampus. Nerve cells were abundant,
strictly organized, and had round nuclei (Fig. 2 A; for hippocampal CA1
and CA3 regions see magnification higher A1, A2, and relative histo-
logical analysis D). A low number of disordered and severely stained
nerve cells was observed in the hippocampal areas of mice subjected to
VaD injury (Fig. 2 B, for hippocampal CA1 and CA3 regions see mag-
nification higher B1, B2 and relative histological analysis D). In con-
trast, brain sections from VaD mice treated with PEA-OXA exhibited an
evident reorganization of hippocampal CA1 and CA3 regions, with an
increased number of hippocampal neurons (Fig. 2 C, for hippocampal
CA1 and CA3 regions see magnification higher C1, C2 and relative
histological analysis D).

In addition, to evaluate the effect of PEA-OXA on cerebral ischemic
injury by VaD induction, we used Nissl staining to detect neuron cell
death in this model. The sham subjects did not exhibit dead cells in CA1
and CA3 (Fig. 3 A; see A1, A2, A3, and graphs D, E). Increased neuronal
dead cells were observed in both CA1 and CA3 regions in the VaD ve-
hicle groups (Fig. 3 B, see B1, B2, B3 and D, E). PEA-OXA reversed the
presence of injured neuron cells in the CA1 and CA3 regions of the
hippocampus after VaD induction (Fig. 3 C, see C1, C2, C3 and graphs
D, E).

3.3. Effects of PEA-OXA on apoptosis

Apoptosis has been proposed to justify the cell loss seen in nu-
merous neurological disorders, including Alzheimer's disease and VaD
(Favaloro et al., 2012).

Reactive oxygen species (ROS) and the resulting oxidative stress
play a critical role in apoptosis. Given this, we also evaluated the effect
of PEA-OXA on the apoptotic process. The TUNEL assay was used.
TUNEL staining showed that there were more apoptotic cells in the
brain tissues of VaD-subjected mice (Fig. 4 B, B1 for CA1 region, B2, B3
for CA3 region, and see D) than in sham groups (Fig. 4 A, A1 for CA1
region, A2, A3 for CA3 region, and see D). PEA-OXA treatment sig-
nificantly reduced the number of apoptotic cells (Fig. 4 C, C1 for CA1
region, C2, C3 for CA3 region and see D). At the same time, the ex-
pression of proapoptotic protein such as BAX and anti-apoptotic protein
such as Bcl-2 was detected by western blot. Low levels of BAX and high
levels of Bcl-2 were found in the sham groups (Fig. 4, E, F). Moreover,
increased levels of BAX and reduced levels of Bcl-2 were found in VaD-
subjected animals than in the controls (Fig. 4, E, F). PEA-OXA was able
to reverse these levels (Fig. 4 E, F).

3.4. Effects of PEA-OXA on astrocytes, microglia, and neuronal cells

To evaluate the effect of PEA-OXA on neuroinflammation induced
by VaD induction, we examined astrocytes (GFAP), microglia (Iba-1),
and neuronal cell (MAP-2) markers by immunofluorescence staining.
Increased positive stainings for GFAP and Iba-1 were observed in VaD
vehicle animals compared to the sham animals (Fig. 5 A, B and see
particle A1, B1 Fig. 5 D, E and see particle D1, E1). PEA-OXA treatment
was able to reduce immunoreactivity for GFAP and Iba-1 (Fig. 5 C, F
and see particles C1, F1). In addition, reduced positive staining for
MAP-2 was observed in VaD animals compared to sham, while PEA-
OXA counteracted this reduction (Fig. 6 A, B, C, A1, A2, A3, B1, B2, B3,
C1, C2, C3). Western blot analysis of MAP-2 also showed a reduced
expression in VaD-subjected animals compared to sham (Fig. 6 D). PEA-
OXA significantly increased MAP-2 expression (Fig. 6 D).

3.5. Effects of PEA-OXA on the NF-κB pathway

To study the possible mechanisms of PEA-OXA anti-inflammatory
effects, we evaluated the NF-κB pathway by western blot. In the sham
group, NF-κB was steadied by IκB in the cytoplasm. After VaD induc-
tion, it initiated the degradation of IκB-α to permit NF-κB transporta-
tion into the nucleus. Our results showed that, following injury, the
level of IκB-α protein was diminished in the cytoplasm (Fig. 7 A), while
high levels of NF-κB p65 were seen in the nucleus compared to the sham
group (Fig. 7 B). However, PEA-OXA treatment appreciably prevented
the degradation of IκB-α and the nuclear NF-κB translocation compared
to the VaD+ vehicle group (Fig. 7 A, B). In addition, iNOS and COX-2
expressions were evaluated using western blot analysis. A significant
increase in iNOS and COX-2 expression was observed in brains from
mice subjected to VaD compared to controls (Fig. 7C, D), while a sig-
nificant decrease in iNOS and COX-2 expression was observed after
PEA-OXA treatment (Fig. 7 C, D).

Immunohistochemical analysis also showed important positive
staining for iNOS in VaD+vehicle mice compared to controls (Fig. 8 A,
A1, B, B1 and see D, E). PEA-OXA treatment reduced iNOS positive
staining compared to VaD+ vehicle mice (Fig. 8 C, C1 and see D, E).

In addition, many of the proinflammatory cytokines shown to be
suppressed by IL-10 are known to be regulated by the transcription
factor NF-κB (Driessler et al., 2004). However, IL-10, an anti-in-
flammatory mediator, has been identified as one of the main cytokines
associated with the incidence of dementia (Magalhaes et al., 2017).
Reduced levels of IL-10 were found in VaD+vehicle mice compared to
controls (Fig. 7 E), while PEA-OXA treatment was also able to increase
these anti-inflammatory cytokine levels (Fig. 7 E).
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3.6. Effects of PEA-OXA on the Nrf-2 pathway

Nrf-2 controls the expression of several antioxidant genes such as
Mn-SOD and HO-1 and plays a crucial role in cellular defense against
oxidative stress (Todorovic et al., 2016). Thus, we performed western
blot analysis to determine whether PEA-OXA could also modulate the
Nrf2-mediated antioxidant response. A basal expression of Nrf-2, Mn-
SOD, and HO-1 was observed in the sham groups (Fig. 7 F, G, H). By
contrast, VaD induction provoked the activation of antioxidant systems
of Nrf-2, Mn-SOD, and HO-1 compared to the sham groups (Fig. 7 F, G,
H). PEA-OXA treatment was able to upregulate this antioxidant re-
sponse (Fig. 7 F, G, H).

The data on the Nrf-2 pathway were also confirmed by im-
munohistochemistry. PEA-OXA administration increased the positive
staining for Nrf-2 compared to the vehicle groups (Fig. 9 A, B, C,
A1,B1,C1 and see graphs D, E).

3.7. Effect of PEA-OXA on memory deficits

We used the Novel object recognition test (NOR) test to evaluate
changes in cognitive function. During training, controls and VaD ani-
mals presented no significant difference in their exploration time of
novel objects. At 15 days following injury, the VaD animals showed
meaningfully reduced interest in the novel object (Fig. 10 A), denoting

Fig. 1. PEA-OXA treatment on NAAA and FAAH modulation
and endogenous brain PEA levels.
Demonstrative western blot on hippocampus tissues showed
the effects of PEA-OXA on NAAA modulation. Oral adminis-
tration of PEA-OXA significantly reduces NAAA expression
(A) as well as not significantly reduces FAAH expression (B).
Figure (C) showed endogenous levels of PEA in the brains of
mice after induction of VaD and treatment with PEA-OXA.
Indicated is a representative blot of lysates (5 animals/group)
with a densitometric analysis for all. The results are expressed
as means ± SEM of 5 animals for each group. ⁎⁎⁎P < 0.001
vs. sham; ##P < 0.01 vs VaD, ###P < 0.001 vs. VaD.
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an alteration of cognitive function; while the exploration time for novel
object recognition was increased in mice treated with PEA-OXA com-
pared to the vehicle groups (Fig. 10 A).

The Morris water maze (MWM) test was performed to evaluate the
effect of PEA-OXA on memory impairments. The time taken to find the
platform during training was increased in VaD-subjected animals
compared to the controls (Fig. 10 B). The treatment with PEA-OXA
reduced this escape latency (Fig. 10 B). In addition, the frequency time
around and within the target quadrant of the platform during probe
trial was reduced in VaD+vehicle animals (Fig. 10 C). PEA-OXA
treatment increased the frequency time, ameliorating the cognitive

deficits (Fig. 10 C).

4. Discussion

VaD is a common type of dementia in older people, characterized by
gradually worsening memory and other cognitive actions resulting from
chronic reduced blood flow in the brain (Sekhon et al., 1997). VaD is a
clinical mental condition, caused by cardiovascular pathological mod-
ifications and cerebrovascular disease, which can determine ischemic
or hemorrhagic brain tissue lesions (Roman, 2002; Seitz et al., 2011).
The increased incidence of VaD imposes a heavy economic and social

Fig. 2. PEA-OXA treatment on VaD induced histological damage.
Histological evaluation in CA1 and CA3 regions respectively (hematoxylin/eosin staining): (A, A1, A2) sham group, (B, B1, B2) VaD+ vehicle group, (C, C1, C2)
VaD+PEA-OXA group, (D) histological score, Figures are expressive of at least three separated experiments. Values are means ± SEM of 5 animals for each group;
***P < 0.001 vs sham, ###P < 0.001 vs VaD. ND: not detectable.
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Fig. 3. PEA-OXA treatment on VaD induced neuronal death.
Neuronal death evaluation in CA1 and CA3 regions respectively (Nissle staining): (A, A1, A2 A3) sham group, (B, B1, B2, B3) VaD+ vehicle group, (C, C1, C2, C3)
VaD+PEA-OXA group, (D, E) number of surviving intact neuronal cells per mm length of hippocampal regions. Figures are representative of at least three separated
experiments. 20× and 40× magnification are showed. Black arrows indicate stained positive cells (dead cells). Values are means ± SEM of 5 animals for each
group; ***P < 0.001 vs sham, ###P < 0.001 vs VaD.
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burden on individuals, families, communities, and countries. To date,
the accurate pathogenesis of VaD remains undefined and there is no
successful treatment for VaD, although it is urgently needed (Ma et al.,
2017).

Neuroinflammation plays a primary role in the pathophysiology of
VaD and other SNC disorders. Stress, tissue damage, and associated
inflammatory events may elicit an endogenous program that involves
the production of lipid mediators able to stop inflammation and

reinstate a homeostatic balance (Buckley et al., 2013; Piomelli and
Sasso, 2014). Many molecules have been recognized in these protective
mechanisms. Among these, the ALIAmide PEA, a member of the NAE
family, a class of naturally lipid signaling molecules, has been found to
exhibit beneficial effects alone and in combination in different models
of inflammation, neuroinflammation, and pain (Impellizzeri et al.,
2014; Paterniti et al., 2013). Recent studies have reported work with
the anti-neuroinflammatory and neuroprotective actions of PEA

Fig. 4. PEA-OXA treatment on VaD induced apoptosis.
Tunel staining to identify positive apoptotic cells (yellow arrows) was performed. Sham (A, A1,A2,A3), VaD+ vehicle (B, B1, B2, B3), VaD+PEA-OXA (C, C1, C2,
C3), The number of apoptotic cells in CA1 and CA3 subfields of hyppocampus was scored (D). 40× and 100×magnification are showed. Images are representative of
at least three experiments performed on different days. In addition, western blot analysis demonstrated Bax and Bcl-2 expression after VaD induction (E,F). Shown is
a representative blot of lysates (5 animals/group) with a densitometric analysis for all animals. The results are expressed as means ± SEM of 5 animals for each
group. ⁎⁎⁎P < 0.001 vs. sham; ##P < 0.01 vs. VaD, ###P < 0.001 vs. VaD.
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(Alhouayek and Muccioli, 2014; Esposito et al., 2014; Fidaleo et al.,
2014; Mattace Raso et al., 2014). In addition, the modulation of in-
flammatory responses can be achieved by increasing endogenous PEA
levels by inhibiting its degradation or targeting FAAH (Ueda et al.,
2010) and in particular its principal catabolic enzyme, NAAA (Ribeiro
et al., 2015; Solorzano et al., 2009; Ueda et al., 2010; Yamano et al.,
2012; Yang et al., 2015).

Pharmacological or genetic manipulation of PEA catabolism may
sometimes lead to undesirable effects (Benito et al., 2012; Hoyer et al.,
2014; Rivera et al., 2015; Siegmund et al., 2013). For this reason, it has
been advised that pharmacologically modulating—and not

blocking—the specific amidases such as NAAA could be essential to
preserve the function of PEA in supporting cellular homeostasis, thanks
to its quick on-demand synthesis and fast degradation (Skaper et al.,
2015). Recent studies have explained the NAAA pharmacological
modulation with the oxazoline of PEA (2-pentadecyl-2-oxazoline or
PEA-OXA) (Impellizzeri et al., 2016). PEA-OXA, which is present in
nature, can be speedily converted through exclusively physiological
processes into PEA. The oxazoline (but not the equivalent non-cyclic
structure PEA) is a weak inhibitor of NAAA compared to other known
blockers. It was established that in the rat paw carrageenan (CAR)
model, PEA-OXA had a superior beneficial effect compared to PEA

Fig. 5. PEA-OXA treatment on VaD induced astrocytes and microglia activation.
Immunofluorescence for GFAP (green) (see yellow arrows) and Iba-1 (green) (see yellow arrows) expression in hyppocampus respectively in sham animals (A, A1 and
D,D1), VaD subjected animals (B, B1 and E, E1) and VaD-subjected animals treated with PEA-OXA (C, C1 and F, F1). Data are representative of at least three
separated experiments. Images are representative of all animals in each group. All images were digitalized at a resolution of 8 bits into an array of 2048×2048
pixels. Pictures were captured at 40× and 100× magnification. Values are means ± SEM of 5 animals for each group.
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(Impellizzeri et al., 2016). The protective effect of PEA-OXA was also
shown in other experimental models, such as SCI, TBI (Impellizzeri
et al., 2017), and recently Parkinson's disease (Cordaro et al., 2018).

In the present study, we examined the anti-inflammatory and anti-
oxidant effects of PEA-OXA in a mouse model of vascular dementia. We
found that VaD caused important brain damage and neuronal death in
the CA1 and CA3 regions of hippocampus. PEA-OXA treatment was able
to reduce histological alterations (H&E staining) and neuronal death
(Nissl staining) and ameliorate behavioral deficits associated with
memory loss. This is in agreement with our previous studies, in which
PEA-OXA reduced histological damage with neutrophil infiltration and
behavioral deficits (Impellizzeri et al., 2017). Thus, the purpose of our
research was to investigate the potential mechanisms through which
PEA-OXA could reduce neuroinflammation and ameliorate memory

deficits in VaD.
Recently, Petrosino et al. demonstrated that PEA-OXA is a mod-

ulator of NAAA activity and is able to increase the tissue levels of PEA
in a model of CAR-induced paw edema (Petrosino et al., 2017). Inter-
estedly, oxazoline derivatives of fatty acids have never been valued for
their capability to inhibit FAAH and/or NAAA or for their potential
inhibitory activity of inflammatory processes (Petrosino et al., 2017).
Here, western blot analysis showed an increased expression of NAAA in
VaD-subjected mice that was reduced by PEA-OXA treatment. On the
contrary, PEA-OXA treatment was not able to significantly reduced
FAAH expression compared to vehicle group. Anyway, accordingly with
the modulation of NAAA expression, increased brain endogenous PEA
levels were observed in VaD mice treated with PEA-OXA.

Microglia, a main type of immune cell in the brain, play a dominant

Fig. 6. PEA-OXA treatment on VaD induced loss of neuronal cells.
Immunofluorescence for MAP-2 (green) expression in CA1 and CA3 regions respectively in sham animals (A, A1,A2, A3), VaD subjected animals (B, B1, B2, B3) and
VaD-subjected animals treated with PEA-OXA (C, C1, C2, C3). Data are representative of at least three separated experiments. Images are representative of all animals
in each group. All images were digitalized at a resolution of 8 bits into an array of 2048× 2048 pixels. Pictures were captured at 40× and 100× magnification. In
addition, Western blot analysis demonstrated MAP-2 expression after VaD induction (D). Shown is a representative blot of lysates (5 animals/group) with a den-
sitometric analysis for all animals. Values are means ± SEM of 5 animals for each group. ⁎⁎⁎P < 0.001 vs. sham; ##P < 0.01 vs. VaD.

Fig. 7. PEA-OXA treatment on NF-κB inflammatory pathway and on NRF-2 antioxidant pathway after VaD induction.
Representative western blots on hippocampus tissues showed the effects of PEA-OXA on: (A) IκB-α degradation, (B) NF-κB p65 translocation, (C) COX-2 expression,
(D) iNOS expression, (E) IL-10 expression, (F) NRF-2 expression, (G) MnSOD expression and (H) HO-1 expression after VaD induction. Shown is a representative blot
of lysates from 5 animals/group, together with a densitometric analysis for all animals. The results in A, B C, D, E, F, G and H are expressed as means ± SEM of 5
animals for each group. ⁎⁎⁎P < 0.001 vs. sham; ##P < 0.01 vs. VaD, ###P < 0.001 vs. VaD; ⁎P < 0.05 vs. sham ⁎⁎P < 0.01 vs. sham #P < 0.05 vs. VaD
##P < 0.01 vs. VaD, ###P < 0.001 vs. VaD.
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role in the neuroinflammation involved in the induction and evolution
of neurodegenerative diseases by generating ROS and proinflammatory
cytokines (Wang et al., 2015). In addition, the anomalous expression of
cytoskeletal proteins such as MAP-2 and the activation of astrocytes are
known to be closely associated with neuronal cell death (D'Andrea
et al., 2001). Thus, we valued the effect of PEA-OXA on MAP-2 dis-
tribution, astrocytes and microglia activation after VaD induction.
Treatment with PEA-OXA significantly reduced VaD-induced MAP-2
alteration and strongly limited the activation of GFAP and Iba-1.

Reactive astrogliosis could also be involved in the activation of the
proinflammatory nuclear factor (NF)-κB pathway, and the inhibition of
this pathway may confer protection against axonal loss, help to pre-
serve white matter integrity and cognitive function (Saggu et al., 2016).
Neuronal expression of NF-κB is stimulated by a multiplicity of insults,
including TNF-α and mechanical injury, and is correlated with the
subsequent expression of inflammatory mediators such as iNOS and
COX-2 (Massa et al., 2006; Yune et al., 2004). NF-κB is normally iso-
lated in the cytoplasm, bound to inhibitor protein IκBs. In response to
stimuli including oxidative stress and inflammation, IκB is phosphory-
lated by IκB kinase (Bowie and O'Neill, 2000). This triggers the release
of the NF-κB dimer, which can go into the nucleus. Accordingly, after
VaD, we observed an increased IκB-α degradation and nuclear NF-κB
translocation. PEA-OXA treatment significantly reduced IκB-α de-
gradation as well as nuclear NF-κB translocation. By inhibiting the NF-
κB pathway, PEA-OXA was also able to decrease the expression of iNOS

and COX-2, as well as to increase the release of anti-inflammatory cy-
tokines such as IL-10.

Studies have denoted that oxidative stress plays a critical role in the
pathological process of stroke (Lastres-Becker et al., 2014). Since Nrf2 is
a master controller of cytoprotective regulators against oxidative stress,
the improved cognitive deficits and ischemic injury after PEA-OXA
treatment could be due to an increase in Nrf2 activation. A previous
study has in fact demonstrated that the activation of Nrf-2 and HO-1
could limit the infiltration of microglia in the pathological process of
neurodegenerative diseases (Lastres-Becker et al., 2014).

Nrf2 is ubiquitously present in all human tissues and under basal
conditions is negatively controlled in the cytoplasm by kelch-like ECH
associating protein 1 (Keap1). Upon interruption of Keap1-Nrf2
binding, Nrf2 can transfer to the nucleus and coordinate the tran-
scription of genes involved in antioxidant defense, such as Mn-SOD and
HO-1 (Motohashi and Yamamoto, 2004; Wu et al., 2003). Expression of
Nrf-2, as well as of Mn-SOD and HO-1, significantly decreased after VaD
induction compared with control mice, whereas PEA-OXA treatment
significantly upregulated levels of Nrf-2, as well as Mn-SOD and HO-1.
Thus, the present study showed that PEA-OXA exerted neuroprotective
effects dependent on Nrf2-mediated anti-oxidative pathways in models
of VaD. PEA-OXA could protect against VaD by enhancing nuclear
translocation of Nrf2 in neurons, upregulating the expression of Nrf2
and Nrf2 target genes; this was in agreement with our previous study of
the MPTP model (Cordaro et al., 2018).

Fig. 8. Imunohistochemistry for iNOS after VaD induction.
Immunohistochemistry for iNOS in CA1 and CA3 regions respectively (A, A1) sham group, (B, B1) VaD+ vehicle group, (C, C1) VaD+PEA-OXA group. The results
are expressed as % of positive cells (D). Figures are representative of at least three independent experiments. Values are means ± SEM of 5 animals for each group;
***P < 0.001 vs sham, ###P < 0.001 vs VaD.
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Apoptosis is an important type of active cell death and a key cause
of pyramidal neuron loss. It results from cytoplasmic condensation,
pyknotic nuclei, and DNA fragmentation, which can be detected by
TUNEL staining. Researchers have reported that chronic cerebral hy-
poperfusion could promote apoptosis (Liu et al., 2017). In our study, we
observed an increased number of apoptotic cells, together with an in-
creased expression of proapoptotic markers such as BAX and decreased
antiapoptotic marker Bcl-2 in VaD-subjected animals. This was reversed
by PEA-OXA treatment. Hence, we demonstrated that PEA-OXA could
ameliorate cognitive deficits by lessening neuron apoptosis in the hip-
pocampus and ROS release, which are principal contributors to memory
decline in dementia patients (Burke et al., 2014).

In conclusion, our data demonstrated that the neuroprotection of
PEA-OXA in VaD operated via the regulation of important signaling
pathways associated with oxidative stress, in particular by the inhibi-
tion of inflammatory NF-κB and activation of the antioxidant system,
Nrf2. This research offers new insight into the mechanism of PEA-OXA-
induced neuroprotection, suggesting a possible new therapeutic
strategy to combat VaD. Thus, the modulation of intracellular NAAA by
PEA-OXA treatment could signify a novel approach to control patho-
logical conditions associated with neuroinflammation.
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