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SUMMARY

Aims: Autism spectrum disorder (ASD) is a condition defined by social communication

deficits and repetitive restrictive behaviors. Association of the fatty acid amide palmi-

toylethanolamide (PEA) with the flavonoid luteolin displays neuroprotective and antiin-

flammatory actions in different models of central nervous system pathologies. We

hypothesized that association of PEA with luteolin might have therapeutic utility in ASD,

and we employed a well-recognized autism animal model, namely sodium valproate

administration, to evaluate cognitive and motor deficits.Methods: Two sets of experiments

were conducted. In the first, we investigated the effect of association of ultramicronized

PEA with luteolin, co-ultramicronized PEA-LUT� (co-ultraPEA-LUT�) in a murine model

of autistic behaviors, while in the second, the effect of co-ultraPEA-LUT� in a patient

affected by ASD was examined. Results: Co-ultraPEA-LUT� treatment ameliorated social

and nonsocial behaviors in valproic acid-induced autistic mice and improved clinical picture

with reduction in stereotypes in a 10-year-old male child. Conclusion: These data suggest

that ASD symptomatology may be improved by agents documented to control activation of

mast cells and microglia. Co-ultraPEA-LUT� might be a valid and safe therapy for the

symptoms of ASD alone or in combination with other used drugs.

Introduction

The term autism refers to a wide range of disease entities defined

by the acronym ASD (fifth edition of the Diagnostic and Statistical

Manual of Mental Disorders (DSM-5)). All share common clinical

features constituting a peculiar symptom triad that is the basis for

diagnosis or suspicion of the pathology. The diagnostic criteria for

ASD as they appear in DSM-5 are as follows:

1 deficits in social interaction and communication across vari-

ous contexts;

2 restricted, repetitive patterns of behavior, interests, or activities;

3 symptoms must subsist in the first developmental period;

4 symptoms cause clinically impairment in social, occupational,

or other important areas of current functioning;

5 these disturbances are not better explained by intellectual dis-

ability (intellectual developmental disorder) or global develop-

mental delay.

Autism usually develops within the first 3 years of life.

Although historical data indicate a median worldwide prevalence

of autism as 0.62–0.70% [1,2], estimates of 1–2% have emerged

from the latest large-scale surveys [3–7]. A similar prevalence has

been reported for adults [8]. Approximately 45% of autistic indi-

viduals have intellectual disability [2]. More men than women are

affected by ASD [8], with these large-scale population-based stud-

ies showing that 2–3 times more males are affected, irrespective of

intellectual disability [3,5,8]. There are no imaging tools or labora-

tory determinants for the disease, and diagnosis is made by means

of questionnaires for parents, the most widely used being the

Childhood Autism Rating Scale, the Autism Diagnostic Interview-

Revised, the Autism Diagnostic Observation Schedule-Generic,

and the Autism Treatment Evaluation Checklist (ATEC).

Although autism was first described some 70 years ago [9], the

syndrome’s cause(s) remains unknown. Comorbidity is common

(>70% have concurrent medical, developmental or psychiatric
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conditions) [10,11], and autism is associated with other diseases—

in particular fragile X syndrome and tuberous sclerosis. Scientific

interest in autism has grown in recent years due to the marked

rise in reported cases [1]. We appreciate that brain inflammation

may be a key element in the pathogenesis of neuropsychiatric dis-

orders [12,13] including a significant proportion of ASD subjects

[14–16]. Food intolerance and eczema are present in ASD children

[16,17]. Mast cells are implicated in allergic and inflammatory

reactions and activated in autism [18,19]. ASD incidence is

claimed to be 10-fold higher in children with mastocytosis [20].

There is interest in a role of the endocannabinoid (EC) system in

neurological disorders. While data suggest a key role for the EC

system in social and emotional processing [21], there are few stud-

ies dealing with this system in autism. Preclinical researches have

shown that social play behavior enhances levels of the N-acy-

lethanolamine and endocannabinoid anandamide in amygdala,

nucleus accumbens [22], and striatum [23]. The EC system modu-

lates physiological processes such as axonal growth, guidance dur-

ing development [24], adult neurogenesis, and behavior [25].

However, the role of these N-acylethanolamines on social and

emotional behavior remains to be been investigated.

N-Palmitoylethanolamine (PEA) behaves as a lipid signaling

molecule with antiinflammatory activity in preclinical models of

acute and inflammatory pain and central nervous system injury

and is efficacious for pain relief in man [26,27]. Luteolin, a flavo-

noid belonging to the flavone family, possesses neuroprotective

actions [28,29]. It has been suggested that dietary flavonoids pos-

sess therapeutic potential in disorders especially where the

monoaminergic system is involved. Luteolin has antioxidant [30],

anticancer [31] memory-improving [32], and anxiolytic activities

[33]. Chronic administration of co-ultramicronized PEA+luteolin

in mice reversed the behavioral dysfunction of chronic corticos-

terone exposure [34]. Importantly, a dietary supplement contain-

ing luteolin improved ASD behavioral symptoms in autistic

children [35,36]. There is no therapy for ASD and current medica-

tions address specific secondary behavioral symptoms. Based on

the recognized neuroprotective properties of PEA and luteolin, we

decided to investigate the effects of co-ultramicronized PEA+lute-

olin (co-ultraPEA-LUT�) in the valproic acid (VPA) murine model

of ASD [37] and in a patient with ASD.

Materials and Methods

ASD In Vivo Models

University of Messina Animal Care Review Board approved this

research. Mice, housed in a controlled environment, were supplied

with standard water and rodent chow. Animal care was in compli-

ance with Italian (D.M. 116192), Europe (O.J. of E.C. L 358/1 12/

18/1986), and USA (Animal Welfare Assurance No A5594-01, US

Department of Health and Human Services, Washington, D.C USA)

regulations. C57/BL6 male mice were injected subcutaneously with

saline or sodium valproate (VPA, 400 mg/kg) on postnatal day 14

(P14).

Two sets of experiments were carried out (Figure S1):

1) I:

(1) Sham+Vehicle:

(2) Sham+co-ultraPEA-LUT� (1 mg/kg, orally by gavage,

from P15 for 2 weeks).

(3) VPA+Vehicle;

(4) VPA+co-ultraPEA-LUT� (1 mg/kg, orally by gavage from

P15 for 2 weeks).

For each group (N = 30), 10 animals were allocated for behavior,

immunohistochemistry, andWestern blot.

2) II:

(1) Sham+Vehicle;

(2) Sham+co-ultraPEA-LUT� (1 mg/kg, orally by gavage

from P15 for 3 months for neurogenesis studies).

(3) VPA+Vehicle (n = 30);

(4) VPA+co-ultraPEA-LUT� (1 mg/kg, orally by gavage from

P15 for 3 months for neurogenesis studies).

Co-ultraPEALut was prepared in vehicle (1.5% (w/v) car-

boxymethylcellulose in saline). The dose, administration route,

and vehicle were based on previous study [38].

For each group N = 30.

Behavior

Behavioral tasks comprised social interaction test and elevated

plus maze (EPM) on P30-P40 and P120. Co-ultraPEA-LUT� was

administered from P15 to the beginning of the behavioral and

inflammatory studies.

Social Interaction Test

The test was carried out in a novel three-chamber apparatus [39].

(Supporting Information).

EPM

The animal was placed on the pivotal platform facing an open arm

[40] (Supporting Information).

Western Blot for Bax, Bcl-2, Inducible Nitric
Oxide Synthase (iNOS), IjBa, Nuclear Factor-jB
(NF-kB), and Glial Fibrillary Acidic Protein (GFAP)

Brain tissue was subjected to denaturating SDS gel electrophoresis

followed by electroblotting and incubation with anti-Bax, anti-

Bcl-2, anti-iNOS, anti-NF-jB p65, anti-IjBa antibody, anti-GFAP

antibodies (Supplementary Information).

Immunohistochemical Localization of Chymase,
Tryptase, Tumor Necrosis Factor Alpha (TNF-a),
and Interleukin-1beta (IL-1b)

Sections were incubated overnight at RT with antichymase, antit-

ryptase, anti-TNF-a, and anti-IL-1b antibodies (Supporting Infor-

mation).

Bromodeoxyuridine (BrdU) and Doublecortin
(DCX) Immunohistochemistry

A stereological procedure was used to quantify BrdU- and DCX-

positive cells [41] (Supporting Information).
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Golgi Impregnation

Golgi impregnation was performed according to the manufac-

turer’s instructions (FD NeuroTechnologies, Ellicott City, MD,

USA) [42] (Supporting Information).

Patient History

The participating physician who brought to our attention the

patient for this study is part of our group’s collaborative clini-

cal network. This male child was born at term with natural

spontaneous delivery [39 weeks + 6 days with an Apgar index

between 8 and 10] and was found to have Tetralogy of Fallot,

which was corrected surgically at the age of 3 months with-

out complications. As is typical with autism, physical, and

mental development appeared normal during the first few

years of life. At the age of 28 months febrile episodes

occurred, which were treated with antibiotics and nonsteroidal

antiinflammatory drugs. In April 2005, the parents reported

three febrile episodes in succession characterized by inflamma-

tion of the upper respiratory tract; these were treated with

oral antibiotics and nonsteroidal antiinflammatory drugs and

with paracetamol to control hyperpyrexia. At this time, over

the course of 30 days, behavioral changes suddenly emerged:

the child began to show rejection behavior of strangers with

weeping and escape responses toward other children of same

age; hyperactivity with constant running; changed eating

behavior with refusal of food and limiting the choice only to

3–4 kind of aliments; up to 7–8 bowel movements per day;

loss of acquired verbal skills, avoidance of gazing at people,

and appearance of motor stereotypes. Approximately 30 days

after onset of the first episode of fever, the child was admit-

ted to the day hospital at the Pediatric Neuropsychiatry Clinic

of Saint Gerardo Hospital—Monza, where a diagnosis of “de-

lay of verbalization and socialization” with suspected autism

was made. The child lives with his family in a provincial

town, far from sources of industrial pollution. The mother

(36 years old at time of childbirth) did not take any medica-

tions during pregnancy with the exception of supplementation

with folic acid, iron, calcium, and magnesium; amniocentesis

was performed at week 16 without complications and the

remainder of the pregnancy followed a regular course. A

genetics analysis of the patient was not performed, although

there was no family history of autism.

Protocol with Co-UltraPEA-LUT�

The child was 10 years old when this study began. After diag-

nosis of ASD the child underwent 6 months of psychotherapy

with his parents, without benefit. Psychomotor and speech

therapy produced some benefit on behavior. A gluten-free/

casein-free diet and vitamin supplements led to a rapid

improvement in sleep–wake behavior and eye contact. How-

ever, vitamin supplements in particular, at doses far exceeding

their daily recommended allowance, were suspended almost

immediately due to worsening of hyperactivity and stereotypi-

cal behaviors. From time to time, the patient underwent

homotoxicological-homeopathic therapy with favorable results,

especially with regard to mercury detoxification and treatment

with probiotics.

Given the involvement of brain inflammation in the devel-

opment of ASD, as well as the presence of activated mast cells

[19], we undertook a therapy with the antiinflammatory and

mast cell modulating agent co-ultraPEA-LUT�, at a dose of

700 mg+70 mg b.i.d. (Glialia� microgranules, Epitech Group

SpA, Italy) for 1 year. During the study period (May 2012–

2013), the child continued the gluten- and casein-free diet.

The patient was evaluated before treatment, after ~5 months

and ~12 months using the ATEC questionnaire (http://

www.autism.com/index.php/ind_atec_report) and by a quar-

terly questionnaire administered to the child’s teachers for the

assessment of motor stereotypic behaviors (http://www.stress-

cocchi.net/Autism10-it.htm). The ATEC questionnaire is sensi-

tive enough to measure changes in the child’s condition and

consists of four subgroup scales: Scale I. Speech/Language/

Communication (14 items—scores can differ from 0 to 28),

Scale II. Sociability (20 items—scores can differ from 0 to 40),

Scale III. Sensory/Cognitive Awareness (18 items—scores can

differ from 0 to 36), and Scale IV. Health/Physical Behavior

(25 items—scores can differ from 0 to 75). The four subgroup

scores can be utilized to calculate a total score (total scores can

range from 0 to 180). The scores are estimated according to

the reply and corresponding subscale. The higher the subscale

and total score, the more impaired is the patient. The lower

the subscale and total score, the less impaired the patient. The

stereotyping behavior was evaluated, before, during, and after

12 months by means of a five-step scale of intensity as follows:

0 = symptom or behavior not present; 1 = rarely present and

not linked to particular situations; 2 = present only in precise

moments (e.g., before sleeping); 3 = present if the child is not

actively involved in the environmental situation; 4 = very present

and difficult to interrupt.

In addition to cognitive, behavioral, and motor symptoms,

the child experienced an elevated frequency of night-time

enuresis, independent of time of year, general conditions or

diet. This problem is often present in autistic children over five

years of age [43].

Parental consent was obtained for the study.

Statistics

Preclinical Data

Values in the figures are expressed as mean � standard error of

mean (SEM) of N observations. For in vivo studies, N = number of

animals.

Statistically differences in behavioral score were analyzed by

one-way ANOVA, followed by Newman–Keuls multiple com-

parison test. ANOVA and post hoc Tukey tests were performed

in immunohistochemistry studies with Bonferroni correction

for multiple comparisons. All other results were tested by

one-way ANOVA followed by a Bonferroni post hoc test for

multiple comparisons. A P-value of <0.05 was considered

significant.
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Figure 1 Behavioral effects of a 2 week and 3 months of co-ultramicronized PEA-LUT� treatment in VPA-treated mice. Two weeks (A) and 3 months (B)

co-ultramicronized PEA-LUT� administration restored the stay duration in stranger side (A,B). Duration in central area was significantly increased by VPA

exposure but not by co-ultramicronized PEA-LUT� (A,B). Duration in empty side was not modified by VPA exposure or co-ultramicronized PEA-LUT� (A,

b). Sociability Index (SI) was significantly decreased in VPA-treated mice. Two weeks and 3 months of co-ultramicronized PEA-LUT� administration

significantly restored this reduction (Fig. C,D). Effects of (E) 2 weeks and (F) 3 months of co-ultramicronized PEA-LUT� treatment on anxiety-like behaviors

in the elevated plus maze. Anxiety-like behavior is expressed as mean of time spent in open arm, considering only the animals that have four paws in the

open arm. Data are mean � SEM (N = 10 mice for each group) (*P < 0.05 vs. sham; **P < 0.01 vs. sham; #P < 0.05 vs. VPA-treated group).
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HIPPOCAMPUS CEREBELLUM

Figure 2 Effect of co-ultramicronized PEA-LUT� administration on inflammatory markers in VPA-treated mice. (A) A significant increase in iNOS (A,B) and

GFAP (C,D) expression, assayed by Western blot analysis, was detected in brain tissue from VPA-treated mice. Co-ultramicronized PEA-LUT� treated mice

show reduced iNOS (A,B) and GFAP expression (C,D) in both hippocampus and cerebellum. (B) IkB-a levels were reduced substantially in hippocampus

and cerebellum of VPA-treated mice (E,F). Co-ultramicronized PEA-LUT� treatment prevented the VPA-induced IkB-a degradation (E,F). NF-kB p65 levels

in VPA-treated mice brain nuclear fractions were increased significantly compared with co-ultramicronized PEA-LUT� treated mice (G,H). The figures are

representative of at least three separate experiments. Data are means � SEM (N = 10 mice for each group). *P < 0.05 versus sham; **P < 0.01;

***P < 0.001 versus sham; ##P < 0.01; ###P < 0.001 versus VPA-treated group.
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Results

Preclinical Data

Behavioral effects of 2 weeks and 3 months of
co-ultraPEA-LUT� in the ASD mouse

Social behavior represents a primary deficit in ASD. Analysis of

behavior during the acclimatization period of mice to the novel

three-chamber sociability area prior to the introduction of an

unfamiliar con-specific mouse revealed that postnatal exposure

to VPA did not modify time spent or locomotor activity in either

side of the arena (data not shown). Following the introduction

of the unfamiliar mouse and novel object (empty wire container)

into the three-chamber test arena, 2 weeks and 3 months

analysis showed that time in the chamber with unfamiliar

mouse was less in VPA-exposed mice when compared to control

(Figure 1A,B).

Two weeks and 3 months of co-ultraPEA-LUT� re-established

stay duration in stranger side (Figure 1A,B). Duration in the cen-

tral area was increased by VPA exposure but not by co-ultraPEA-

LUT� (Figure 1A,B). Duration in the empty side was not modified

by VPA exposure or co-ultraPEA-LUT� (Figure 1A,B). Analysis of

SI displayed a significant decrease by VPA exposure. Two weeks

and 3 months of co-ultraPEA-LUT� significantly restored this

reduction (Figure 1C,D). In the EPM, co-ultraPEA-LUT�
(2 weeks and 3 months) increased time spent in the open arm

(Figure 1D,E).

Effects of Co-ultraPEA-LUT� on Inflammatory
Protein Expression in the ASD Mouse

Western blot analysis of hippocampal and cerebellar tissue was

employed to evaluate the cellular mechanism by which co-ultra-

PEA-LUT� might attenuate social and depressive behavior. iNOS

and GFAP levels (Figures 2A–D) were significantly expressed in

hippocampus and cerebellum of VPA mice. Co-ultraPEA-LUT�
restored iNOS and GFAP expression to levels comparable to those

of controls (Figures 2A–D). IjB-a levels were reduced in brain tis-

sue from VPA mice as compared to sham animals, whereas in co-

ultraPEA-LUT�-treated mice (Figure 2E,F), a significant increase

in IjB-a levels was detected. NF-jB p65 levels in cerebral tissue

from co-ultraPEA-LUT� treated mice displayed a significant

decrease in expression when compared to VPA mice (Figure 2G,

H).

Effects of Co-ultraPEA-LUT� on TNF-a, IL-1b,
Chymase, and Tryptase in ASD Mouse

Brain sections from VPA-treated mice exhibited positive staining

for TNF-a (Figure 3A,B; see densitometry analysis G) and IL-1b
(Figure 3D,E; see densitometry analysis in G), whereas in brain

sections from co-ultraPEA-LUT� expression of these cytokines

was significantly attenuated (Figure 3C–F; see densitometry anal-

ysis in G).

To test whether co-ultraPEA-LUT� may change and direct

the inflammatory response via the regulation of mast cell-

derived serine peptidases, we tested by immunohistochemistry

the expression of chymase and tryptase in the brain. There

was no staining in brain tissues from sham mice. A substantial

increase in chymase (Figure 3H,I; see densitometry analysis in

N) and tryptase expression (Figure 3K,L; see densitometry

analysis in N) was found localized to mast cells in hippocam-

pus and cerebellum of VPA mice. Expression of chymase and

tryptase was attenuated with co-ultraPEA-LUT� (Figure 3J–M;

see densitometry analysis in N).

Effect of Co-ultraPEA-LUT� on Apoptosis in the ASD
Mouse

The appearance of effectors of canonical mitochondrial apoptosis

in brain, such as pro-apoptotic (Bax) and antiapoptotic (Bcl-2)

proteins, was investigated by Western blot in hippocampus and

cerebellum. Co-ultraPEA-LUT� significantly reduced VPA-

induced Bax expression (see densitometry analysis, Figure 4A,B)

in both areas. On the other hand, Bcl-2 expression was signifi-

cantly reduced in the VPA-treated group and co-ultraPEA-LUT�
reduced this inhibition (see densitometry analysis, Figure 4C,D)

in hippocampus and cerebellum.

Co-ultraPEA-LUT� Favors Adult Hippocampal
Neurogenesis and Synaptic Plasticity in the ASD
Mouse

To investigate the potential cellular mechanisms underlying the

behavioral effects of co-ultraPEA-LUT�, we studied changes in

adult hippocampal cell proliferation and synaptic plasticity after

3 months of treatment. BrdU was given 2 h before sacrifice on the

last day of treatment to tag proliferating neural progenitors. Num-

ber and proliferation of immature neurons were evaluated using

DCX and BrdU immunohistochemistry, according to Wang et al.

[44]. VPA exposure decreased the number of BrdU-positive cells

analyzed in the dentate gyrus of the mouse hippocampus (Fig-

ure 5A; see images 7B–D), which was reversed by 3 months of co-

ultraPEA-LUT� (Figure 5A; see images 7B–D). VPA exposure

reduced DCX-positive cells in the dentate gyrus of the mouse hip-

pocampus (Figure 5E; see images, F–H) which was overcome by

3 months of co-ultraPEA-LUT� (Figure 5E; see images F–H).

Tracing of the apical dendrites of granule cells in dentate gyrus

revealed a significant reduction in development of dendritic spines

in VPA-treated mice that was reverted by co-ultraPEA-LUT� (Fig-

ure 5I; see images, J–L).

Clinical data

Clinical Assessment of an Autistic Patient Treated
with Co-ultraPEA-LUT�

Co-ultraPEA-LUT� treatment was well tolerated by the patient.

Evaluation using the ATEC test revealed a decrease of scores (both

total score and subgroup scores), indicative of an improved behav-

ioral outcome of about 23%. The most evident effect over time

appeared in the sociability subgroup, where the score decreased

from 24 to 13 (Table 1). Co-ultraPEA-LUT� reduced most indices

of hyperactivity, as demonstrated by reduction in motor stereo-

typies which from the very beginning were present only rarely or

at precise moments (Table 2).
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(A) (B) (C)

(F)(E)(D)

(G)

(H) (I) (J)

(M)(L)(K)

(N)

Figure 3 Effect of co-ultramicronized PEA-

LUT� on TNF-a, IL-1b, and chymase and

tryptase expression in VPA-treated mice. Brain

sections from VPA-treated mice exhibited

positive staining for TNF-a (A–C) and IL-1b (D–

F). Co-ultramicronized PEA-LUT� treatment

significantly reduced staining for both TNF-a

and IL-1b (C,F). The graphs are representative

of at least three separate experiments. Data

are means � SEM from N = 10 mice for each

group. (*P < 0.05 vs. sham; #P < 0.05 vs. VPA-

treated group). Arrows indicate zone analyzed.

A substantial increase in expression of the

serine peptidases chymase and tryptase was

found mainly confined in mast cells in brain

tissues collected from VPA-treated mice (I,L).

Chymase and tryptase levels were attenuated

in co-ultramicronized PEA-LUT� treated mice

(J,M). This figure is representative of at least

three separate experiments. Data are

means � SEM from N = 10 mice for each

group (*P < 0.05 vs. sham; #P < 0.05 vs. VPA-

treated group). Arrows indicate zone analyzed.
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Clinical improvement, as highlighted by the questionnaire

results, coincided with significant progress in cognitive behavior

as observed by parents and teachers. The patient is, in fact, now

more able to understand simple commands and execute them

with ease; eye contact is much improved and the child’s behavior

far more affectionate. Unfortunately, no significant progress in

speech profile has been observed until now.

Daily control of enuresis, evaluated over a period of 4 months

before treatment start showed this incontinence to be present in

91% of the nights. A similar follow-up carried out after 7 months

from treatment start demonstrated a slight decrease equal to

11.7% of nights with enuresis (enuresis was present 79.3% of the

nights). The final follow-up made after another 7 months

revealed a remarkable decrease equal to 88.6% of the nights with

enuresis (only 2.4% of the nights with enuresis) (Table 3).

Discussion

ASD is a set of disparate neurodevelopmental conditions, charac-

terized by early-onset impairment in social cognition and social

perception, executive dysfunction, atypical perceptual, and infor-

mation processing problems in social communication and unusu-

ally limited, repetitive behavior, and interests. It is usually

considered to be present from birth but, in fact, up to 40% of those

diagnosed with autism have apparently normal development

through the age of 18–30 months but then experience a period of

regression where controlled skills fail to mature along a normal

trajectory. Pharmacological approaches have focused on control-

ling symptoms, rather than the underlying pathogenesis. Using

the VPA animal model of ASD, we show, for the first time, that a

formulation of co-ultraPEA-LUT� is capable of ameliorating social

HIPPOCAMPUS CEREBELLUM

Figure 4 Effects of co-ultramicronized PEA-LUT� treatment on Bax and Bcl-2 expression in VPA-treated mice. (A) Co-ultramicronized PEA-LUT�
treatment reduced levels of Bax in both hippocampus and cerebellum of VPA-treated mice. b-actin was used as internal control. (B) Co-ultramicronized

PEA-LUT� administration increased Bcl-2 levels in both hippocampus and cerebellum of VPA-treated mice. A representative blot of lysates acquired from

each group is displayed, and densitometric analysis of all animals is indicated (N = 10 mice from each group) (*P < 0.05; **P < 0.01 vs. sham; ##P < 0.05;
#P < 0.05 vs. VPA-treated group).
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(B)

(A)

(E)

(I)

(C)

(D)

(F)

(G)

(H)

(L)

(M)

(N)

Figure 5 Cell proliferation, dendritic

maturation, and synaptic plasticity in the

dentate gyrus of mouse hippocampus: effect of

VPA treatment and co-ultramicronized PEA-

LUT�. (A) BrdU (150 mg/kg, intraperitoneally)

was given 2 h before sacrifice to examine the

effects of 3 months treatment with co-

ultramicronized PEA-LUT�. The number of

BrdU+ cells increased after co-ultramicronized

PEA-LUT� treatment. (B) Control (C), VPA-

treated (D), VPA + co-ultramicronized PEA-

LUT� treatment. (B–E) Effects of co-

ultramicronized PEA-LUT� administration on

total number of DCX-positive cells. The number

of DCX-positive cells is increased after co-

ultramicronized PEA-LUT� treatment. (F) DCX

of controls, (G) DCX of VPA-treated mice, (H)

DCX of co-ultramicronized PEA-LUT�
treatment. (I) Effects of co-ultramicronized PEA-

LUT� administration on number of spines in

the dentate gyrus; this number increased with

co-ultramicronized PEA-LUT� treatment. (J–L)

representative images of spine density. Values

are mean � SEM (N = 10 mice per each

group). (*P < 0.05; **P < 0.01 vs. sham;
#P < 0.05 vs. VPA-treated group).
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and nonsocial behaviors in VPA-induced autistic-like mice.

Co-ultraPEA-LUT� not only reduced the expression of pro-

inflammatory markers such as NF-jB, GFAP, and nitrotyrosine,

but modulated apoptosis in hippocampus and cerebellum, and

increased neurogenesis and neuroplasticity in the hippocampus of

VPA-treated mice. Co-ultraPEA-LUT� improved the clinical pic-

ture in an autistic child in terms scoring by the Autism Treatment

Evaluation Checklist and a reduction in motor stereotypes. These

data point to the potential translatability of co-ultraPEA-LUT�

treatment in autism.

VPA is primarily used for the treatment of epilepsy, major

depressive disorder, and bipolar disorder. In utero exposure of VPA

in humans produces symptoms similar to autism, such as deficits

in language and communication, stereotypic behavior, hyperex-

citability, and delays in behavioral development [45]. These clini-

cal analogies have led Rodier and colleagues [46] to suggest that

prenatal VPA exposure in rodents might provide a useful animal

model of autism. Pre- and early postnatal exposure to VPA led to

neurodevelopmental deficits analogous to the motor and cogni-

tive alterations seen in humans with autism [47]. Critical cerebel-

lar-mediated behaviors first appeared on P14 [47]. Previous

studies reported that injection of <500 mg/kg VPA in animals was

sufficient to induce a severe autism-like state without death [48].

In our investigation, a single 400 mg/kg VPA exposure on P14

induced motor and cognitive deficits that mimicked autistic

regression. P14 approximately coincides to the third trimester in

human development [49]; a time frame over which hippocampal

and cerebellar granule cells undergo migration and differentiation

[49]. This therapeutic strategy for autism has changed little over

the years, with major efforts aimed at selecting active ingredients

so as to control hyperactivity and the repetitive stereotypical

movements. The most widely used drug classes are antipsychotics

and psychostimulants [50]. Selective serotonin reuptake inhibi-

tors have seen a discrete level of acceptance for patients with a

mild form of the disorder as well as anxiolytics. Exclusion of glu-

ten and casein from the diet can also improve symptoms of autism

[51] suggesting a possible metabolic component in this disease.

Co-ultraPEA-LUT� appears to possess anxiolytic and antide-

pressant-like activity in different experimental models [34] sup-

porting the hypothesis that immune modulation might result in

behavioral improvement without altering motor activity and body

weight. A link between PEA and mood disorders is suggested by

evidence that acute psychosocial stress increases PEA serum con-

centrations which correlate with circulating cortisol levels already

30 seconds following end of stress [34]. Plasma levels of PEA are

increased in patients with posttraumatic stress disorder [52]. PEA

is proposed to play a key role in maintaining cellular homeostasis

against external stressors provoking, for example, neuroimmune

dysregulation [53], and its alteration in mood disorders might be

the body’s attempt to restore homeostasis. In this research,

co-ultraPEA-LUT� counteracted autistic-like behavioral changes,

including reduced sociability and increased anxiety-related behav-

ior in EPM. Utilizing BrdU and DCX immunohistochemistry, the

fall of neurogenesis observed in VPA-treated mice was partially

restored by co-ultraPEA-LUT�. Quantitative analysis of dentate

gyrus granule cell spine density revealed changes with co-ultra-

PEA-LUT�, suggesting that spine and dendritic morphology may

be sensitive to this treatment. This formulation promotes neuroge-

nesis and neuroplasticity in a mouse model of a depression-like

state [34]. Precursor cells, located in the neurogenic areas of adult

brain and local progenitors, play an important role in CNS injury

[54].

Autism symptomatology could result from a chronic subclinical

inflammation involving the gut and central nervous system [55].

Increases in pro-inflammatory cytokines and elevated immune

response have been found in the brain of autistic patients [54].

Molecules able to counteract inflammatory and neuroinflamma-

tory processes might thus be of therapeutic utility in reducing the

symptoms in ASD. Because the VPA mouse model of ASD used

here is characterized by reduced social behavior and raised expres-

sion of neuroinflammatory markers in the brain, we treated VPA

mice with co-ultraPEA-LUT�, which has documented antiinflam-

matory and neuroprotective effects mediated by downmodulation

of mast cell and microglial activation [56], given the purported

involvement of these nonneuronal cells in autism [20]. Our

Table 1 ATEC scores in response to PEA-LUT� treatment in a 10-year-

old child with ASD

Autism treatment evaluation checklist

Time (months)

0 5 12

I. Speech 24 23 21

II. Sociability 24 22 13

III. Sensory/Cognitive 31 29 26

IV. Health/Physical/Behavior 24 22 19

Total 103 96 79

Table 2 Motor stereotypy changes in response to PEA-LUT� treatment

in a 10-year-old child with ASD

Motor stereotypies

Time (months)

0 4 8 12

Rocking 3 3 2 1

Head banging 0 0 0 0

Flapping tremor 4 3 2 2

Fingers movements 4 3 2 3

Walking on Tip-Toes 0 0 0 0

Skill stereotypies

(e.g., quickly turning a knife on a table)

1 2 3 3

Vocal stereotypy

(unmotivated screaming, frog noise, grunts)

4 3 2 1

Table 3 Enuresis reduction in response to PEA-LUT� treatment in a 10-

year-old child with ASD

Observation Period 4 months before each follow-up

Before

treatment

start

7 months

after treatment

start

14 months

after treatment

start

Nights with enuresis 91% 79.3% 2.4%
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findings demonstrate the effect of co-ultraPEA-LUT� on VPA-

induced neuroinflammation in brain by immunohistochemical

and Western blot, revealing the ability of this compound to coun-

teract VPA-induced astroglial activation, as demonstrated by the

downregulation of GFAP immunoreactivity along with hyper-

trophic astrocytes. Under physiological conditions in the central

nervous system, inflammation contributes to repair of damaged

tissues after injury [57]. However, excessive inflammation dam-

ages surrounding healthy tissue. In particular, microglia release

pro-inflammatory and cytotoxic factors, including IL-1b, IL-6,

TNF-a, nitric oxide, and reactive oxygen species [58]. In our study,

co-ultraPEA-LUT�modulated TNF-a and IL-1b immunoreactivity.

In the described case report, chronic co-ultraPEA-LUT�
reduced behavioral alterations of a child with ASD. Our obser-

vations are consistent with the results obtained after treatment

with ultramicronized PEA, administered alone, in two children

suffering from autism spectrum disorder [59]. It is important to

point out that children with autism experience a higher inci-

dence of anxiety, particularly social anxiety, than children with

other developmental disorders or with a normal development

[60]. Anxiety in children with ASD is related to sensory over-

responsivity and gastrointestinal problems, suggesting that these

pathological states represent interconnected phenomena, shar-

ing common underlying mechanisms mediated by mast cell

and microglia activation. Our data suggest that ASD symptoma-

tology may be improved by agents documented to control acti-

vation of mast cells and microglia. These results, while

pointing to co-ultraPEA-LUT� as a valid and safe treatment in

the autism symptoms—alone or in combination with other

drugs—clearly need to be confirmed in a larger number of

cases. The proof-of-principle study presented here encourages

further investigations.
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