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RELAZIONE:  
Background 
Obesity is associated with a plethora of co-morbidities, including type 2 diabetes mellitus (T2DM), 
dyslipidemia, and atherosclerosis, leading to substantially increased morbidity and mortality, and a large 
economic healthcare burden.  
The control of feeding behavior, circulating glucose and lipid levels involve both peripheral and central 
mechanisms of metabolism regulation (1). 
At peripheral level, the adipose tissue is involved in maintaining glucose and lipid homeostasis through the 
secretion of several humoral factors and/or neural networks. Leptin, an adipocyte-derived hormone, exerts 
metabolic effects in peripheral tissues both directly and indirectly through the modulation of AMP kinase 
activity and orexigenic/anorexigenic neuropeptides in hypothalamus, leading to satiety. 
The dysregulation of leptin signaling, called leptin resistance, is considered to be a major contributor in the 
development of obesity (2). 
In the brain, the melanocortin system of the arcuate nucleus of the hypothalamus (i.e. NPY/Agrp and POMC 
neurons) responds to metabolic environmental changes to regulate energy metabolism. These responses 
include synaptic and mitochondrial plasticity and redox state (3). 
Recently, we demonstrated that palmitoylethanolamide (PEA), an endogenous lipid modulator derived from 
palmitic acid, exerts anorexic and fat-losing effects in ovariectomy induced mild obesity model, restoring 
leptin sensitivity and modulating the transcription of anorectic and orexigenic neuropeptides (4). These 
findings suggest that this lipid mediator might play an important role in recovering insulin- and leptin-
sensitivity impaired in obesity. 
However, the role of this lipid mediator in the brain, particularly the hypothalamus, in body weight and 
energy balance regulation and control is unknown. 
The overall aim of this project is to determine the therapeutic effects of PEA in obesity induced by over 

nutrition, and the mechanism by which this lipid mediator can modulate central neuronal function involved 

in the storage and availability of energy sources, restoring lipid/glucose homeostasis. During the first 

semester of this project, I have thus performed experiments in order to evaluate the capability of PEA to 

prevent metabolic alterations, occurring in diet-induced obesity (DIO) in mice. In the further six months of 

this fellowship, I studied the effects of PEA on the neuronal activation of hypothalamic cells involved in the 

storage and availability of energy sources. 
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Methods 

Animals and pharmacological treatment 

Male C57BL/6J mice (Jackson Laboratory) were housed (five per cage) in stainless steel cages in a room 

kept at 22±1°C with a 12-hour light, 12-hour dark cycle. Food and water were available ad libitum.  

In brief, at 6 wk of age, mice were randomly allocated in 2 groups (n=20) as follows: control group, 

receiving a standard diet (STD, Purina Lab Chow #5001; Ralston Purina); high fat diet (HFD, Rodent Chow 

#D12451; Research Diets) fed group, used a model of diet-induced obesity (DIO). The STD provided 3.3 

kcal/g of energy (59.8% carbohydrate, 28.0% protein, and 12.1% fat), and the HFD provided 4.75 kcal/g 

of energy (35.0% carbohydrate, 20.0% protein, and 45.0% fat).  

To investigate the effects of PEA treatment on metabolic parameters, a group of STD and DIO mice (5) 

(12 weeks on standard or high fat diet, n=10) have been treated with PEA (p.o. 30 mg/kg/die) for 10 

weeks. After 12 weeks of high fat diet, the metabolic abnormalities of C57Bl6 mouse closely parallel that 

of human obesity progression pattern, developing obesity, insulin- and leptin-resistance, hyperglycemia, 

and hypertension. Last administration was performed 2 hours (8 AM) before killing (10 AM).  

Body weight, food intake, and fat mass 

Throughout the experimental period, body weight was assessed once per week, whereas food intake 

was evaluated every day (data not shown). Before killing, bioelectrical impedance analysis was applied 

to body composition assessment using a BIA 101 analyzer, modified for the mouse (Akern). Fat-free mass 

was calculated using the bioelectrical impedance analysis (50 kHz) prediction equation of Ilagan et al. (6), 

and fat mass content was determined as the difference between body weight and fat-free mass.  

Oral glucose tolerance test and insulin tolerance test 

Oral glucose tolerance test (OGTT) and insulin tolerance test (ITT) have been performed before the start 

of the treatment (data not shown) and after 12 weeks of treatment.  

One week before killing, OGTT was performed in overnight fasted mice. After the basal level of blood 

glucose was determined, fasted animals received glucose (2 g/kg, per os), and glycaemia was measured 

at 0, 30, 60, 90, and 120 minutes after glucose administration. The animals received PEA or vehicle 2 

hours before glucose. The area under the curve (AUC) was calculated from time zero, as the integrated 

and cumulative measure of glycaemia up to 120 minutes for all animals. Insulin tolerance test was 

performed with mice fed ad libitum. After determination of basal blood glucose levels, each animal 

received an intraperitoneal injection of insulin, 0.75 U/kg (Actrapid; Novo Nordisk). Blood glucose levels 

were then measured at 15, 30, 60, and 120 min after insulin injection. Glucose levels were measured by 

the glucometer One Touch UltraSmart (Lifescan). 

Tissue collection and hematic parameters  

STD and DIO mice, treated or not with PEA for 10 weeks, were fasted overnight, and then they were 

subjected to intracardiac puncture. After that, mice were killed and whole hypothalamus, liver, 

pancreas, muscle and white adipose tissue were excised and immediately frozen in liquid nitrogen. Blood 

collected by cardiac puncture was centrifuged at 1500g at 4°C for 15 minutes, and sera were stored at -

70° C for later biochemical and hormonal determinations. 
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Alanine aminotransferase (ALT) was measured in serum samples by standard automated procedures, 

according to manufacturer’s protocols (ALT Flex reagent cartridge; Dade Behring, Inc). Triglycerides 

(TGLs), and cholesterol were also quantified (TGL Flex reagent cartridge, CHOL Flex reagent cartridge; 

Dade Behring, Inc). Tumor necrosis factor (TNF)-, interleukin (IL)-1 and monocyte chemoattractant 

protein (MCP)-1 levels were measured by ELISA kits for mice according to the manufacturer’s instruction 

(Thermo Scientific, Rockford, IL, USA).  

c-fos immunostaining 

Overnight fasted male mice were injected (i.p.) with vehicle or PEA (30 mg/kg) at 9 a.m. Mice were then 

anaesthetized by isofluorane and killed by perfusion fixation (4% paraformaldehyde (PFA) in 0.1 M 

phosphate-buffered saline (PB)), followed by overnight post-fixation in 4% PFA. After 30 min washing in PB, 

brains were cut into 50 µm-thick sections. 12 sections/mouse containing the ARC were collected.  

After 15 min in PB, the sections were incubated in blocking solution (1:20 normal donkey serum in PB  

containing 0.2% Triton X-100) for 30 min at RT. The primary antibody goat anti-c-fos (Santa Cruz 

Biotechnology) was then applied overnight at RT. The next day, sections were washed 3-times (5 min) in PB 

and incubated with the secondary antibody for 1 h at RT (donkey anti-goat IgG fluor 594, dilution 1:500). 

Finally, the sections were cover-slipped and analyzed using fluorescence microscopy. For each mouse, at 

least 3–4 50 µm thick sections containing the ARC were analyzed. 

Statistical analysis  

Two-way ANOVA was used to determine the effect of the diet and treatment with the Prism 6.0 software 

(GraphPad Software, San Diego, CA). For repeated-measures analysis, ANOVA was used when values 

over different times were analyzed. Significant effects were evaluated (followed) with Fisher’s protected 

least significant difference post hoc test with Bonferroni’s correction. A value of P < 0.05 was considered 

statistically significant. All data are shown as means ± SEM unless stated otherwise. 

Results 

Effects of PEA on body weight and fat mass in DIO mice 

The mean body weights of the rats of each group, recorded during the experimental period, are shown 

in Figure 1A. Consistent with numerous previous studies, the DIO mice gained significantly more body 

weight (Fig. 1A) compared to STD animals throughout the experimental period; in PEA-treated DIO 

animals a slight decrease in body weight was evidenced. Conversely, the AUC of body weight from 12th 

to 22th week was also calculated showing a strong increase induced by high fat diet and its significant 

reduction by PEA treatment (Figure 1B).  

Furthermore, fat mass was measured at the end of the study by bioelectrical impedance. As shown in 

Figure 1C, fat mass was significantly increased in DIO animals, compared to the control mice fed on 

standard chow diet, whereas PEA treatment significantly reduced it.  

No modification of body weight, fat mass, or food intake    were recorded in PEA-treated STD mice, 

compared to untreated control mice. 
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Effects of PEA on serum parameters 

The effects of the chronic treatment with PEA on biochemical serum variables in mice fed either a 

standard or high fat diet are presented in Figure 2. As expected, DIO mice showed a significant increase 

in cholesterol, triglycerides and ALT levels (Figure 2, A-C) compared to STD animals. PEA treatment 

determined a slight decrease in cholesterol levels in DIO animals, but, notably, the chronic 

administration of this lipid mediator leaded to a strong reduction in triglycerides and ALT levels in mice 

fed on high fat diet.  

TNF-, IL-1 and MCP-1 serum levels were also evaluated in all the experimental groups (Figure 2, D-F). 

A strong increase of these pro-inflammatory mediators was evidenced in mice fed on high fat diet 

compared to STD animals, and PEA treatment significantly reduced or recovered their levels, according 

to its anti-inflammatory properties. 

 

Figure 2: Cholesterol (A), triglycerides (B) and ALT (C) serum levels from SD and DIO mice treated or not with PEA are shown. TNF- 

(D), IL-1 (E) and MCP-1 (F) systemic levels are also presented. Data are expressed as mean ± SEM (n = 10 for each group). ***, P < 0.001 

vs SD; ###, P < 0.001 vs DIO. 

 

 

Figure 1: Body weight (A) and related AUC (B) and fat mass (C) of STD and DIO mice treated or not with PEA are shown. Data are 

expressed as mean ± SEM (n = 10 for each group). ***, P < 0.001 vs STD; #, P < 0.05 vs DIO. 

B C 
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Effects of PEA on glucose and insulin tolerance in DIO mice 

Glucose and insulin tolerance tests were performed to compare glucose metabolism in PEA-treated 

animals with mice fed both the diets but receiving only the vehicle (Fig. 3, A–D). 

As shown in Figure A, high fat feeding significantly impaired glucose tolerance compared to STD animals. 

PEA, chronically administered in DIO mice, had a clear euglycaemic effect, determining a significant 

decrease in glucose levels 30 and 60 minutes after glucose administration. Consistently, the area under 

the glucose response curve was reduced in PEA group compared with DIO control animals (Fig. 5 C).  

Insulin tolerance was also evaluated by measuring glucose levels after systemic injection of insulin in fed 

animals. Our results clearly show that insulin sensitivity was also improved in PEA-treated mice on high 

fat diet (Fig. 5, B and D). 

 

Figure 3: Glucose tolerance test (A) and insulin tolerance test (B) in all groups were performed and related AUC 
evaluated (C and D). Data are expressed as mean ± SEM (n = 10 for each group). *, P < 0.05 and ***, P < 0.001 vs SD; #, P 
< 0.05; ##, P < 0.01 and ###, P < 0.001 vs DIO. 

Effects of PEA on neuronal activation in the arcuate and ventromedial hypothalamic nuclei 

Finally, we examined the arcuate (ARC) and ventromedial (VMH) neuronal activation in STD and HFD mice, 
treated or not with PEA, using the c-fos immunostaining. As shown in figure 4 (Panels A and B), in the ARC 
nucleus of animals fed on standard diet, treated or not with PEA, the c-fos labeling was similar. Moreover, in 
the ARC nucleus of DIO mice, a decrease in c-fos labeling was found. Interestingly, in the PEA-treated group 
fed on high fat diet, a trend of c-fos labeling increase was evidenced.  We will confirm this data increasing 
the number of animals in this experiment.  

Conversely, in the VMH of DIO mice a significant decrease in the neuronal activation compared to STD control 
mice was evidenced (Fig. 4, Panels C and D). In this case, no differences were found between the DIO mice 
and the animals fed on high fat diet treated with PEA. 
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Figure 4: Immunostaining for cfos in the hypothalamic arcuate and the ventromedial nuclei from STD and 
DIO mice, treated with the vehicle or palmitoylethanolamide.  

Conclusions  

Taken together, these data demonstrate that PEA, a well-known anti-inflammatory compound, is able to 
improve the classical metabolic alterations of high fat diet-induced obesity. We have previously 
demonstrated that separate mechanisms contribute to the fat loosing effect of PEA, a peripheral effect on 
adipose tissue through the normalization of leptin synthesis and the increase of lipid catabolic pathway, and 
in addition at central level the normalization of leptin sensitivity and the modulation of propriomelanocortin 
and Agouti related peptides, consistently with a reduction of food assumption (4). Here, our data show that 
this drug clearly ameliorates glucose tolerance and insulin sensitivity, leading us to assert that this lipid 
modulator could be a new useful candidate for the treatment of metabolic dysfunctions associate to obesity, 
such as insulin resistance and type 2 diabetes, without the adverse effects of current available anti-diabetic 
drugs.  
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