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ABSTRACT 
 

My Ph.D. project was dedicated to evidentiate beneficial effects elicited by the 

therapeutic administration of a new formulation of ellagic acid (Ellagic Acid 

microdispersion, EAm) and pomegranate peel extract (Pomegranate peel Extract 

microdispersion, PEm) in an animal model of multiple sclerosis (the EAE mice), with 

particular attention to its impact on “in vivo” and “in vitro” parameters at the acute stage 

of disease, to support its translation to clinical studies in patients suffering from multiple 

sclerosis. 

My thesis was composed of two different sections: the first one (Task 1 in the text) focuses 

on the characterization of the EAE model and the analysis of the healthy properties of the 

formulations on it; the second one (Task 2 in the text) investigates a potential therapeutic 

target of ellagic acid. 

The study led to two recent publications in Molecules and Antioxidants and was exposed 

in the poster section of national and international congresses reported in the last part of 

the thesis. 

The thesis would also briefly describe other studies I was involved in during the 3 years 

Ph.D. program. 
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INTRODUCTION 
 

1. NUTRACEUTICALS 
 

1.1 Definition 
 

“Let food be your medicine and medicine be your food”, said Hippocrates more than 2400 

years ago. As a matter of fact, the hypothesis that different diets could prevent diseases 

or slow their course was proposed not only by Greeks but also by Sumerians, Chinese, 

Egyptians, and Indians. 

The term “Nutraceutical”, which is derived from the union of “nutrition” and 

“pharmaceutical”, refers to a discipline that investigates the healthy properties of the 

components of foods, in terms of increased resilience to develop diseases and of 

ameliorate the quality of life. The term was proposed for the first time to a scientific 

audience at the end of the ’80s, by Stephan Defelice, creator of FIM (Foundation of 

Innovation in Medicine)1. He defined nutraceutical as “a comprehensive term which 

includes foods, dietary supplements and medical foods that have a health-medical benefit 

including the prevention and/or treatment of disease”1. 

The use of this word increased steeply in the last two decades, based on the frequency of 

citations in papers indexed in PubMed2. However, since there is no internationally 

recognized definition, different interpretations were proposed over time. Ekta K. Kalra in 

2003 proposed to redefine nutraceuticals, differentiating them from “functional foods”3. 

He suggested that “functional foods are foods prepared using scientific intelligence with 

or without knowledge of how or why they will be going to be used”. The meaning of the 

statement is not clear at all, but the definition is further implemented stating that 
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“functional foods are those foods which provide the body with the required amounts of 

vitamins, fats, proteins, carbohydrates, etc, needed for a healthy living”. If functional 

foods are used for implementing the lifestyle and the quality of life, they are called 

nutraceuticals3. 

Starting from this first indication, the definition of nutraceutical was implemented for 

years till that proposed by the European Nutraceutical Association (ENA) which states:  

“Nutritional products are those which have effects that are relevant to health […], which 

are not synthetic substances or chemical compounds formulated for specific indications 

[…], and that contain nutrients (partly in concentrated form)”5.  

The definition suggests that nutraceuticals are “relevant to health” when applied at 

specific dosage, which also implies their application for specific indications. To note, ENA 

considers comparable the term nutraceuticals with dietary supplements, dietetic and 

functional foods4.  

Regarding the pharmacological aspect, some members of the Italian Society of 

Pharmacology (SIF), who are part of the working group on Pharmacognosy, Phytotherapy, 

and Nutraceuticals, provided their opinion on the occasion of the 40th national congress 

of the society, briefly summarized below.  

The first important aspect to clarify is that nutraceuticals are other than pharmaceuticals 

and therefore what consumers should expect from their intake is to have more mild 

healthy benefits without experiencing serious side effects5. As professor Gabriella 

Mazzanti from the University La Sapienza of Rome reported6, nutraceuticals can have a 

pharmacological effect useful in clinical practice, otherwise, they could have a mild or no 

appreciable effect. These different impacts on health depend on the characteristics of the 
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active compounds but also on the food treatment used to obtain the final preparation. 

She mentioned the example of red yeast rice, which is used as a common ingredient in 

Chinese traditional medicine and is obtained after red yeast (Monascus purpureus) is 

grown on rice. During the fermentation, different substances are produced, but among 

all Monacolin K arouses particular attention because has the same chemical structure as 

Lovastatin, drug used to control cholesterol levels7. It follows that a red yeast rice 

preparation, capable of bringing 10 mg of Monacolin K into the body, can reduce 

cholesterol at the same level as statins, and therefore behaves as a drug.  

Another example concerns valerian (Valeriana officinalis L.), a medical plant whose roots 

contain neurosedative compounds8. The water infusion has mild sedative properties 

because only a small part of the active compounds is extracted during the preparation. 

On the contrary, if the extraction takes place with an alcoholic solution, the central activity 

is so marked as to have a therapeutic value. In fact, in pharmacies, there are several 

pharmaceutical preparations based on valerian.   

Therefore, the effect of the nutraceutical can be different depending on the method of 

preparation and this aspect must be taken into consideration when companies intend to 

place on market the product. 

 

1.2 Marketing 
 

In the last few years, diets for healthy living have become more and more important for 

consumers. This lifestyle not only aims to improve the quality of life and the expectancy 

of individuals by avoiding the ingestion of junk foods or in general aliments that are 

excessively treated, but also to encourage approaches that rely on respect for the 
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environment and nature. It is now evident that public opinion is wary of substances 

derived from massive industrial processes, thus preferring an intervention that can give 

new life to waste products, in an idea of the circular economy. Taking advantage of this 

new consumer necessity, companies have modified, at least in part, their production 

chain, to introduce advanced healthy products to the market. These naturally enriched 

foods would have the ability to positively affect the health and well-being of consumers. 

Despite the large economical investments, companies welcomed the opportunity to 

develop new products but the absence of clear legislation led them to filling the shelves 

of supermarkets and health shops instead of tackling the timing and the costs of 

pharmaceutical marketing authorization.  

At the end of the last century, Defelice estimated the nutraceutical market to be about 

$250 billion in the United States and of similar size in Europe9. Nowadays, the American 

nutraceuticals market has doubled (about $455 billion) and an increase of 9% is expected 

every year for the next ten years. While Pacific Asia represents the largest revenue share, 

reaching over 30% of the world shares, in Europe, Italy is the most important country for 

sales and production. In a  2018 study, it emerged that Italy’s nutraceutical market 

occupies 23% of the European ones, followed by Germany (13% market share), France 

(9%), and the UK (8%)10. Most of the products have packaging like that of drugs (pills, 

tablets, syrups) and are designed for specific situations such as intense sports practice, 

pregnancy, or post-menopause, in which the nutritional amount is not sufficient to 

maintain physical homeostasis. Of the 32 million citizens who use nutraceutical dietary 

supplements, 62.8% are between the ages of 35 and 64, thus belonging to the working 

group11. Another important class of products concerns those destinated for the elderly 

population. Aging is a pathophysiological process that causes an array of complications 
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and represents a crucial issue in the management of public health. Among all the possible 

interventions, medical interest is increasingly turning to the use of natural products or 

their derivates as potential beneficial treatments for anti-aging intervention12.  
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2. FOOD AND NUTRACEUTICAL ASSOCIATIONS  
 

2.1 European Food Safety Authority (EFSA) 
 

EFSA is a European agency born in 2002 and its headquarters, once located in Brussels, 

Belgium, now is in Parma, Italy. Its main task is to provide independent scientific advice 

and informations on existing and emerging risks associated with the food chain13. The 

agency deals with monitoring all the production processes “from farm to fork”, from 

primary production to the supply of food to consumers. The information obtained is 

shared not only with the scientific community but also with the general public through its 

EFSA Journal, available also on the internet. EFSA supports the European Commission, the 

European Parliament, and the European Union (EU) member states in making decisions 

that ensure the protection of the health of consumers and the safety of the food and feed 

chain.  

An example of the authority’s work is the comprehensive assessment of substances used 

as sources of vitamins and minerals in food supplements in the EU, carried out for the first 

time in 2009 and continuously updated14. The assessment included the safety evaluation 

of a nutrient source at the doses recommended by the applicant and the bioavailability 

of the nutrient from the relative source. Under Directive 2002/46/EC15, companies that 

want to market a nutrient source not included in the list must apply to the European 

Commission. This authority evaluates the request supported by EFSA’s scientific opinion 

and revises and updates the list of vitamin or mineral substances that may be used in food 

supplements. Moreover, EFSA evaluates the adverse health effects of micronutrients and, 

when possible, establishes tolerable upper intake levels (ULs)16. UL is the highest level of 

chronic daily intake of a substance that does not take a risk to human health. This concept 
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was introduced to support policymakers and other relevant actors in managing the risks 

of excess nutrient intake. The use of ingredients other than vitamins and minerals (e.g. 

botanicals and nutraceuticals) in the manufacture of food supplements may also be 

authorized under other specific legislations depending on the nature of the substance 

(e.g. novel foods17, substances for the fortification of food18, foods for specific groups19).  

 

2.2 European Nutraceutical Association (ENA) 
 

Because of the emerging role of Italy in nutraceutical sciences in the last few years, the 

European Nutraceutical Association (ENA) relocated its headquarters from Basel in 

Switzerland to Parma (Italy). ENA is a scientific society founded in 2005, devoted to 

promoting scientific discussion on nutraceuticals4. It aims to contribute to an assessment 

of this product group based on scientific criteria, and its principal activities are the 

evaluation of scientific literature, the organization of conferences and education courses 

for nutrition experts, specializing in disease prevention and health promotion. The 

association provides comments on the progress of scientific knowledge about 

nutraceuticals and their health effects, allowing the scientific community to keep 

informed of recent developments. To this purpose, ENA is always in contact with 

companies all over the world for the exchange of information and the pursuit of common 

objectives.  

The association's activities are also important to create a regulatory framework for 

nutraceuticals. In this context, ENA deals with the definition of a Health Claim for a given 

Nutritional Supplement. The gold standard is a multi-centric, randomized, placebo-

controlled intervention study20 but this aim if often disregarded by nutraceutical 
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producers that are interested  to put on market formulations as soon as possible. 

Therefore, it is an accepted scientific practice to link the variation of certain effect-specific 

biomarkers with the healthy response(s) triggered by the consumption of specific 

nutraceuticals: i.e. reducing F2-isoprostanes after consumption of vitamin C is accepted 

as proof of the antioxidative effect of vitamin C21; the inhibition of the production of 

several pro-inflammatory cytokines and the suppression of dendritic cell’s differentiation 

is enough to assert that vitamin D has an anti-inflammatory effect22. However, ENA 

prefers an alternative approach called “in vitro: cell, in silico: body” which allows to test 

“in vitro” the tissues and organ reactions elicited by the active molecules of a 

nutraceutical and then to calculate “in silico” the interactions of the whole body with this 

compound23. While this approach does not substitute for “in vivo” experiments, it can 

provide solid support for decreasing the number of “in vivo” experiments and making 

them more targeted. 

 

2.3 The Italian Society of Pharmacology (Società Italiana di Farmacologia, SIF) 

The Italian Society of Pharmacology (SIF) was founded in 1939 and recognized as a no-

profit scientific association by the Ministry of Universities and Scientific and Technological 

Research in 1996. Its purpose is to inform and disseminate the knowledge  concerning 

drugs, both by publishing articles and videos on its website, and by organizing a National 

Congress every two years and seminars for Ph.D. students, research fellows, and post-

doctorates in Pharmacology and related24.  

The society is managed by an elected president and a board of directors composed of 8 

members. Besides them, SIF is divided into several working classes, including the 
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Pharmacognosy, Phytotherapy, and Nutraceutical sections. Among all their tasks, the 

members of this group are responsible for providing scientific expertise on issues relating 

to natural products; promoting proper experimentation of preparations of plant origin, 

taking into account the peculiarities of the phytocomplex; contributing to the rational use 

of medicinal natural products, based on scientific evidence24.  

 SIF expressed its opinion about the healthy effect of nutraceuticals25, stressing that the 

activity of dietary supplementations cannot be considered “therapeutic”, but only 

“physiological”, and would consist in supporting the normal function of the organism. As 

an example of this type of function, in reference to ministerial guidelines, it is cited 

“relaxation (sleep) in case of stress”, regarding the Valerian Officinalis (valerian), or 

"Normal blood circulation; lipid metabolism” in the case of Allium sativum (garlic), 

without reference to any preventive and/or curative properties in case of insomnia 

(valerian) or hypercholesterolemia (garlic).  

However, this does not exclude that some plant extracts might have therapeutic effects 

and can therefore be marketed under two different categories: drugs or medical devices. 

The first include two subclasses:  

1. the medical products of plant origin (or phytotherapists) which are marketed 

exclusively in pharmacies and are authorized only based on the finding that the 

preparation has been used in a well-established medical framework in the 

European Community for years, with recognized efficacy and acceptable level of 

safety;  

2. the traditional medicinal products of plant origin (or traditional phytotherapists), 

which are different from the previous compounds because their level of efficacy 
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in not proven but plausible and can be marketed based on documented use along 

at least 30 years, of which at least 15 in the European Community.  

The medical devices category instead consists of plant extracts whose main 

mechanism of action is chemical or chemical/physical, for example, the so-called 

“barrier effect”. 

 

2.4 Italian Nutraceutical Society (Società Italiana di Nutraceutica, SINut) 
 

At the national level, SINut is one of the most important nutraceutical associations. It 

started working in 2009 in the headquarters situated in Bologna, where food, medical and 

pharmacological specialists are working together to improve nutraceutical research and 

clinical studies26. Its scientific relevance has increased more and more in the last decade, 

leading the Ministry of Health to include SINut in the list of Scientific Societies and 

Technical-Scientific Associations27. The society aims to improve nutraceutical knowledge, 

requiring companies to perform appropriate preclinical and clinical studies demonstrating 

the beneficial effects of the product they sell. Another important role of society is to 

promote food and nutraceutical education. SINut undertakes to organize local and 

national training courses and congresses, to implement knowledge and scientific 

exchange on this topic. 
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3. POMEGRANATE 
 

3.1 Plant  
 

Pomegranate (Punica granatum L.) is one of the earliest crops in the world. The plant is a 

drought-tolerant perennial fruit species and has great adaptation abilities to 

environmental conditions characterized by climatic aridity.  

Environmentally, it plays a very important role in the protection, restoration, and fixation 

of soils; despite being native to the Himalayas where it was cultivated as early as the 4th 

century, its cultivation has been exported to Central Asian countries, such as Afghanistan, 

Georgia, Iran, and China through trade, navigation, and cultural communication28.   

Phenotypically, the pomegranate tree has many spiny branches and can be long-lived (in 

Versailles, France, some trees are more than 200 years old); the leaves are glossy and 

lance-shaped; flowers are large and colored depending on the species, with a tubular 

calyx that can become the fruit. This one has a deep red coloration and contains many 

seeds (arils) separated by white pericarp, and each is surrounded by a small amount of 

red juice29. The plant has long been cultivated for ornamental purposes and edible fruits. 

For this reason, it is generally classified into two main groups: ornamental pomegranate, 

with small fruits, white flowers, and hard seeds, and edible pomegranate, which has large 

fruits, and red flowers and is particularly interesting for its medical use30.  

The edible part of pomegranate is about 57% - 85% of the whole fruit, among which the 

juice accounts for 36% - 63% and contains 17 kinds of amino acids, different minerals, and 

an array of biocompounds that are important in nutrition and beneficial to human 

health31. Pomegranate juice drinks are popular in daily life for both young and old 

consumers, and their extracts are also used as food additives, supplements, and taste 
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correction32. In China, many parts of the plant (roots, flowers, fruits, peel, seeds) are used 

as medicinal supplies for the presence of the phytocomplex which has a wide range of 

pharmacological properties, including anti-inflammatory, antibacterial, antioxidant, and 

antiviral activity33. Interestingly, the fruit’s nutraceutical properties are not limited to the 

edible part: the remaining portion consists of peel, seeds, buds, leaves, bark, and flowers, 

contain a higher amount of specific active components as compared to the eatable 

portion34. These nutritional enriched parts are commonly considered waste and the 

functional foods derived are not well accepted by consumers, mainly for their partial 

depletion of sensory features35.  

Pomegranate peel extracts are also important for their capability to act as excellent 

natural additives for food preservation and quality improvement36, thanks to their 

polyphenols component that exhibit important technical functions as an antioxidant, 

antimicrobial, colorant, and flavoring.  

 

3.2 Components 
 

The edible part of the fruit includes 78% juice and 22% seeds. Fresh juice is composed of 

85.4% water and 14.6% dry substance, consisting of organic acids, sugar, anthocyanins, 

pectins, polyphenols vitamins, and minerals37. The waste part of the fruit is of nutritionally 

interest too and contains different classes of substance: seeds principally contain lipids, 

proteins, and punicalagin, while the rind has a high concentration of polyphenols, such as 

hydrolyzable tannins and anthocyanins, which give it the bitter taste and colour38. 

Pomegranate fruit is also considered a good source of minerals, including sodium, 
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potassium, iron, zinc, magnesium, copper, calcium, phosphorus, and manganese, both in 

seeds and in juice39. 

Antioxidants found in plants are generally secondary metabolites, used by vegetal 

organisms for several functions, such as attracting pollinators, protecting from UV 

radiation, or regulating osmotic pressure40. These characteristics have been exploited to 

ameliorate the effects on health, storage, stabilization, and taste of foods37. In the last 

years, the bioactive compart of pomegranate fruits has attracted more and more 

scientists’ attention, leading to a detailed characterization of the various components that 

are shown below. 

 

3.2.1 Polyphenols 
 

Polyphenols are a huge family of phytochemicals, composed of more than 8,000 

compounds, which play an important role in the defence and the growth of several 

plants41. The molecules arise from a common intermediate (phenylalanine) or a close 

precursor (shikimic acid). Subsequently, they could be conjugated with one or more sugar 

residues, or associated with other compounds like carboxylic or organic acids, amines, 

and lipids42. Although they are secondary metabolites, polyphenols are needful for plants 

because they are implicated in different roles: as protectors from ultraviolet radiation and 

oxidative stress thanks to their antioxidant activity43; as shields from pathogens and 

predators because of their antibacterial, antifungal, and toxic properties44; as attractors 

for pollinating insects, guaranteeing plant reproduction45.  

The practical interest in these compounds arises for the first time in the tanning sector: 

several molecules (tannins in particular) can bind proteins making insoluble compounds, 
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avoiding the putrefaction of the animal skin and allowing it to be converted into leather46. 

Nowadays, the attention turns to the nutraceutical properties of these phytochemicals, 

since epidemiological studies and associated meta-analysis performed around the end of 

the 20th century have suggested that long-term consumption of polyphenols enriched 

foods offered some protection from several pathologies, such as cancer, cardiovascular 

diseases, diabetes, osteoporosis, and neurodegenerative diseases42,47. 

In cosmetic, pharmaceutical, and food industries, polyphenols are considered  organic 

compounds of natural origin with an aromatic structure containing several hydroxyl 

groups48. Their classification is based on the structure of the carbon skeleton and the 

position of hydroxyl substituents. Polyphenols are structurally divided into two main 

groups (Figure 1): flavonoids and no-flavonoids.  

 

 

Figure 1: Schematic polyphenols classification with general representative chemical structure. 

 

The first class is the most studied and includes about 4,000 molecule varieties. They are 

characterized by 15-carbon atoms chemical structure, consisting of two aromatic rings 
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bound together by different atoms that form an oxygenated heterocycle41. Flavonoids 

are divided into six different subclasses, based on the variation of the heterocycle: 

flavones, flavonols, flavanones, chalcones, isoflavones, and anthocyanins49.  

The non-flavonoids group includes more heterogenic compounds. Among all, the most 

important and abundant in plants are stilbenes and lignans, which contain two aromatic 

rings bound by different chains48. Also, phenolic acids, molecules with only one phenolic 

ring in the structure, belong to this category, although Quideau et al. were disappointed 

because in their opinion the definition of polyphenol is “plant secondary metabolites […]  

featuring more than one phenolic ring and being devoid of any nitrogen-based functional 

group in their most basic structural”50.  

 

3.2.2 Ellagitannins 
 

Tannins are an important class of natural polyphenols and are divided into two main 

groups: hydrolyzable tannins (HTs), polymers of gallic acid (GA), and/or 

hexahydroxydiphenoic acid (HHDP) with a sugar residue, and condensed tannins (CTs), 

carbon-carbon linked compounds of flavan-3-ols51. HTs include ellagitannins (ETs) and 

gallotannins (GTs). Ellagitannins contain in their structure HHDP and GA esterified, 

connected with a sugar residue, principally β-D-glucose.  

Ellagitannins are soluble in water, but they are quickly hydrolyzed by diluted acid and 

basis conditions or enzymes, providing HHDP and GA and subsequently ellagic acid (EA) 

as reported in Figure 2.  
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Figure 2: Hydrolytic scheme of the monomeric ET Peduncalagin, a monomeric ellagitannin. 

 

ETs react with proteins, saccharides, and metal ions, forming complexes that can lead to 

several chemical reactions, such as isomerization51. 

Ellagitannins undergo rapid hydrolyzation by enzymes present in salivary, gastric, and 

pancreatic juices. The small fraction that escapes these enzymes is then metabolized by 

the gut microbiota into a sugar compound and ellagic acid52, which is further converted 

into urolithins (UROs). The ETs bioavailability differs among individuals since it strictly 

depends on where these molecules are adsorbed, how efficiently they are released from 

foods during digestion, and whether they interact with macromolecules in the 

physiological milieu. 

Ellagitannins are active compounds used both by plants and animals when introduced 

into the organism by their ingestion. They are synthesized by plants as secondary 

metabolites and used by them for preventing pest attacks and inhibiting microbial growth 

because they can form complexes with proteins and polysaccharides that arrest the 

absorption of bacteria and virus53. Since these compounds are present in several foods 
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(not only in pomegranate but also in nuts and berries), they can be introduced into the 

human body through the diet, where they play an important role in preventing and/or 

improving the progression of invalidating diseases, such as neurodegenerative, 

cardiovascular, and cancer disorders54. The antioxidant activity is due to their capability 

to interact with Reactive Oxygen Species (ROS)55 or Reactive Nitrogen Species (RNS)56 and 

therefore to prevent the formation of other free radicals that are dangerous to health. 

Furthermore, ETs belong to the polyphenol chemical category, and so they have a 

phenolic structure that can chelate and subtract metal ions in one hand, and interact with 

enzymes (i.e. several cytochrome P450 isoforms, lipoxygenases, cyclooxygenases) in 

other hands, inhibiting the generation of new unstable reactive molecules57. Their health 

beneficial properties can also be amplified if they are in co-presence with other 

antioxidants such as L-ascorbic acid, tocopherols, and β-carotene, that act synergically 

increasing the scavenging of ROS and regulating the amount of intracellular glutathione51. 

 

3.2.3 Ellagic acid 
 

This phenolic acid is well represented in pomegranate fruits, not only in the edible part 

(arils) but also in the external peels, which are generally considered waste. It may be 

found in plants as free EA, EA glycosides, or in a complex form as ellagitannins. 

Ellagic acid is an odourless weak acid with a highly thermostable structure (melting point: 

about 450 °C; boiling point: about 796 °C) and it may be seen as a dimeric derivate of gallic 

acid (Figure 3). 
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Figure 3: Structure of gallic acid and its dimer derivate ellagic acid. 

 

It is chemically composed of a hydrophilic region, made of four hydroxyls and two 

lactones groups, and a lipophilic planar region, including two hydrocarbon phenyl rings. 

The hydrophilic moiety can act as an electron acceptor, as well as interact with different 

molecules to form hydrogen bonds, taking part in antioxidant redox reactions. On the 

other side, the high level of crystallinity due to its planar structure and the extensive 

hydrogen bonding network drastically reduces its solubility, both in water (9.3 - 9.7 μg/mL 

at pH 7.4, 21 °C) and in alcohol (671 μg/mL in methanol and 200 μg/mL in ethanol at 37 

°C).  

Although ellagic acid is a secondary metabolite used by plants for different purposes and 

its detection as free form in vegetables is very difficult,  it is used as a biomarker of dietary 

ETs in food supplements58, usually standardized as % of EA.  

As far as the pharmacokinetics parameters are concerned, EA plasma level peaks after 30 

min after ingestion, when it became detectable in different tissues, particularly in the 

kidneys and liver, with a minor percentage in the heart, lungs and brain59. The ellagic acid 

Cmax reports a low diffusion within the body, making very difficult its detection in 



- 19 - 
 

peripheral tissues and not justifying the healthy properties ascribed to the intake of EA-

rich foods60. Furthermore, the short half-life (about 8.4 h) and its binding to plasma 

proteins further reduce its bioavailability58.  

Recent studies on the absorption of punicalagin (the most abundant ellagitannins in 

pomegranate fruit) and ellagic acid after the oral administration of pomegranate extracts 

(POMx) attracted interest in the scientific community. Data exists showing that plasma 

punicalagin concentration does not increase after POMx administration, both in humans58 

and rats61, while the maximum plasma concentration of ellagic acid arises after 1 hour the 

ingestion. In 2006, Mertens-Talcott and colleagues investigate pharmacokinetic 

parameters concerning  the absorption and the metabolism of a whole-fruit extract of 

pomegranate standardized to punicalagins in healthy humans62. 11 volunteers were 

administered with 800 mg of pomegranate extract, received in the form of two capsules 

with 170 mL of drinking water. Blood samples were collected at baseline, 30 min, 1 h, 2 

h, 4 h, 6 h, 8 h, and 24 h after the intake. EA and its metabolites were measured by LC-MS 

methods. While punicalagins were not detected in plasma, ellagic acid metabolites, such 

as urolithin A and B in both conjugate and free forms, were found throughout 2 – 24 h 

after ingestion. The study reported that the absorption occurs in the stomach and the 

proximal small intestine, leading to a maximum concentration amounting to 33.8 ± 12.7 

ng/mL at 1h then rapidly declining within a few hours. Urolithins have been proposed as 

microbial metabolites biosynthesized in the distal part of the small intestine and colon, as 

suggested by Seeram and colleagues’ survey which demonstrates their long lasted in 

blood63. UROs are better absorbed with respect to EA and reach more easily the 

peripheral tissues where they potentially cross the barriers to exert their healthy effect64.  



- 20 - 
 

EA-rich foods have a beneficial activity due to their antioxidant and anti-inflammatory 

properties, being also neuroprotective in both animal 65 and patients66. 

The anti-inflammatory effect was studied in animal models of acute and chronic ulcerative 

colitis by Marìn et al.67. The authors observed the amelioration of disease severity in 

female mice treated with dextran sulfate sodium that was co-administrated with a dietary 

supplementation of ellagic acid. The healthy activity was detected both macroscopically, 

by monitoring the behavioural skills, and microscopically, by quantifying clinical 

parameters and inflammatory markers, such as interleukin-6 (IL-6), tumor necrosis factor-

α (TNF-α), and interferon-γ (IFN-γ), as well as the expression of cyclooxygenase-2 (COX-

2) and inducible nitric oxide synthase (iNOS) in colon tissue. These latter effects were also 

observed in a model of Chron’s disease induced by the administration of 

trinitrobenzenesulfonic acid in rats68. 

As far as the neuropharmacological activity is concerned, several studies have been 

carried out by analyzing both “in vitro” and “in vivo” parameters in different animal 

models of neuropathological diseases. Rojanathammanee and colleagues69 investigated 

the effects of chronic oral treatment of POMx dissolved in the drinking water in a 

transgenic mouse model of Alzheimer’s disease (AD). The pathology consists of a chronic 

neurodegenerative process typified by progressive dementia associated with elderly. The 

natural solution consumption improved mice behaviour in two different tests (Barnes and 

T-maze), which allow to evaluate spatial and learning memory. Additionally, “in vitro” 

tests revealed a reduction of nuclear factor of activated T cells cytoplasmic 1 (NFATc1) of 

TNF-α, and phosphorylated IκB (nuclear factor of κ light polypeptide gene enhancer in B 

cell inhibitor) content in the hippocampus of treated mice. The extract was also able to 
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attenuate microgliosis but not astrogliosis, showing therefore a central anti-inflammatory 

effect. 

Another important neurodegenerative pathology is Parkinson’s Disease (PD), which is 

characterized by a progressive loss of dopaminergic neurons in Substantia Nigra that 

causes the onset of clinical symptoms, such as motor impairments, bradykinesia, and 

memory loss70. One of the main players in the onset of the pathology is oxidative stress 

(OS), which leads to aberrant oxidation of dopamine that in turn causes an extensive 

production of ROS, lipid peroxidation, and finally neuronal death57. Through “In vitro” 

analysis, it has been shown that IL-1β and TNF-α are particularly involved in the 

neurodegeneration that typifies PD progression71. The expression of these biomolecules 

increases in the Substantia Nigra of patients suffering from Parkinson’s disease, causing 

the activation of the inflammatory cascade that leads to neurotoxic effects at 

dopaminergic neurons. The pharmacological strategy for the cure of the disorder aims to 

bring dopamine back to physiological levels and/or to protect the dopaminergic 

neurons72. In 2016, Sakaki et al.73 investigate the potential effects of EA in 6-

hydroxidopamine (6-OHDA) lesioned rats, a widely used animal model of PD. Animals 

were administered orally with the nutraceutical for 10 days, then “in vivo” and “in vitro” 

tests were performed. EA recovered motor disorders and the concentration of 

neuroinflammatory biomarkers in 6-OHDA lesioned treated mice, by reducing IL-1β and 

TNF-α levels in the hippocampus and striatum. These findings provided evidence of its 

antioxidant properties and paved the way for the possible use of the product as an add-

on therapy for the treatment of the disease. 

Inflammation and oxidative stress are also crucial for the onset and development of 

clinical signs and pathological features that typify multiple sclerosis (MS), an autoimmune 
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demyelinating progressive disease that affects CNS74. It is characterized by central 

demyelination, inflammatory foci, synaptic pruning, and neuronal simplification caused 

by infiltration of reactive peripheral lymphocytes which activate resident microglia, 

supporting local derangements and astrocytosis57. Recently data were provided showing 

that “in vivo” EA oral administration can reduce the gravity of the symptoms in an animal 

model of multiple sclerosis75. More in detail, the onset of the clinical symptoms was 

delayed, and the gravity was significantly reduced. At the cortical level, the ellagic acid 

intake caused an increase in the expression of sphingolipids and ceramides, the main 

target of the disease-modifying therapy orally active Fingolimod (Gylenia®)76, opening the 

possibility that EA could represent an innovative approach to the cure of MS. 

Interestingly, sphingolipids and ceramide synthesis in oligodendrocytes culture were 

improved by urolithins75, suggesting the possible mechanism of ellagic acid in CNS. 

 

3.2.4 Urolithins 
 

The term urolithins (UROs) refers to a very large family of gut microbiota metabolites of 

ellagitannins and ellagic acid that were discovered for the first time 20 years ago as 

bioavailable metabolites from pomegranate ETs61. Since then, UROs have been studied 

for different health effects and they have been found in different plant foods other than 

pomegranates, such as berries (strawberries, raspberries, blackberries, …), walnuts, 

tropical fruits, medicinal plants, and herbal teas64. 

As discussed above, the bioavailability of ETs and EA is low, and they are rapidly 

metabolized, preferentially in the distal colon region, by the gut microbiota77. From a 

chemical point of view, UROs are 6H-dibenzo[b,d]pyran-6-one derivates with different 
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hydroxyl substitutions, including mainly urolithin A (URO A), urolithin B (URO B), and their 

isomeric forms (Iso URO A and Iso URO B)78. In particular, they originate from the opening 

and the decarboxylation of one of EA lactone rings and the progressive removal of 

hydroxyls from different positions, made by the gut microbiota metabolic activity78. In 

humans, the complete transformation of ellagic acid leads to the production of two 

principal subtypes, URO A, and URO B, and their respective isomers77, as shown in Figure 

4. 
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Figure 4: Catabolic pathway of ellagitannins and ellagic acid to urolithins. 
Source: Villalba et al. 2022 with minor modifications. 
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Considering their chemical structures, UROs are quickly absorbed and transferred to the 

circulatory stream from which they can reach several tissues, including the central 

nervous system57, to exert their activity. They are incorporated into enterohepatic 

circulation or conjugated with sulfate, glucuronic acid, or methyl to be eliminated with 

feces and urine. In this regard, different studies carried out both in humans79,80 and 

animals81,82 highlighted the presence of these biomolecules not only in gastroenteric 

waste products but also in plasma and milk, confirming its wide distribution throughout 

the body. The predominant metabolites found in plasma and urine are URO A, Iso URO A, 

and URO B, preferentially conjugated with glucuronic acid64. It is important to note that 

the amount of urolithins detected in the samples are sometimes different, since they can 

be influenced by the analytical methods applied64 and the different microbiota 

composition of the hosting species83. More specifically, the EA metabolism, and therefore 

the UROs produced, depends on the gut microbiota balance that in turn is influenced by 

the health and age of the patient, his/her living conditions, and metabotype84,85. 

Metabotype is a broad term that also refers to the importance of the gut microbial 

composition of each subject in the biological activity (synthesis, transport, interaction 

with receptors and metabolism) of endogenous and exogenous compounds86–88. In the 

context of polyphenols, metabotypes play a main role in the metabolism of isoflavones89 

(producers vs non-producers) and ellagic acid84 (URO metabotypes, UM). Three different 

UMs have been described so far: the UM 0 individuals, that cannot produce urolithins; 

the UM A individuals, who can produce only URO A as final urolithin; the UM B individuals, 

that are able to produce not only URO A but also Iso URO A and URO B83. While the 

percentage of UM 0 is approximately constant (about 10%) in the range from 0 to 90 years 

old Caucasian individuals, the UM A and UM B change across the lifespan84. In detail, UM 
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A is more prevalent in young subjects, decreasing from 85% up to 55% in adults, paralleled 

by an increase of UM B from 15% to 45%. From 35 to 40 years of age, the proportion of 

both UMs remains almost unaltered (55% UM A and 45% UM B)84.  

Besides these interindividual differences, it is worth reminding that the metabolism 

leading to urolithins does not occur in all mammals species, due to the lack of some 

bacterial strains in the gut microbiota of the host individual78. In this regard, only URO A 

was detected in mice90, differently from humans and rats, in which all the principal UROs 

was revealed.   

The metabolic information is essential to set up a preclinical and clinical experiment to 

permit correct interpretation of the collected outcome. For this purpose, identifying the 

metabotype allows recruiting subjects more or less exposed to different pathologies. The 

current evidence suggests that the gut microbiota of UM A could be “protective”, while 

UM B could be potentially vulnerable to dysbiosis and cardiometabolic risks86,87,91. An 

example is an investigation carried out by Gonzàlez-Serrìas and colleagues92, 

demonstrating the increase of cardiometabolic risk biomarkers in UM B individuals after 

the pomegranate extract administration. Interestingly, no statistically significant effect 

was revealed in UM A individuals, while the relatively low number of UM 0 volunteers has 

prevented drawing any statistical conclusion regarding the possible impact of this non-

producer subgroup on the outcomes of the study. 

The biological activity of UROs is attributed to their ability to exert the antioxidant effect 

mediated only by the absorption capacity of oxygen radicals (oxygen radical absorbance 

capacity, ORAC), tested “in vitro” through the measurement of peroxidic radical-induced 

oxidation inhibition93. In other tests based on the single electron transfer (SET) 
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mechanism, urolithins have been shown not to possess significant antioxidant 

properties94,95, suggesting that the main mechanism involved in their activity is mediated 

by those related to hydrogen atom transfer (HAT). The limited antioxidant capacities 

possibly depend on the fact that free UROs possess only one (URO B) or two (URO A) 

hydroxylic groups, which act as functional groups favouring HAT reactions, but also on the 

presence of the carboxylic group that, being part of the lactone ring, acts as an electron 

acceptor, further hindering the SET mechanism93. Although their role as a direct radical 

scavenger is minimal, urolithins exert several beneficial effects thanks to their 

cytoprotective role due to the improvement of the biological defence and their activity as 

oxidase inhibitors. 

The main relevant property of UROs is related to their anti-inflammatory activity, in 

particular at the gut level83. The benefits include the protection from inflammation-

induced damage in colon tissues, the modulation of genes and proteins (such as iNOS, 

COX-2, NFκB) as well as molecules (such as cytokines, and prostaglandins) involved in the 

inflammatory cascade96,97. Moving from the local to the systemic environment, several 

studies describe the anti-inflammatory property of UROs after their oral or 

intraperitoneal administration98–100. More in detail, URO A administration mitigates 

inflammation-induced injury in animal models of ischemia/reperfusion and osteoarthritis, 

allowing for the reduction of systemic pro-inflammatory cytokines and the signalling 

pathways involved in the inflammation status. However, despite the pharmacological 

context, the molecular mechanism(s) involved remains unknown and more studies are 

necessary to clarify it.  Interestingly, it recently emerged in “in vitro” studies on immune, 

endothelial, and neuronal cells, that UROs display the anti-inflammatory effects only if 

present as the free form, since, when conjugated, their activity is very low or even 
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absent101–103. It cannot be excluded that conjugated urolithins can act through alternative 

mechanisms. 

Based on these assumptions, in the past few years, several studies have been conducted 

to investigate the possible neuroprotective activity of urolithins attributed to ETs-rich 

foods consumption. These investigations, carried out in an animal model of 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease, report that URO 

A administration ameliorates cognitive impairment, and reduce the accumulation of 

amyloid plaque104–106. The neuroprotective effect of this metabolite may also be due to 

the anti-inflammatory property in the case of multiple sclerosis, as reported in the study 

performed by Shen et al.107 unveiling the correlation between the healthy effect of 

urolithins in the EAE (Experimental Autoimmune Encephalomyelitis) animal model and 

the reduction of the number of inflammatory cells and the percentage of Th17 cells in the 

brain.  In this regard, several preclinical studies demonstrated that only the free form of 

URO A can cross the blood-brain barrier (BBB) and reach the brain in rats administered by 

the pomegranate juice108, confirming previous results obtained by computational 

models109. These results should be cautiously considered because in the brain the 

metabolites undergo enzymatic hydrolysis, making it very difficult to distinguish between 

free UROs and deconjugate ones. In particular, whether conjugated glucuronides could 

cross the BBB alone or in combination with the free form, releasing the latter one in situ 

and increasing its concentration, is still unknown108.  
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4.  MULTIPLE SCLEROSIS 
 

4.1 General overview  
 

Multiple sclerosis is a chronic inflammatory demyelinating disease that affects the central 

nervous system, as a result of the interaction of environmental and genetic factors that 

remain almost unknown110,111. It is estimated to affect two million people worldwide with 

a female predominance equal to three times more than men. Since its clinical 

manifestations start in the third and fourth decade of life, MS represents a prime cause 

of neurological disabilities in young adults, leading to wide psychological, health, social, 

and economic consequences112. Clinically, multiple sclerosis manifests itself as 

neurological deficits, which can develop in any part of the CNS: pyramidal-motor and 

visual symptoms are among the most common manifestations. Inflammatory plaques, 

determined by magnetic resonance imaging (MRI), are the main pathological hallmark of 

the disease. 

 

4.2 Etiology 
 

The ethiopathogenesis of the disease is complex and not yet completely understood, but 

the major factors triggering the pathology are inflammation and neurodegeneration. 

T cells in the periphery become activated by a viral or another antigen113 and differentiate 

into Th1 or Th17 cells, producing respectively IFN-γ and IL-17, IL-21, IL-22, or cells 

producing all these inflammatory cytokines. These lymphocytes cross the BBB and, 

through chemokine release, attract other immune cells including B cells, monocytes, and 

macrophages from the periphery to the CNS. Here, the activated immune cells produce a 
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huge amount of pro-inflammatory cytokines that promote the inflammatory state. In 

detail, T cells in the central nervous system are reactivated by the major 

histocompatibility complex (MHC II) on resident or immigrant antigen-presenting cells 

(APC). This interaction triggers the release of pro-inflammatory cytokines that activate 

the neighbouring immune or neuronal cells, especially macrophages and microglia that 

are thought to damage the CNS indirectly and directly. B cells differentiate in plasma cells 

and release antibodies against myelin which allow macrophages to attack and phagocyte 

the myelin sheat114. CD8 (cytotoxic) T cells attack the myelin sheath through mediators 

such as TNF-α, ROS, and NOS as well as granzyme and perforin which directly injure 

axons115. Elements of the humoral immune response also contribute to the course of the 

pathology, via complement activation, reactive oxygen, and nitrogen species116.  

Resolution of inflammation occurs when T-regulatory cells (Treg) or natural killer cells 

(NK) come into play by releasing anti-inflammatory cytokines such as IL-10. The 

consequence of all these processes is that the sheath is damaged and usually is not 

completely regenerated, and the axons degenerate, not only because they are free of 

myelin and more exposed to environmental risks, but also because of the Wallerian 

degeneration and metabolic injury117. 

Plaques, generated by this autoimmune process, are defined as multifocal both in a 

spatial sense, as they can appear in different areas of the CNS, and in a temporal sense, 

as usually their number increases over time. These regions can be detected with 

neuroimaging techniques, such as MRI.  
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4.3 Classification 
 

The manifestation of the disease varies among patients and depends on the injured areas 

(brain or spinal cord), that would affect different functions of the body. Most diffuse 

symptoms are movement and coordination deficits, including speech, vision and cognitive 

alterations.74 MS is characterized by a variable clinical course and different forms are 

recognized, attributable to a different course of pathology. 

Most of the patients initially suffer from a relapsing-remitting course (relapsing-remitting 

MS, RRMS), characterized by acute exacerbations from which they completely or 

incompletely recover, with a period of relative clinical stability in between118. The 

exacerbation, also called relapse or attack, is defined as “patient-reported symptoms or 

objectively observed signs typical of an acute inflammatory demyelinating event in the 

central nervous system with a duration of at least 24h, in the absence of fever or 

infection”119. During the period of remission, it is not observed any apparent progression 

of the disease, and symptoms can disappear but also become permanent. Common 

presenting syndromes are optic neuritis, motor and/or sensory deficits, and brainstem 

symptoms and the diagnosis is accompanied by MRI which reveals the presence of diffuse 

multiple lesions120. Based on the presence of the lesions, RRMS can be subclassified into 

dissemination in space, when there are at least two areas of the CNS typically affected by 

multiple sclerosis, and dissemination in time, when the CNS lesions have developed over 

time118. 

The category of the clinical isolated syndrome (CIS) was added later, even if the term was 

in use for many years both in research and in clinical practice121. CIS is characterized by 

clinical evidence of a single attack, but the MRI does not fully meet RRMS criteria. 
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Depending on the number of lesions, the syndrome can be monofocal or multifocal: the 

first refers to an exacerbation isolated in space and time, and patients usually report only 

one lesion at the level of the optic nerve, the brainstem, the spinal cord, or the 

cerebellum; the second is described by lesions disseminated in space, with symptoms 

affecting different parts of the body, such as optic neuritis and simultaneous internuclear 

ophtalmoplegia121. Although in some cases these clinical symptoms remain an isolated 

event of CIS patients, in others clinical isolated syndromes convert to multiple sclerosis. 

The primary-progressive form of multiple sclerosis (PPMS) affects patients with 

progressive decline in neurological functions starting from the time of disease onset. 

Briefly, it is characterized by a first asymptomatic period, followed by a period with a 

manifestation of clinical symptoms, with the presence or absence of new lesions118. 

Generally, PPMS patients experience more intensive and severe symptoms than those 

with RRMS. Besides most MS hallmarks, such as fatigue, vision problems, spasticity and 

numbness, and problems with learning, memory, and information processing, people 

with PPMS are more prone to have disabilities in walking and mobility. 

The last category recognized is secondary-progressive multiple sclerosis (SPMS), where 

the neurologic functions are progressively worsening, after an initial relapsing course. The 

point of transition to SPMS is difficult to define and it is often recognized only in 

retrospect122, following the course of the disease that starts with a relapsing phase and 

worsens in up to 40% of patients in the 20 years after the initial events. Interestingly, 

different studies reveal that inflammation is less present in SPMS compared to RRMS, 

accompanied by a smaller number of lesions principally localized in the spinal cord. 

Research regarding potential biomarkers or imaging techniques that distinguish SPMS 

from RRMS or possibly predict the transition is underway123–125. 



- 33 - 
 

5. EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS (EAE) 
 

EAE is one of the most studied animal models of multiple sclerosis because traces various 

histopathological features and immunological signs of the disease. The major difference 

between MS and EAE is that the model requires an external immunization step to develop 

the disease, whereas obviously the autoimmune disorder is not artificially induced in 

patients126. As a consequence, different forms (i.e. acute or chronic-relapsing 

inflammatory demyelinating autoimmune disease) of pathology can be induced, 

depending on the strain, age, and gender of the animal.  

EAE can be obtained through two different approaches: active immunization with myelin 

peptides (used in our laboratory), and passive immunization elicited by inoculating naïve 

animals with activated myelin antigen-specific T cells127,128.  

For the induction of active EAE, the preferential animal strain used are C57JBL mice, 

because of the cheaper cost of housing and since they can be easily genetically 

manipulated129. 

Animals are subcutaneously injected with a myelin-related antigen or peptide and 

Mycobacterium Tuberculosis (MT), emulsified in IFA (incomplete Freund’s adjuvant). 

While MT promotes the immune response mediated by Th1 cells, IFA induces a Th2-

dominated response130. Besides triggering the peripheral immune response, an important 

advantage of Freund’s adjuvant is that it increases BBB permeability, without activation 

of microglia and astrocytes131. Unfortunately, it has also disadvantages, the most evident 

is that it can cause granulomas at the inoculation site.  

The subcutaneous injection is not sufficient to generate the disease: mice require 

additional injections of pertussis toxin on the day of immunization and 48 h after127. The 
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mechanisms of enabling EAE induction by this virulence factor are complex and not 

completely understood, but it is thought to facilitate immune cells to cross the BBB, as 

well as to promote T cell proliferation and cytokines release132.  

The pathogenesis is comparable to that observed in patents affected by multiple sclerosis. 

Briefly, immunization leads to the activation of myelin-specific T cells in the secondary 

lymphoid organs, forming a large pool of CD4+ T cells in the periphery that differentiate 

and become able to egress the organs and pass into the blood circulation. The entry of 

those cells in the CNS is favoured by the expression of adhesion molecules, cytokines, and 

chemokines, leading to a disaggregation of the BBB133. Once in the central nervous 

system, T cells are reactivated after their interaction with antigen-presenting cells, such 

as microglia, macrophages, and astrocytes, and amplify inflammatory response releasing 

pro-inflammatory mediators that further attract immune cells from the periphery, 

increasing tissue damage and demyelination127. Tregs are also recruited in the CNS to 

regulate the immune cascade and during the later stage of the disease are responsible for 

the resolution of the pathology134, accompanied by the action of INF-γ and NO which 

synergically suppress T cells reactivity135. 

In the C57JBL mouse, the immunization causes multifocal confluent areas of inflammatory 

infiltration and demyelination in the peripheral white matter of the spinal cord136, and in 

the cerebellum and hindbrain white matter meningitis and perivascular inflammatory 

cuffing are also observed.  

Clinical symptoms onset can be detected starting from a week post-immunization and 

clinical score is assigned according to the standard and validated 0 to 5 scale137: 0 = 



- 35 - 
 

healthy; 1 = limp tail; 2 = ataxia and/or paresis of hindlimbs; 3 = paralysis of hindlimbs 

and/or paresis of forelimbs; 4 = tetraparalysis; 5 = moribund or death. 
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6. NUTRACEUTICALS AND MULTIPLE SCLEROSIS 
 

Multiple sclerosis affects people of all ages, races/ethnicities, and sex and, despite the 

existence of several approved disease-modifying therapies, most patients still experience 

disability and persistent symptoms, leading to the need for adjunctive therapies138. 

Dietary supplementation recently gained huge popularity as a possible solution to address 

this need.  

 

6.1 Vitamins 
 

In the last two decades, several studies including vitamin administration were reported 

to improve biological (i.e. MRI brain volume change, antioxidant capacity) and clinical (i.e. 

fatigue, depression, Expanded Disability Status Scale ) outcomes in people with MS139. 

Vitamin A (retinol), B2 (riboflavin), B3 (niacin) and B6 (pyridoxine) have in common the 

characteristic to be potent antioxidants, a fundamental property to treat inflammatory 

disease(s) such as multiple sclerosis. Based on this assumption, several investigations 

were carried out to evaluate the possible health effects of vitamin supplementation in 

animals and in humans as well.  

 

6.1.1 Vitamin A 
 

 EAE guinea pigs administered with high-dose vitamin A showed a reduction in motor 

disability140, but had toxic reactions. These preliminary data were supported by the 

outcomes from two randomized clinical trials , in which RRMS patients were administered 

daily with vitamin A for 6 months to reduce fatigue and depression141. In the treated 
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patients, the positive clinical observations correlated with a significant decrease of IL-17 

and IFN-γ expression in peripheral blood mononuclear cells142.  

 

6.1.2 Vitamin B2 
 

Riboflavin has antioxidant properties, probably due to its involvement in the glutathione 

cycle138. A recent study using EAE mice reveals elevated levels of IL-6 and IL-17 in CNS and 

less motor impairment in riboflavin-treated animals when compared to controls143. The 

same researchers also explored the effect of vitamin B2 in a 6-month clinical trial for MS 

patients, but no effect on motor dysfunction was observed144. 

 

6.1.3 Vitamin B3 and B6 
 

As far as the vitamin B3 and B6 are concerned, no clinical studies have been so far 

dedicated to these compounds, but one study was carried out using EAE animals. The 

results from this study showed that niacin reduced inflammatory cell infiltration and 

promoted remyelination145. 

 

6.1.4 Vitamin B7 
 

Another vitamin important to mention is vitamin B7, or biotin, which is an essential 

cofactor involved in lipid, carbohydrate, and amino acid metabolisms, as well as in cellular 

replication138. In demyelinating axons, vitamin B7 is hypothesized to increase energy 

production and to activate fatty acid synthesis, then supporting remyelination. Although 
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biotin treatment has not yet been carried out on EAE animals, two different clinical 

studies showed a slight reduction of clinical signs146,147. 

 

6.1.5 Vitamin D 
 

Vitamin D is the vitamin that has aroused the greatest interest in the treatment of 

multiple sclerosis. The term “vitamin” is inappropriate because it is a prohormone, 

hydroxylated firstly by the liver and then by various tissues to 1,25-hydroxyvitamin D, 

which is the active form138. Vitamin D has a cell-type specific effect, including an anti-

inflammatory effect on T cells148.Vitamin D is supplemented as cholecalciferol (commonly 

defined as vitamin D3) . Its administration causes a partial reduction in the demyelinating 

lesions detected by MRI, but has no  activity on the relapses or the progression of 

disability149–151. Only one study showed the amelioration of the clinical signs (i.e. the 

reduction of relapses) and the reduction of the new lesions detected  with MRI in a 

subgroup of RRMS patients already treated with IFN-β1a and low serum 25-

hydroxyvitamin D concentration152.  

 

6.2 Biomolecules 
 

6.2.1 Caffeine  
 

Caffeine, the 1,3,7-trimethylxanthine, is a biomolecule usually used as a stimulant of the 

central nervous system153. Several studies have shown it exerts protective effect(s) in 

patients suffering from several neurological diseases153,154. The benefits of caffeine are 

attributed to its capacity to induce autophagy155–157, which would negatively regulate the 

activation of inflammasome and consequently the overproduction of inflammatory 
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mediators such as IL-1β and IL-18158 and the disruption of the blood-brain barrier 159. 

Consistent with the hypothesis, recent study performed in EAE mice provided evidence 

that the administration of caffeine dissolved in the drinking water can control the 

inflammasome activation by inducing autophagy, which results in a reduction of the 

infiltration of inflammatory cells and demyelination160.  

These promising results were also confirmed in clinical studies, in particular in two large 

case-control investigations concerning the effects of coffee consumption in MS. The 

studies unveiled  that its use is associated in a dose-dependent manner to a reduced risk 

of developing the pathology161. In the literature, there is limited data regarding caffeine 

supplementation as a therapeutic modality for multiple sclerosis: only one cross-sectional 

study demonstrates a reduced risk of pathology progression associated with regular 

coffee consumption in patients with RRMS162. For the sake of clarity, it is however 

important to remind that coffee contains other bioactive compounds than caffeine, which 

may contribute to this beneficial effect. 

 

6.2.2 Curcumin 
 

Curcumin is a derivate of turmeric and it is used as an antioxidant and anti-inflammatory 

herbal supplement138. Studies in EAE mice have reported that the molecule improves the 

clinical course and reduces the production of several cytokines and chemokines, 

hallmarks of the pathology163–165. Despite the beneficial effects of curcumin in preclinical 

tests, various kinetic problems limit its use in clinical studies. Curcumin has poor solubility 

in water, scarce absorption in  intestinal mucosa, and low stability in blood, restricting all 

practical routes of administration166. Two randomized-clinical trials explored the effects 
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of nanocurcumin, a new formulation that increases the bioavailability of the compound, 

in the treatment of MS167,168. The supplementation increased the number of Treg cells 

and the expression of anti-inflammatory cytokines in blood peripheral mononuclear cells. 

Recently, a small placebo-controlled clinical trial dedicated to study the effects of 

curcumin as adjunctive therapy in patients with RRMS reported that it acts synergically 

with the IFN-β1, increasing its efficacy on the inflammatory radiological symptoms of 

MS169. 

 

6.2.3 Ellagic Acid 
 

Ellagic acid is a polyphenol derived from fruits (pomegranate, berries) and nuts, which 

exhibits antioxidant and anti-inflammatory actions in several mammalian tissues65. 

Several studies have been performed to investigate its possible beneficial effects in 

neuroinflammatory and neurodegenerative diseases, including multiple sclerosis. EA has 

anti-inflammatory properties due to its ability to control the expression of NF-κB , which 

is a transcriptional factor associated with both redox regulation and inflammatory 

activity170,171. Stimulation of this factor in brain cells has been associated with antioxidant 

enzymes and protection against pro-oxidant agents172. Starting from this evidence, five 

different studies75,173–176 have been carried out using different animal models of multiple 

sclerosis. By using the Cuprizone (Cup) mice model of demyelination disease, Sanadgol et 

al.173 revealed that EA treatment (40-80/mg/kg/day; i.p.) reduces the production of pro-

inflammatory cytokines, decreasing microgliosis and monocyte infiltration in the brain, 

but also increasing the mature oligodendrocytes population, which would limit 

demyelination. These data were implemented by Khodaei and collegues174, who reported 

that EA treatment improves Cup-induced demyelination in a dose-dependent manner, 
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recovering muscular dysfunction, motor incoordination, and locomotor inactivity in sick 

mice. They associated these effects with EA’s ability to protect mitochondria by modifying 

Sirt3, an important enzyme involved in mitochondrial dysfunction-related disorders such 

as MS177, and reducing oxidative stress. In the spinal cord compart, ellagic acid reduces 

demyelination and ROS concentration, bringing them to the values of control non-

immunized mice176.  

These promising results were confirmed and implemented by using EAE rats, the widely 

used animal model for studying multiple sclerosis. In 2018 Busto’s research group75 

demonstrated that oral treatment of EA (10mg/kg/day) in EAE Lewis rats delayed the 

onset of the clinical symptoms and reduced the progression of the pathology. At the acute 

stage of the disease, treated EAE rats had a content of myelin binding protein (MBP) and 

sphingolipids in the cerebral cortex comparable to the control, non-immunized ones. MBP 

is an indicator of myelin integrity, while sphingolipids are the major constituents of myelin 

membranes, and their quantification provides an hallmark of demyelination and 

oligodendrocytes cell death. Neuroinflammation, demyelination and axonal loss are 

reduced also in the spinal cord of treated EAE animals, as reported in the Kiasalari et al.176 

study. The oral administration of ellagic acid (10-50mg/kg/day) to EAE mice down-

regulated tissue levels of pro-inflammatory cytokines (i.e. TNF-α, IL-6, IL-17) and 

increased that of the anti-inflammatory ones (i.e. IL-10). Another important MS feature is 

the involvement of inflammasome and pyroptotic pathways, measured by NLRP3 and 

caspase 1 content in the development of the disorder. NLRP3 inflammasome plays crucial 

and pivotal roles in innate immunity and it is important in the development of MS, while 

caspase 1 is a specific biomarker of pyroptosis, a highly inflammatory form of lytic 

programmed cell death which differs from apoptosis because of its pro-inflammatory 
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nature. EA-treated mice showed a reduction of both hallmarks, as well as amelioration in 

astrogliosis and microgliosis, suggesting that the compound can hamper the severity of 

EAE through partial abrogation of some involved pathogenic mechanisms related to 

neuroinflammation and axonal damage.  

Ellagic acid clinical research is still preliminary, however several EA-rich products already 

on the market have shown interesting benefits for human health. A growing number of 

evidence suggests that its consumption may be helpful in reducing obesity and improving 

its metabolic complications, such as insulin resistance, type 2 diabetes, non-alcoholic 

hepatic steatosis, and atherosclerosis178. No investigations on the effect of ellagic acid on 

patients suffering from multiple sclerosis have been performed yet. 

 
6.3 Phytocomplexes 

 
6.3.1 Ginkgo biloba Extract 

 
Ginkgo biloba Extract is a commercial product containing a mixture of biologically active 

compounds179. The amount of each substance varies between products, but the most 

common formulation used in research is EGb-761, which contains 24% Ginkgo-flavone 

glycosides, 7% proanthocyanidins, and 6% terpene lactones179. Ginkgo biloba’s peripheral 

and central effects are thought to be due to different mechanisms, including antioxidant 

and cerebrovascular modulating properties, neurotransmitter potentiating activity, and 

effect on glucose metabolism180.  

Although Ginkgo biloba products have not been extensively studied in MS animal 

models138, five clinical studies investigated the healthy properties of EGb-761 on patients 

suffering from multiple sclerosis. The first trial was carried out by Brochet and colleagues 

in 1995181, aimed at investigating the use of the extract over 7 days in 104 subjects 
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experiencing a relapse. The study did not reveal any significant differences between 

groups for all outcomes. In another four studies, the use of EGb-761 was investigated at 

a dose of 240 mg per day182–185. A 4-week trial (n = 23) revealed an improvement in fatigue 

but no significant changes in depression, anxiety, functional capacity, and symptoms 

severity183. Using the same dataset, Diamond’s research group found improved 

processing speed and performance in RRMS patients compared to placebo group182. A 12-

week trial (n = 43) showed a significant amelioration in quality of live, retrospective 

memory, and concentration184, but no significant changes was observed between Ginkgo 

biloba treated group and placebo group on visual-spatial memory and attention182. A 

larger 12-week follow-up trial (n = 120) showed no significant cognitive and motor 

improvements185. 

 

6.3.2 Green Tea Extract  
 

Green Tea is made from Camellia sinensis leaves and buds and its extract contains a high 

level of epigallocatechin-3-gallate (EGCG) active compound, which has antioxidant and 

anti-inflammatory properties138. In a murine EAE study186, the product has been shown to 

reduce the activation of the pro-inflammatory cascade, the production of pro-

inflammatory cytokines (i.e. IFN-γ, IL-17, IL-6, IL-1β, and TNF-α), and the proportion of 

Th1 and Th17 cells, suggesting a role in decreasing leukocyte migration. As far as the 

clinical trials dedicated to this aim are concerned, two of them187,188 investigated the 

impact of Green Tea Extract standardized to 600-800mg/die of EGCG. A cross over trial (n 

= 20) revealed that this supplementation reduced the postprandial energy expenditure 

during exercise than placebo187. The other study examined the biological effects of a 
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Green Tea Extract (Polyphenon E) on 13 patients suffering from multiple sclerosis, but it 

was suspended early due to the adverse liver outcomes188. 

 

6.3.3 Pomegranate Extract 
 

Pomegranate extracts (PEs) contain bioactive molecules that are reported to be 

antibacterial, antiviral, hypolipidemic, and anti-inflammatory189. Although the 

pomegranate processing industry mainly focuses on the development of new beverages 

from the edible part of the fruit, peels are rich in hundreds of bioactive phytochemicals54. 

Recent pharmacological studies suggest that pomegranate peel has multiple bioactivities, 

including anti-oxidation54, anti-inflammatory97, and immunomodulatory ones69, 

indicating its potential efficacy for the treatment of autoimmune diseases or chronic 

inflammation. In 2015, Binyamin and collegues190 investigated the effect of oral 

administration of nanodroplet formulation of pomegranate seed oil (nano-PSO) in EAE 

mice. Besides the reduction of clinical signs, they reported an amelioration in 

demyelination and lipid oxidation at the brain level, even in the presence of immune 

infiltrates in the CNS, suggesting that the activity of the formulation may be mostly 

confined to the central nervous system, thereby interfering with brain oxidation features 

and less with T cells infiltration. Another preclinical study191 provided evidence that a 

pomegranate peel extract (PPE) administered intraperitoneally to EAE rats ameliorated 

the clinical score, reduced the release of IL-17 in draining CD4+ T cells and diminished 

spinal cord inflammatory infiltrates. More recently, Lu et al.192 investigated the properties 

of PPE oral administration, a preparation standardized for ellagic acid content. They 

evidenced that the formulation effectively reduced the clinical score, demyelination, and 

axonal damage in EAE mice. In addition, PPE treatment inhibited dendritic 
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cells/microglia/macrophages activation, reduced the production of Th17 cells, and raised 

the number of Tregs. The research group also found that recipient mice receiving faecal 

transplantation from PPE mice showed a remission of EAE, supporting its beneficial 

effects that they proposed can be partially mediated by gut microbiota. 

A brain-targeted nano-PSO (named GranaFard) has been also tested in a clinical trial by 

Petrou and collegues193. This single center randomized double blind investigation 

included 30 patients suffering from multiple sclerosis, divided into GranaGard and 

placebo groups, and provided indications that the formulation might improve/stabilize 

cognitive disability. 
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AIM OF THE THESIS  
 

During my Ph.D., I participated to several studies, but the project I was primarily involved 

in aimed at investigating the effects of nutraceutical supplementation in an animal model 

of multiple sclerosis, the EAE mice.  

The project was dedicated to highlight beneficial effects elicited by the therapeutic 

administration of a pomegranate peel extract microdispersion (PEm) in the EAE mice, with 

particular attention to its impact on “in vivo” and “in vitro” parameters at the acute stage 

of disease, to support its translation to clinical studies in MS patients. 

Along PEm, I also investigated the impact of ellagic acid, which is one of the main 

components of pomegranate extract and that is thought to account for the beneficial 

effects of this edible crop. The EA was formulated as the PEm to obtain the EAm. The new 

formulation applied for PE extract and EA was set up by Prof. Raffaella Boggia and consists 

of a micro-dispersion obtained with spray drying technology of ellagic acid or 

pomegranate extract in low methoxylated pectin. The formulation increases the water 

solubility of the natural compound from 9.7 µg/mL to 300 µg/mL, also allowing its oral 

administration dissolved in the drinking water. 

The project originated from the previous finding published by the research groups of 

Raffaella Boggia and Anna Pittaluga in 2020194 that showed significant amelioration(s) of 

central functional parameters in the cortex of aged mice administered chronically (14 

days) with EAm.  

Briefly, the EAm administration significantly recovered impairments in the efficiency of 

noradrenaline (NA) exocytosis in nerve endings isolated from the cortex of aged (20 
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months old) mice, with scarce if ever effects in young (3 to 6 months old) animals. The 

increased efficiency in NA release detected in EAm treated old mice was paralleled by a 

significant reduction of central neuroinflammation, that emerged as reduced lymphocyte 

infiltration and cytokines production in the cortex of the EAm-treated old mice.  

Since neuroinflammation is one of the principal features of multiple sclerosis disease and 

taking into consideration the main role of inflammation and lymphocyte infiltration in the 

CNS during the pathology, the study was extended to EAE mice, in an attempt to support 

the use of this formulation as nutraceutical supplementation during the course of this 

disease. 

To address the question, EAE mice were administered chronically (14 days) with a 

therapeutic protocol that implies the administration of PEm or EAm starting from the 

onset of the early signs of the pathology, to mimic the approach usually experienced by 

MS patients, who start therapies and even dietary integrations once precocious clinical 

symptoms become evident and a diagnosis is proposed. EAE mice were administered with 

EAm and PEm and “in vivo” and “in vitro” parameters were analysed and compared to 

those observed in untreated EAE mice, to highlight beneficial effects and to hypothesize 

cellular/molecular events that could subserve them.   

Concomitantly, based on the ability of EAm to recover the noradrenergic impairments in 

the cortex of old mice, I also focussed on the impact of EA on the mechanism of control 

of NA exocytosis, to propose a specific molecular target of the natural compound. To this 

aim, I focussed on the α2 receptors which are the autoreceptors that control the efficiency 

of the noradrenaline release in the CNS regions that receive the catecholaminergic 

innervation from the Locus Coeruleus.  
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The thesis discusses the results so far obtained concerning the two tasks, namely Task 1, 

focussed on the impact of EAm and PEm in EAE mice and Task 2, dealing with the α2 

receptors as potential target of EA.   
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MATERIALS AND METHODS 
 

1. Animals 
 

Animals (female mice, strain C57JBL/6, 6-8 weeks old), obtained from Charles River (Calco, 

Italy), were housed in the animal facility of the Department of Pharmacy, Section of 

Pharmacology and Toxicology, School of Medical and Pharmaceutical Sciences, University 

of Genoa (authorization n. 484 of 2004, June 8th).  

EAE mice were sacrificed at 24 ± 1 day post immunization (d.p.i.) by cervical dislocation, 

and central tissues (cortex and spinal cord) were rapidly collected for “in vitro” analysis. 

The experimental procedures were approved by the Italian Ministry of Health 

(authorization n. 503/2021-PR) in accordance with the European (CEE, September 22, 

2010, n. 2010/63/EU) and Italian legislation (L.D. n. 26, 4 March 2014 and 116/1992), and 

the 3Rs rules for animal experiments. All efforts were made to limit mice suffering and 

the use of minimal numbers of mice was necessary to obtain reliable results. 

 

2. EAE induction  
 

EAE was induced in 50 mice accordingly to a standard protocol with minor 

modifications195. Briefly, three aliquots of suspension were injected subcutaneously at 

two sites in the flank and one closer to the base of the tail. This suspension was composed 

by IFA containing 200 µg of myelin oligodendrocyte protein 35-55 (MOG35-55) peptide and 

4 mg/mL Mycobacterium Tuberculosis (strain H37Ra). Immunization was followed by 

intraperitoneal administration of 400 ng of Pertussis Toxin (PTX) on day 0 and after 48 h. 

Non-immunized control mice (n = 18) underwent the same protocol in the absence of 

MOG35-55. Clinical scores (0 = healthy; 1 = limp tail; 2 = ataxia and/or paresis of hindlimbs; 
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3 = paralysis of hindlimbs and/or paresis of forelimbs; 4 = tetraparalysis; 5 = moribund or 

death; intermediate clinical signs were scored by adding 0.5), weight and beverage were 

recorded daily.  

 

3. Histological analysis  
 

At 24 ± 1 d.p.i., EAE and control mice were sacrificed (6 animals in each group) and spinal 

cords were rapidly collected. Lumbar spinal cords sections were fixed in formalin and 

processed for paraffin embedding. Once rehydrated, sections (thick: 10 µm) were stained 

with Luxol Fast Blue (LFB) and with Hematoxylin and Eosin (H&E), as previous 

described196. The first histological assay was performed to evaluate the density of the 

spinal cord white matter, while the amount of the inflammatory infiltration was analyzed 

by H&E staining, according to the score scale from 0 (no inflammation) to 4 points (severe 

inflammation)197. Briefly, slices were incubated overnight in LFB or H&E at 56-60°C, 

washed, immersed in 0.05% aqueous lithium carbonate for 15 s and rapidly dipped 

several times in fresh 70% ethanol. After washing, tissues were immersed in 0.8% periodic 

acid for 10 min and then rinsed in distilled water. Sections were incubated with Schiff’s 

reagent for 20 min and rinsed in distilled water for 15 min. The area stained by LFB was 

analysed by using ImageJ software and reported as relative myelination area.  

Additionally, the identification of the mast cells was performed by Giemsa staining. 

Summarily, paraffin-embedded sections were dewaxed in xylene and hydrated in distilled 

water. They were raised in methanol for 2 min and then immersed in preheat working 

Geimsa solution (14% Geimsa stock solution, Bio-Optica, Milan, Italy; 76% distilled water; 

10% methanol) for 2 min. Sections were dipped in acetic acid and then quickly washed in 
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distilled water and rinsed in methanol for three times. At the end, tissues were cleared in 

xylene and mounted. 

At least 5 sections of each animal were examined under light microscopy (100 X 

magnification) of the OlympusBX40 microscope (Olympus, Milan, Italy) and 6 randomly 

distributed 40X fields for each section were photographed using Olympus DP50 digital 

camera (Olympus, Milan, Italy).  

 

4. Immunohistochemistry  
 

Immunofluorescence staining were carried out to perform spinal cord astrocyte and 

microglia analysis. After sacrificing the EAE and control mice (n = 6 in each group), spinal 

cords were rapidly collected, and sections were fixed in formalin. Segments were 

cryoprotected in 30% sucrose solution at 4°C and 7 µm-thick slabs were obtained and 

incubated firstly for 1 h in blocking solution (Bio-Optica, Italy) and then overnight at 4°C 

with rabbit anti-GFAP (1:200, Dako, Glostrup, Denmark) or rabbit anti-Iba1 (1:200, Wako 

Chemicals, Richmond, VA, USA). Subsequently, tissue sections were washed in PBS-t and 

incubated with the secondary fluorescent antibody (Alexa Fluor488- or 568-conjugated 

goat anti-rabbit IgG; 1:500, Invitrogen, Italy) and with DAPI (1:2000, Invitrogen, Italy) for 

1 h at room temperature. Sections were analyzed under Leica DM6000B fluorescence 

microscope and images were obtained by DFC350FX camera. 

The fluorescence intensity was analysed by using ImageJ software on at least 3 

independent fields (20 x 0.5 NA) on each sample. For each field, equally white or gray 

matter sub-areas (296.24 x 134.92 µm2) were selected and separately analyzed. Data are 
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expressed as mean fluorescence intensity and cell number per field. DAPI counterstaining 

of cell nuclei was not reported in the representative images.  

 

5. EAm and PEm treatments 
 

Control (n = 12) and EAE (n = 44) mice were randomly assigned to the following groups:  

• untreated control mice (CTRL, n = 4); 

• EAm-treated control mice (AE-CTRL, n = 4); 

• PEm-treated control mice (PG-CTRL, n = 4); 

• Untreated EAE mice (EAE or CTRL-EAE, n = 12); 

• EAm-treated EAE mice (EAm-EAE or EA-EAE, n = 16); 

• PEm-treated EAE mice (PEm-EAE or PG-EAE, n = 16). 

EAm (50mg/kg/day) and PEm (standardized to deliver 50mg/kg/day of EA) were 

administered orally, dissolved in the drinking water. The formulations were administered 

therapeutically, starting from the appearance of the first symptoms (10 ± 1 d.p.i.) for 12 

days.  

 

6. Light-dark box test   
 

The light-dark box consists in an apparatus divided into two parts: an open lighted cage 

with white walls and a closed dark cage with black walls. The two sections are connected 

by a small slit. Animals were placed in the light part at t=0 min as previously described76. 

They were allowed to explore the box for 5 minutes. The number of transitions from the 

lighted to the dark side of the maze (number of transitions) and the total time spent in 
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the light part of the cage (time in light) were quantified198. The test is performed once, at 

24 ± 1 d.p.i. to avoid adaptive responses. 

 

7. Hole-board test  
 

The hole-board apparatus consists of a black arena (40x40 cm, 2.2cm thick) with 9 

equidistant holes (3 cm in diameter) in the floor. The board was positioned 15 cm above 

the table and divided into 9 squares by drown white line. Each mouse was placed in the 

middle of the board and its behaviour recorded with a video camera for 5 minutes. The 

total distance travelled by animals into the maze (moving distance), the time spent in 

movement in relationship with the total observation time (mobility rate, expressed as 

percentage), and the number of times the animals stop (number of frozen events) were 

quantified as locomotor parameters, while the number of self-grooming events, the 

number of nose pokes into the holes (number of head dips), and the time spent in the 

centre of the maze in relationship to the time spent in the edge (time spent in centre) are 

quantified to monitor anxiety-like behaviour195. The test is performed once, at 24 ± 1 d.p.i. 

to avoid adaptive responses. The videos were analyzed by ToxTrac, an automated open-

source executable software for image-based tracking that can simultaneously handle 

several organisms monitored in a laboratory environment199. 

 

8. Western Blot analysis 
 

The mice spinal cord, cortex and hippocampus were lysed in the RIPA buffer, composed 

by 1% Triton X-100, complete protease inhibitor cocktail solution, and the following 

substances (mM): TRIS acetate, 20; sucrose, 0.27; EDTA, 1; Na Orthovanadate, 1; NaF, 50; 
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pyrophosphate, 5; Na β-glycerophosphate, 10; DTT, 1. Calorimetric BCA assay was used 

to determine sample protein concentration. A proper content of protein (40 µg for spinal 

cord; 20 µg for cortex; 80 µg, 40 µg, 20 µg for hippocampus) were resolved by SDS-10% 

PAGE and transferred onto PVDF membranes for 1 h at 100 V and 4 °C. Membranes were 

blocked for 1 h at room temperature in Tris-buffered saline-Tween (t-TBS: 0.02 M Tris, 

0.15 M NaCl, and 0.05% Tween 20) containing 5% (w/v) non-fat dried milk and then 

probed with rabbit α2A adrenergic receptor (1:250, PA1-048, Invitrogen, ThermoFisher 

Scientific, Waltham, MA, USA), mouse α2C adrenergic receptor (1:500, S3304-80, 

Invitrogen, ThermoFisher Scientific, Waltham, MA, USA), rabbit anti-CD45 (1:2000, Cell 

Signaling Technology, Danvers, USA), mouse anti-GFAP (1:5000, Sigma-Aldrich, St. Louis, 

MO, USA) and rabbit anti-GAPDH (1:5000, Cell Signaling Technology, Danvers, USA)  

antibodies overnight at 4 °C. The day after, membranes were washed in TBS-t (0.05%) and 

incubated for 1 h at room temperature with the appropriate horseradish peroxidase-

linked secondary antibodies (1:20000). Images were obtained using an ECL (enhanced 

chemiluminescence) western blotting detection system, acquired by using the Alliance 

LD6 images capture system (Uvitec, Cambridge, UK) and analysed through UVI-1D 

software (Uvitec, Cambridge, UK). 

 

9. Computational protocols 
 

The computational analysis was performed by means of Schrodinger Suite 2018-1 

(Schrodinger Suite 2018-1: Maestro; Schrodinger LLC: New York, NY, USA). The 

crystallographic structures of α2A-AR in complex with the partial agonist (PDB code: 

6KUY)200, the antagonist (PDB code: 6KUX)201, and the α2C-AR in complex with the 
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antagonist (PDB code: 6KUW)202 were used. Both the receptors’ structures were prepared 

through the Maestro Protein Preparation Wizard (Schrodinger Release 2018-1: Protein 

Preparation Wizard; Schrodinger LLC: New York, NY, USA) tool, following Romeo et al. 203 

experimental protocol. For the ligands’ preparation, 3D coordinates were generated for 

the ellagic acid, the partial agonist, and the antagonist (clonidine and yohimbine, 

respectively) with LigPrep (Schrodinger Release 2018-1: LigPrep; Schrodinger LLC: New 

York, NY, USA). 

The docking simulations were performed using Glide (Schrodinger Release 2018-1: Glide; 

Schrodinger LLC: New York, NY, USA) ligand flexible algorithm, at the standard precision 

level. The best docked poses of the ligands complexed to α2A-AR and α2C-AR structures 

were submitted to 50 ns of molecular dynamics simulations by using Desmond ver. 4.2 

(Schrodinger Release 2018-1: Desmond Molecular Dynamics System; D.E. Shaw Research: 

New York, NY, USA). 

 

10. Synaptosomes preparation 
 

Synaptosomes are isolated nerve terminals, having a diameter of about 1-2 µm and 

containing structures (i.e. mitochondria, vesicles, endoplasmic reticulum, enzymatic 

pathways)204 that derived from the neuronal processes they are originated from. 

Synaptosomes remain able to synthetize, metabolize, uptake, store, and release 

neurotransmitters, because they conserve naïve receptors and transporters, whose 

activation controls these functions. Purified synaptosomes were obtained as previously 

described205. Briefly, hippocampal tissues were homogenized in a sucrose solution (0.32 

M sucrose, 0.01 M Tris-(hydroxymethyl)-ammino methane, pH 7.4) using a glass/Teflon 
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tissue grinder (clearance 0.325 mm) at 900 rpm for 12 strokes. The suspensions were 

centrifugated (1000 x g, 5 min) to remove cell debris; the supernatant was layered on a 

discontinuous Percoll® gradient (6, 10, and 20 % v/v in Tris-buffered 0.32 sucrose solution) 

and centrifugated at 33,500 x g for 6 min. The layer between 10 and 20 % Percoll®, 

correspondent to the synaptosomal fraction, was collected and washed by centrifugation 

(19,000 x g, 15 min). The pellet was resuspended in a physiological medium (140 mM 

NaCl; 3 mM KCl; 1.2 mM MgSO4; 1.2 mM CaCL2; 1.2 mM NaH2PO4; 5 mM NaHCO3; 10 mM 

HEPES; 10 mM glucose; pH 7.2-7.4) and used for the following analysis. 

 

11. Release experiments 
 

Hippocampal synaptosomes were incubated for 15 min at 37 °C in a rotary water bath 

with the radioactive tracer [3H] noradrenaline ([3H]NA, f.c.: 30 nM) with 0.1 µM 6-

nitroquipazine to avoid false labelling due to serotonergic terminals. After the incubation, 

equal aliquots of the synaptosomal suspension were transferred to the bottom of parallel 

chambers in a Superfusion System (Ugo Basile, Comerio, Varese, Italy)206 and 

synaptosomes were stratified on microporous filters as a thin layer, maintained at 37 °C. 

The apparatus consists of 20 units, each of which consists of an upper chamber, where 

superfusion medium is located, and a lower chamber, where synaptosomes are stratified 

under moderate vacuum on a microporous filter, located on a filter holder of porous glass. 

The superfusion medium is continuously collected using a peristaltic pump for a total 

period of 48 min. Each experimental condition was run in triplicate to avoid variability. 

The quantification of the radioactive tracer allowed to identify the correlation between 

the changes in neurotransmitter release and the presence of the ligands in the 

superfusion medium. The aim was to investigate the effects of ellagic acid, clonidine and 
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yohimbine on the presynaptic receptors controlling the efficiency of neurotransmitters 

release, so I performed release experiments in a depolarizing condition. After the first 39 

min of superfusion to equilibrate the system, synaptosomes were transiently (90 s) 

exposed to a high KCl-containing medium (12 mM KCl, substituting for an equimolar 

concentration of NaCl) in the absence or presence of clonidine or ellagic acid, alone or in 

addition with yohimbine. Superfusate fractions were collected at the end of the 

experiments: two 3-min fractions (basal release), one before (t = 35-39 min, b1), one after 

(t = 45-48 min, b3) a 6-min fraction (evoked release, t = 39-45 min, b2). The KCl-induced 

overflow was calculated by subtracting the [3H]NA content into b1 and b3 from that in 

the b2 fraction. The effect of drugs is expressed as percentage of the KCl-induced overflow 

of tritium observed in the absence of receptor ligand (percent of residual). 

 

12. Calculations and statistics 
 

The univariate statistics was performed using Sigma Plot 10.0 data analysis. Analysis of 

variance was carried out by one way ANOVA followed by Dunnett’s or Tukey’s multiple 

comparisons test as appropriate. Student’s t-test was used to verify the direct 

comparison. Data were considered significant for p < 0.05 at least. 

The multivariate data analysis has been performed by Chemometric Agile Tool (CAT) 

software (August 27, 2020) developed by the Chemistry Group of the Italian Chemical 

Society and based on R. Principal component analysis (PCA) was applied as explorative 

multivariate statistical method of unsupervised pattern recognition to evidence the useful 

information of a data set207. Each variable (column) in the data matrix under study is 

considered as an axis in the multi-dimensional space and each object (row) of the data 
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set under study is a point in this space. The maximum variance direction founded from 

the PCA algorithm become the first principal component (PC1) and correspond to a high 

amount of information in the multidimensional space of the original data. The second 

principal component (PC2) is the direction have the largest remaining variance among all 

directions orthogonal to the PC1, and so on for each succeeding component.  
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TASK 1_IMPACT OF EAm AND PEm IN EAE MICE 
 

RESULTS  
 

1. Characterization of the EAE model 
 

Firstly, we analyzed the clinical hallmarks of autoimmune encephalomyelitis to define the 

gravity of the disorder. 

The EAE was inducted in 6-7 weeks-old female mice by subcutaneously injecting 200 µL 

of a suspension containing MOG35-55 and Mycobacterium Tuberculosis dissolved in 

Freund’s adjuvant, followed by an intraperitoneal administration of Pertussis Toxin on day 

0 and after two days, as reported in Materials and Methods, section 2. Non-immunized 

mice were used as control (CTRL). 

As far as the "in vivo" parameters are concerned, clinical score and animal weight were 

recorded daily from the day of EAE induction (0 days post immunization, d.p.i.) until 24 ± 

1, to monitor the course of the disease. 

Figure 5: Clinical score of controls and EAE mice.  
a) The table indicates the score corresponding to the symptoms observed in mice. 
b) Clinical scores of healthy controls (n = 6; red) and EAE (n = 6; grey) mice, expressed as mean ± 
SEM. Arrow indicates the first day of the appearance of the symptoms. 
Note: *** p < 0.001; t-Test for unpaired comparison. 
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Figure 5 shows that clinical symptoms became evident at 10 ± 1 d.p.i., and increased 

progressively over time, reaching a maximum level at around 20 d.p.i..   

Besides the clinical score, the weight of the immunized and non-immunized mice was 

monitored. The measurements were routinely carried out at the same time frame of the 

day, to limit data variability. 

 
Figure 6: Animal weight of controls and EAE mice.  
Animal weight (g) of healthy controls (n = 6, red) and EAE (n = 6, grey) mice. The values are 
reported as the mean ± SEM of the animal weight, measured every two days. 
Note: * p < 0.05 vs. CTRL; ** p < 0.01 vs. CTRL; t-Test for unpaired comparison. 

 

 As expected, the weight of the healthy mice increased over time. Differently, the EAE 

mice showed a mild reduction of the physiological parameter soon after the induction of 

the pathology, which recovered in a few days at the original level (Figure 6) but did not 

increase over time, indirectly proving the suffering phenotype of EAE mice.  

Central inflammation and demyelination are the main features of EAE, and their 

assessment is important to monitor the gravity of the course of the disease. Inflammation 

in the CNS of EAE mice is supported by the accumulation of infiltrating leukocytes, mainly 
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consisting of lymphocytes and macrophages, and the pathological activation of resident 

immunocompetent cells, such as microglia and astrocytes.  

To verify the presence and the consistency of demyelination and inflammatory loci, the 

spinal cords from EAE animals at the acute stage (24 ± 1 d.p.i.) of the disease and from 

healthy control mice were collected and analyzed for histological signs related to the two 

events, thanks to a collaboration with Professor Carla Ghelardini and Professor Lorenzo 

di Cesare Mannelli in Florence. We focused on this region since the pathological signs 

subserving the course of the demyelinating disorders in EAE mice mainly develop at this 

level.  

Demyelination was quantified with Luxol Fast Blue (LFB) staining in spinal cord tissue 

sections.  

Figure 7: Demyelination in the spinal cord of controls and EAE mice.  
a) Representative images of control mice spinal cord marked by LFB staining (total 
magnification, 100 x; scale bar, 100 µm). 
b) Representative images of EAE mice spinal cord marked by LFB staining (total magnification, 
100 x; scale bar, 100 µm). 
c) Quantitative analysis of average LFB burden. Results are expressed as mean ± SEM of 6 
animals in each group and controls arbitrarily taken as 100%.  
Note: ** p < 0.01 vs. CTRL; t-Test for unpaired comparison. 
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The analysis carried out on different days from different animals unveiled significant 

demyelination in the spinal cord of EAE mice when compared to control healthy mice 

(Figure 7). 

Besides demyelination, ongoing inflammatory infiltrates were quantified by means of 

Hematoxylin and Eosin (H&E) staining. 

Figure 8: Inflammation in the spinal cord of controls and EAE mice.  
a) Representative images of control mice spinal cord marked by H&E staining (total 
magnification, 100 x; scale bar, 100 µm). 
b) Representative images of EAE mice spinal cord marked by H&E staining (total magnification, 
100 x; scale bar, 100 µm). 
c) Quantitative analysis of average LFB burden. Results are expressed as mean ± SEM of 6 
animals in each group.  
Note: ** p < 0.01 vs. CTRL; t-Test for unpaired comparison. 
 

 

Figure 8 shows that the inflammation in EAE animals at the acute stage of the disease (24 

d.p.i.) was significantly increased when compared to controls, consistent with diffuse 

inflammation in this CNS region. 
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The ionized calcium-binding adapter molecule 1 (Iba1), which is routinely used as a 

microglia marker, was then quantified in the spinal cord of EAE mice at the acute stage of 

the disease and compared to the control.  

Figure 9: Microglia profile in the spinal cord of controls and EAE mice.  
a) Representative images obtained by Iba1 immunofluorescence histochemistry of control mice 
spinal cord (total magnification, 400 x; scale bar, 50 µm). 
b) Representative images obtained by Iba1 immunofluorescence histochemistry of EAE mice 
spinal cord (total magnification, 400 x; scale bar, 50 µm). 
c) Quantitative analysis of Iba1 positive cells/field in the spinal cords of CTRL and EAE mice.  
d) Quantitative analysis for Iba1 mean fluorescence intensity in the white matter of the spinal 
cords. Control is arbitrary taken as 100%. 
e) Quantitative analysis for Iba1 mean fluorescence intensity in the gray matter of the spinal 
cords. Control is arbitrarily taken as 100%. 
Results are expressed as mean ± SEM of 6 animals in each group.  
Note: ** p < 0.01 vs. CTRL; t-Test for unpaired comparison. 
 

 

As reported in Figure 9, the EAE group showed a significant increase in the number of 

Iba1-positive cells in comparison to the healthy control group. The result is in line with 

the data present in the literature, suggesting that during injury or infection microglia cells 

increase the expression of the Iba1 marker in plasmamembranes,  and become able to 

release cytokines and induce phagocytosis and direct cytotoxicity208. The study was 
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further implemented to highlight differences in the Iba1 immunopositivity in both the 

white and the gray matter in the spinal cord of EAE mice, compared to controls. The 

largest increase of microglia activation was detected in the gray matter, but a similar non-

significant increase was also detected in the white matter. 

Lastly, glial fibrillar acid protein (GFAP) staining, a marker of activated astrocytes, was 

evaluated.   

Figure 10: Astrocytes profile in the spinal cord of controls and EAE mice.  
a) Representative images obtained by GFAP immunofluorescence histochemistry of control mice 
spinal cord (total magnification, 400 x; scale bar, 50 µm). 
b) Representative images obtained by GFAP immunofluorescence histochemistry of EAE mice 
spinal cord (total magnification, 400 x; scale bar, 50 µm). 
c) Quantitative analysis of GFAP-positive cells/field in the spinal cords of CTRL and EAE mice.  
d) Quantitative analysis for GFAP mean fluorescence intensity in the white matter of the spinal 
cords. Control is arbitrary taken as 100%. 
e) Quantitative analysis for GFAP mean fluorescence intensity in the gray matter of the spinal 
cords. Control is arbitrarily taken as 100%. 
Results are expressed as mean ± SEM of 6 animals in each group.  
Note: ** p < 0.01 vs. CTRL; t-Test for unpaired comparison. 

 

The EAE phenotype induced a significant increase in GFAP-positive cells in the spinal cord 

when compared to healthy animals. The activation of astrocytes was higher in the gray 

matter, with respect to the white matter of EAE mice, where however astrocytosis still 
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was clearly evident. Astrocytes are CNS-resident cells which play important roles in tissue 

development and homeostasis, and that respond to external stimuli becoming activated 

and upregulating the expression of GFAP209. This activation led to a series of 

morphological and biological changes termed reactive astrogliosis. The process starts at 

the early stage of the disease, before the infiltration of leukocytes, and continues together 

with its progression, which remains high also at the acute stage of pathology (Figure 10). 
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2. Dietary supplementation with EAm and PEm: “in vivo” parameters 
 
2.1 Control of daily intake, weight gain and clinical score 
 

Based on the positive results obtained by orally administering young and old mice with 

the EAm formulation dissolved in the drinking water194, we used this route of 

administration to evaluate the effects of EAm and PEm in EAE mice.  

Young female C57JBL/6 mice (6 weeks old) were randomly assigned to the following three 

groups: untreated-EAE, EAm-treated EAE, and PEm-treated EAE mice. EAm 

(50mg/kg/day) and PEm (formulated to deliver 50mg/kg/day of ellagic acid) were 

administered starting from the onset of the clinical symptoms (10 d.p.i. for all mice) 

following a therapeutic (14 days) protocol.  

 

Figure 11: Effect of “in vivo” EAm and PEm treatments on the daily beverage of EAE mice.  
Daily beverage intake (mL) in untreated (n = 8; grey), EAm-treated (n = 12; dark green), and 
PEm-treated (n = 12; green) mice. The daily intake is reported as the mean of the drinking 
solution taken up. The values were measured every two days, starting from 2 d.p.i. to the end of 
the treatment. 
The dotted lines indicate the administration of mineral water. Starting to 10 d.p.i. (the black 
arrow), the solid lines indicate the administration of EAm and PEm solutions. 
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From 0 to 10 d.p.i., animals received only drinking water. No differences were found 

between the groups, indicating that they were comparable and that, if differences would 

emerge in the following days, they should have been caused by the nutraceutical 

treatments. The daily intake of EAm and PEm suspensions in treated EAE mice did not 

differ significantly from that of the control, untreated-EAE animals, consistent with the 

conclusion that EAm and PEm do not modify the access to the beverage (Figure 11). 

Interestingly, during the first 4 days of the treatment (from 10 ± 1 to 14 ± 1 d.p.i), the EAm 

and PEm consumption transiently increased, but it was rapidly recovered in the following 

days, bringing the volume of EAm and PEm solutions drunk by the EAE mice comparable 

to that taken up by untreated-EAE mice.  

The animal weight was also monitored daily (data not shown) but to better visualize the 

animal growth, which is inversely correlated with the mice sufferance, the weight change 

between the end (24 ± 1 d.p.i.) and the beginning (10 ± 1 d.p.i.) of the treatment was 

quantified. 

Figure 12: Effect of “in vivo” EAm and PEm treatments on weight growth of EAE mice.  
Animal weight (g) in untreated (n = 8; grey), EAm-treated (n = 12; dark green), and PEm-treated 
(n = 12; green) EAE mice. The values are obtained by the difference between the animal weight 
at the end of the treatment (24 ± 1 d.p.i.) and the animal weight at the beginning of the 
treatment (10 ± 1 d.p.i.) and they are reported as the mean ± SEM. 
Statistical analysis was performed by applying ANOVA test followed by Dunnett’s Multiple 
Comparison. 
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As reported in Figure 12, the administration of the natural supplements in EAE mice did 

not significantly modify this parameter when compared to the respective untreated one, 

although PEm treatment showed an increasing trend, suggesting a potential beneficial 

effect of this formulation on the suffering of mice caused by the pathology. 

 

Figure 13: Effect of “in vivo” EAm and PEm treatments on the clinical score of EAE mice.  
Clinical scores of untreated (n = 8; grey), EAm-treated (n = 12; dark green), and PEm-treated (n = 
12; green) EAE mice. Arrow indicates the starting point of the EAm and PEm treatment. The 
clinical scores are evaluated as indicated in the Materials and method section, and they are 
expressed as mean ± SEM. 
Note: * p < 0.05; ** p < 0.01; *** p < 0.001 vs. untreated-EAE mice; t-Test for unpaired 
comparison. 

 

Starting from 10 ± 1 d.p.i., the clinical score in EAE mice underwent a time-dependent 

worsening that peaked at 22 ± 1 d.p.i., i.e. at the timing corresponding to the chronic 

phase of the disease (Figure 13). Differently, both treatments caused a constant 

amelioration of the gravity of the clinical symptoms, which was particularly relevant in 

PEm-treated EAE mice, starting 4 days after the beginning of the oral administration.  
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2.2 Behavioural skills: the light-dark box test 
 

In an attempt to highlight whether the nutraceutical supplementation(s) could have an 

impact on the behavioural skills of the EAE mice, EAm and PEm treated animals and EAE 

untreated mice as well were analysed for motor performances and anxiety in the light-

dark box (LDB) test. 

The LDB is a test used to assay unconditioned anxiety responses and spontaneous motor 

activity in rodents210. It is based on the observation that rodents prefer darker instead 

lighter areas, but, when presented in a novel environment, they tend to explore it. The 

two conflicting impulses (to stay on the darker side and to explore the lighted one) allow 

the estimation of anxiety-like symptoms210 and motor skills. The behavioural activities 

were quantified as the number of transitions from the dark to the light side of the cage 

(number of transitions, which is an indirect measure of the spontaneous motor activity) 

and the time spent in the light part of the apparatus (time in light, reported in seconds), 

which gives information on the anxious phenotype of the animal).  Taking into 

consideration that LDB does not require any prior training or adaptation, animal 

behavioural skills were analysed once at the end of the treatment.  

 

 

 

 

 

 

 

 

 



- 70 - 
 

Figure 14: Motor and anxiety behaviour on EAm and PEm-treated EAE mice: the light-dark box 
test.  
a) Explorative behaviour was quantified as the number of transitions from the dark to the light 
part of the cage.  
b) Curiosity was quantified as the total time spent in the lighted compartment of the LDB (time 
in light). 
Untreated (n = 4, grey), EAm-treated (n = 4; dark green), and PEm-treated (n = 4; green) EAE 
mice were analysed for explorative and anxiety-related behavioural in LDB test. Behavioural 
skills were quantified as the number of transitions from the dark to the light side of the 
apparatus (number of transitions), as well as the total time spent in the light part of the cage 
(time in light). Data were collected during the last day of treatment, at 24 ± 1 d.p.i. 
Note: ** p < 0.01; *** p < 0.001 vs. untreated-EAE mice; ANOVA test followed by Dunnett’s 
Multiple Comparison. 

 

While the number of transitions was not modified by the treatments, the time spent in 

light was significantly reduced in EAm and PEm-treated mice, suggesting a potential 

anxiety-like behaviour (Figure 14 a-b). Considering data in detail, it is interesting to note 

that two of the four EAE-untreated mice never cross the slit between the light and the 

dark part of the apparatus (number of transitions = 0), remaining approximately all the 

time in the light part, in the same position where the operator positioned the animal at 

the beginning of the test (time spent in light = 300 sec).  This observation allowed to 

conclude that the univariate statistical analysis was not suitable for right interpretation 

behavioural data, and the multivariate approach would have been more useful.  
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2.3 The multivariate analysis of “in vivo” parameters 
 

Since the univariate analysis is a statistical approach that helps in extracting useful 

information from data but offers a limited overview of the results as a whole, a 

multivariate statistical approach was then applied to overcome potential statistical 

limitations and to obtain a more omni-comprehensive overview of the dataset.  

Principal component analysis (PCA) is a statistical technique that allows to reduce the 

dimensionality of a dataset. This is accomplished by linearly transforming the data into a 

new coordinate system where the variation in the data can be described with fewer 

dimensions than the initial data. The study uses the first two principal components to plot 

the data in two dimensions and to visually identify clusters of closely related data points.  

In order to analyse the “in vivo” data with the PCA approach, a merged dataset including 

the following five different variables was prepared:  

Ø the drink intake;  

Ø the animal weight variation (from the beginning to the end of the treatment); 

Ø the clinical scores; 

Ø the two different LDB behavioural skills.  

This analysis included the data from 24 animals (n=4 mice/group) that were randomly 

assigned to the following six categories: untreated control mice (CTRL), EAm-treated 

control mice (AE-CTRL), PEm-treated control mice (PG-CTRL), untreated-EAE mice (CTRL-

EAE), EAm-treated EAE mice (EA-EAE) and PEm-treated EAE mice (PG-EAE). Data from 

non-immunized control mice (CTRL, AE-CTRL, PG-CTRL) were included in this analysis to 

obtain a complete overview of the EAm and PEm behavioural activity, verifying also 

whether the pathological profile is indispensable for their health effects or not. PCA was 
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performed on the merged data matrix, namely T24,5, where 24 rows correspond to the 

number of animals and the 5 columns are the variables considered.  

Autoscaling, which consists of mean-centring followed by the division of each column by 

its standard deviation, was performed as data pre-treatment, in order to elaborate the 

multivariate data characterized by different scales and units.  

PCA plots reveal the interrelations existing among samples, among variables, as well as 

between samples and variables.  

Figure 15: Principal Component Analysis results. 
a) PC1-PC3 score plot on the “in vivo” data from both control (CTRL) and EAE (EAE) mice. 
Autoscaling was performed as data pre-treatment. EA and AE are the labels for EAm treatment 
and PG for PEm treatment respectively. Red, black, and deep red labels are for untreated 
control mice (CTRL, n=4), EAm-treated control mice (AE-CTRL, n=4), and PEm-treated control 
mice (PG-CTRL, n=4) respectively. Green, blue and light blue labels are for untreated EAE mice 
(CTRL-EAE, n=4), EAm-treated EAE mice (EA-EAE, n=4), and PEm-treated EAE mice (PG-EAE, n=4) 
respectively. The arrow highlights the trend along PC1 towards the control animals. 
b) Left side: PC1-PC3 biplot plot (score and loading plot) on the “in vivo” data from both the 
control (CTRL) and the EAE (EAE) mice. 
Right side: PC1-PC2-PC3 3D-score plot. Red, black, and deep red labels are for untreated control 
mice (CTRL), EAm-treated control mice (AE-CTRL), and PEm-treated control mice (PG-CTRL) 
respectively. Green, blue and light blue labels are for untreated EAE mice (CTRL-EAE), EAm-
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treated EAE mice (EA-EAE), and PEm-treated EAE mice (PG-EAE) respectively. 
c) PC1-PC2 biplot and score plot on the “in vivo” data from the EAE mice. Robust autoscaling is 
performed as data pre-treatment. Green, blue and light blue labels are for untreated EAE mice 
(CTRL-EAE), EAm-treated EAE mice (EA-EAE), and PEm-treated EAE mice (PG-EAE) respectively. 
The arrow highlights the difference between untreated and treated animals. 

 

Figure 15 a-c shows the PCA results obtained from the above-mentioned data matrix T24,5. 

In the first score plot (Figure 15 a), it emerged a clear separation among the two 

categories of animals, the controls on the right and the EAE on the left side. In particular, 

the three subgroups of control animals (untreated, EAm-treated and PEm-treated control 

mice) are not clearly separated and they can be grouped into a single cloud (in red in the 

Figure 15 a), suggesting the behavioural inactivity of both nutraceutical products on the 

non-immunized control mice. But, when considering the EAE mice, these animals are 

markedly distributed in two different clouds, consisting one in the untreated (circled in 

green in the Figure 15 a) animals and the other in the EAm/PEm-treated EAE mice (circled 

in light blue in the Figure 15 a). Interestingly, the administration of EAm and PEm makes 

EAE mice more like controls when compared to untreated EAE mice. The trend was 

confirmed by the bi-plot and the 3D-score plot (Figure 15 b). Finally, the PCA analysis of 

the data from untreated and treated EAE mice (Figure 15 c) revealed differences between 

these groups, also showing that the data concerning the dispersion of daily intake and the 

clinical score are inversely correlated.  

 

2.4 Behavioural skills: the hole board test  
 

Encouraged by the promising results, a new group of animals consisting of untreated-EAE 

mice, EAm-treated EAE mice and PEm-treated EAE mice from different littermates were 

analysed for behavioural skills in a different behavioural test, the hole board test (HB). 
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Non-immunized mice were not considered in this test, since in the PCA analysis both EAm 

and PEm solutions showed no significant activity on control mice.  

HB allows characterising the spontaneous locomotor activity and the anxiety-like 

behaviour. The first parameter was quantified as the total distance, expressed in meters, 

covered by the mouse during the observation time (moving distance), the amount of time 

spent on movement in relation to the total observation time, (the mobility rate expressed 

in percentage) and the number of times the mouse has stopped in the field (number of 

frozen events). 

Figure 16: Locomotor behaviour on EAm and PEm-treated EAE mice: the hole board test.  
Spontaneous locomotor activity was quantified as the total distance travelled by animals into 
the maze (a), the time spent in movement in relationship with the total observation time (b), 
and the number of times the animals stopped (c).  
Grey, dark green and green labels correspond to untreated (n = 4), EAm-treated (n = 4), and 
PEm-treated (n = 4) EAE mice, respectively. 
Data were collected during the last day of treatment, at 24 ± 1 d.p.i. 
Note: * p < 0.05 vs. untreated-EAE mice; ANOVA test followed by Dunnett’s Multiple 
Comparison. 

 

Although the study is preliminary and further experiments are needed to confirm the 

results, EAm treatment did not alter the locomotor parameters when compared to the 

EAE control group (Figure 16 a-c). Differently, the PEm treatment improved them, 

reducing both the total distance travelled and the time in motion. Since the number of 

frozen events was unmodified for the three groups, it could be conceivable to propose 

that PEm-treated animals have high latency in movements.  



- 75 - 
 

The HB test also allows to highlight, if present, anxiety-like behaviour(s), by quantifying 

the self-grooming (grooming events), an evolutionarily conserved complex innate 

behaviour aimed at hygiene maintenance which is particularly sensitive to stressing 

conditions211, the number of nose pokes into the holes (number of head dips) and the 

ratio between the time spent in the centre and the time spent in the edge of the maze 

(the thigmotaxis, time spent in centre), positively correlated with curiosity and 

exploration, but negatively with anxiety.  

Figure 17: Anxiety-like behaviour on EAm and PEm-treated EAE mice: the hole board test.  
The anxiety-like behaviour was quantified as the number of self-grooming events (a), the 
number of nose pokes into the holes (number of head dips) (b), and the time spent in the centre 
of the maze in relationship to the time spent in the edge (time spent in the centre) (c).  
Grey, dark green and green labels correspond to untreated (n = 4), EAm-treated (n = 4), and 
PEm-treated (n = 4) EAE mice, respectively. 
Data were collected during the last day of treatment, at 24 ± 1 d.p.i. 
Note: *** p < 0.001 vs. untreated-EAE mice; ANOVA test followed by Dunnett’s Multiple 
Comparison. 

 

As far as anxiety-like behaviour is concerned, PEm treatment modified to a lesser extent 

this skill when compared to EAm. In particular, the number of head dips and the time 

spent in the centre were increased in EAm-treated EAE mice when compared to untreated 

ones, suggesting increased curiosity and spontaneous motor activity, which could 

indirectly unveil a positive modulation of anxiety (Figure 17 b,c). Again, the huge data 

dispersion made the analysis difficult, and the study would need more data to define the 

impact of nutraceutical treatments on these parameters.   
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3. Dietary supplementation with EAm and PEm: “ex vivo, in vitro” parameters 
 

3.1 Effect of EAm and PEm treatment on astrocytosis and lymphocytes infiltration in EAE mice 
spinal-cord homogenates 
 

Based on the results from the multivariate analysis, we asked whether EAm and PEm 

administration could have caused some functional adaptations in the CNS of EAE mice, 

insufficient to cause a significant modification of behavioural skills in “in vivo” studies, but 

sufficient to trigger cellular events controlling synaptic plasticity. 

Firstly, we focused on the spinal cord region, since the EAE-related immuno-

histopathological signs are particularly evident at this level212. The density of glial 

fibrillar acid protein (GFAP) and the cluster of differentiation 45 protein (CD45) was 

quantified as a marker of astrocytosis and lymphocyte infiltration respectively. The 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein was used as an internal 

standard to quantify the changes in CD45 and GFAP densities in the spinal-cord lysates 

of different animals.  
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Figure 18: Effect of “in vivo” EAm and PEm treatments on the content of CD45 and GFAP in EAE 
mice spinal cord homogenates.  
a) Representative western blot analysis of the immunostaining for CD45 and GAPDH, used as 
internal control, in untreated, EAm-treated and PEm-treated EAE mouse spinal-cord 
homogenates. The plot is representative of the analysis of lysates from 6 animals for each 
experimental group.  
b) Quantification of the change of CD45 density in the spinal-cord homogenates of EAm-treated 
(n=6) and PEm-treated (n=6) EAE mice compared to untreated ones (n=6). Results are calculated 
as CD45/GAPDH ratio and are expressed as mean ± SEM. 
c) Representative western blot analysis of the immunostaining for GFAP and GAPDH in 
untreated, EAm-treated and PEm-treated EAE mouse spinal cord homogenates. The plot is 
representative of the analysis of lysates from 6 animals for each experimental group. 
d) Quantification of the change of GFAP density in the spinal-cord homogenates of EAm-treated 
(n=6) and PEm-treated (n=6) EAE mice compared to untreated ones (n=6). Results are calculated 
as GFAP/GAPDH ratio and are expressed as mean ± SEM. 
Note: * p < 0.05 versus untreated EAE mice; ** p < 0.01 versus untreated EAE mice; ANOVA test 
followed by Dunnett’s Multiple Comparison. 

 

The results indicated that the CD45 densities are significantly reduced in PEm-treated EAE 

mice and slightly decreased in EAm-treated mice when compared to untreated EAE ones 

(Figure 18 a, b). Similarly, the GFAP immunopositivity was significantly hampered in PEm-

administered EAE mice, but not in EAm-treated ones (Figure 18 c, d). 
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3.2 Effect of EAm and PEm treatment on astrocytosis and lymphocytes infiltration in EAE mice 
cortex homogenates 
 
Given the promising results obtained through the evaluation of the inflammatory 

parameters in the spinal cord, we evaluated the same parameters also in the cortex of 

treated and untreated EAE mice.  

Figure 19: Effect of “in vivo” EAm and PEm treatments on the content of CD45 and GFAP in EAE 
mice cortex homogenates.  
a) Representative western blot analysis of the immunostaining for CD45 and GAPDH, used as 
internal control, in untreated, EAm-treated and PEm-treated EAE mouse cortex homogenates. 
The plot is representative of the analysis of lysates from 6 animals for each experimental group.  
b) Quantification of the change of CD45 density in the cortex homogenates of EAm-treated 
(n=6) and PEm-treated (n=6) EAE mice compared to untreated ones (n=6). Results are calculated 
as CD45/GAPDH ratio and are expressed as a percentage of the respective ratio in untreated EAE 
mice. Data are expressed as mean ± SEM. 
c) Representative western blot analysis of the immunostaining for GFAP and GAPDH in 
untreated, EAm-treated and PEm-treated EAE mouse cortex homogenates. The plot is 
representative of the analysis of lysates from 6 animals for each experimental group. 
d) Quantification of the change of GFAP density in the cortex homogenates of EAm-treated 
(n=6) and PEm-treated (n=6) EAE mice compared to untreated ones (n=6). Results are calculated 
as CD45/GAPDH ratio and are expressed as a percentage of the respective ratio in untreated EAE 
mice. Data are expressed as mean ± SEM. 
Note: * p < 0.05 versus untreated EAE mice; ANOVA test followed by Dunnett’s Multiple 
Comparison. 
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Although largely preliminary, the results show that PEm treatment significantly reduces 

astrocytosis and lymphocyte infiltration in the cortex of EAE mice when compared to 

untreated ones (Figure 19 a-d), while EAm administration only reduces significantly GFAP 

immunopositivity in the cortical lysates from EAE-treated mice. 
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DISCUSSION 
 

The first task of my Ph.D. project concerned the analysis of the impact of EAm and PEm 

therapeutic administration in EAE mice, in an attempt to support the use of these 

formulations as nutraceutical supplementation for patients suffering from multiple 

sclerosis.  

For this purpose, I firstly recapitulated the clinical and central functional impairments that 

typify EAE animal model, and then I investigated whether treatments could restore some 

of the pathology derangements, being beneficial to brain functions. 

As far as the first point is concerned, the results confirmed the development of the typical 

clinical and functional impairments observed in these mice, quantified “in vivo” by 

monitoring clinical score and animal weight and “in vitro” by analyzing demyelination and 

neuroinflammation in the spinal cord. The first clinical sign of the pathology, 

corresponding to the inability of the animals in holding the tail vertically, was observed 

after 10 ± 1 d.p.i, although the sufferance of the mice was proven before it. During the 

first 6 days after MOG35-55 injection, EAE mice significantly reduced their weight when 

compared to healthy control mice, reaching their minimum at 4 d.p.i., and then slightly 

increase over time, stabilizing it in the chronic phase. These results confirmed data in 

literature reporting that some central functional impairments occur before the onset of 

clinical symptoms, leading to a manifestation of the pathology only after exceeding a 

threshold level126. Concomitant to the exacerbation of the pathology, the demyelination 

and the inflammatory score was largely increased in spinal cord of EAE mice, confirming 

that in this central region the pathological signs characterized the disease are particularly 

evident212. To note, both microglia (reported as Iba1-staining) and astrocytes (reported 
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as GFAP-staining) activation was evident in the gray matter, in line with the development 

of inflammation in this CNS region, while only astrocytosis became relevant in the white 

matter. Studies in EAE animals reported that the activation of both astrocytes and 

microglia occurs at the early stage of the disease, even before the infiltration of peripheral 

lymphocytes in the CNS213. Once activated, glial cells attract leukocytes towards the site 

of inflammation, promoting inflammation in white matter by releasing pro-inflammatory 

cytokines, then enhancing the massive activation of resident immunocompetent cells, 

i.e., microglia and astrocytes. Since the white matter is rich in oligodendrocytes, the 

lesions are more abundant at this level, although gray matter lesions are also present and 

characterized by minor infiltration of immune cells but high activation of glial cells. In this 

study, the non-significant increase of Iba1-staining in the white matter of EAE mice could 

be explained considering that microglia in rodents are preferentially present in the gray 

matter214, making more difficult the detection of changes in this region. 

Our results therefore suggests that (i) during the EAE progression, the clinical signs are 

evident starting from about 10 d.p.i, incrementing their gravity over time; (ii) before this 

time point, the animals express a suffering phenotype; (iii) the “in vivo” impairments 

correlate with ongoing demyelination, astrocytosis and microgliosis at the spinal cord 

level. 

Once characterized the model, I evaluated whether EAm and/or PEm orally administered 

for 14 days dissolved in the drinking water with a therapeutic protocol could be beneficial 

to EAE mice. The hypothesis is in line with an approach based on sustainability and circular 

economy, considering that pomegranate peels and pectin (the polymeric matrix used by 

obtaining the spray-drying microdispersion) are agro-industrial waste products.  
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EAm and PEm oral administration started at the manifestation of the early signs of the 

pathology (10 ± 1 d.p.i.) and was applied for 14 days following a therapeutic protocol that 

would mimic the MS patients approach to drugs or diet supplementations, that eventually 

starts only after the early pathological symptoms become evident.  

The striking finding was that the formulated extract (PEm) can control the clinical 

symptoms and other pathological hallmarks of the pathology. The gravity of the clinical 

signs was reduced in PEm-treated EAE mice, when compared to untreated ones, 

remaining significantly lower from 12 d.p.i. to 24 d.p.i. . The beneficial effects observed 

“in vivo” were accompanied by a significant improvement of the central histopathological 

derangements, highlighted by the significant downregulation of CD45 (here used as 

marker of lymphocytes infiltration) and GFAP (marker of astrocytes activation) in both 

cortex and spinal cords lysates. The positive effects could be ascribed to the 

administration of the phytocomplex that, by reducing circulating lymphocytes and/or 

restoring the BBB permeability, could hamper lymphocytes accumulation in the CNS, 

decreasing the inflammatory state and the activation of astrocytes.  

To note, EAm beneficial effects were almost comparable to those elicited by PEm, even 

less efficacious, allowing to speculate that the healthy activity could be due to the 

presence of EA. Although attractive, the conclusion deserves some caution, since EA is 

rapidly metabolized to urolithins that have a more favourable pharmacokinetics profile 

and could  have systemic effects, including controlling the composition of gut microbiota, 

that influence positively the central pathological signs, particularly demyelination and 

lymphocytes infiltration192. 
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Before drawing any conclusion, the behavioural studies deserve a comment. The 

univariate analysis of data from LDB and HB behavioural tests did not show any changes 

in the spontaneous motor activity or curiosity parameters in EAm- and PEm-treated 

animals, that on the contrary emerged when the PCA analysis was performed. 

Interestingly, the multivariate analysis reported that treated EAE mice were different 

from untreated animals, resembling more the healthy control group. Although the limited 

number of animals dedicated to the behavioural tests makes it difficult to propose a clear 

interpretation of the data, both univariate and multivariate statistical analysis support the 

idea that the administration of EAm/PEm nutraceuticals preferentially triggers a “positive 

trend” instead of a clear change of behavioural skills, as usually observed after the 

administration of drugs. 

To conclude, the results described in this study improved knowledge of the central spinal 

alteration that occur during EAE pathology, further highlighting the main role of 

demyelination and inflammation in the exacerbation of the disease. Furthermore, they 

unveil that EAm and PEm formulations exerts beneficial effects in the CNS of EAE mice, 

posing the basis of its use as nutraceutical supplementation for MS patients. 
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FUTURE PERSPECTIVES 
 

Based on the promising results so far described, it might be of interest to extend the study 

in the cortex, by studying the cellular and molecular alterations at the different stages of 

the disease. Differently from the spinal cord, demyelination and inflammation is rare if 

ever absent in the cortex of EAE mice where however clear signs of altered glutamatergic 

transmission emerge, starting from the early stage of the disease, consistent with the 

view that this region would develop a different pathological profile during EAE and might 

therefore responds differently to the EAm and Pem administration. 
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TASK2_ LOOKING FOR A CELLULAR TARGET FOR EA  
 

RESULTS 
 

In an attempt to propose a potential candidate for the beneficial effects exerted by EAm 

and PEm, the study focussed on the noradrenergic system. This central transmitter 

pathway was chosen based on data in the literature suggesting that EA has an 

antidepressant-like activity, comparable to the efficiency of classic antidepressant215,216. 

In particular, the results in the literature show that EA administration reduces the 

immobility time in two different behavioural tests (tail suspension test, TST; forced 

swimming test, FST) and this effect was reversed by the concomitant administration of 

noradrenaline receptors antagonists. Furthermore, in a recent study carried out by 

Professor Boggia and Professor Pittaluga194, EAm oral administration recovered the 

noradrenaline (NA) release from cortical nerve terminals in aged mice, making it 

comparable to that of young ones.  Hence, I decided to turn my attention to the 

noradrenergic system, in particular the noradrenergic receptors, namely the α1, the α2 

and the β adrenergic receptors (ARs). Among all, I focussed on α2-ARs, because they are 

indirectly involved in the activity of antidepressant drugs, such as the noradrenaline 

reuptake inhibitors (NRI)217. The α2-ARs are G protein-coupled receptors negatively 

associated with the adenylyl cyclase (AC), which reduce the gating of the voltage-

operated calcium channels (VOCCs), leading to an inhibition of cellular functions218. In the 

CNS, they act as presynaptic inhibitory autoreceptors in noradrenaline nerve endings219 

and are mainly located on noradrenergic neurons which connect Locus Coeruleus to the 

other central regions219. The persistent stimulation of α2-ARs, elicited by an increase of 

noradrenaline in the synaptic cleft caused by NRI or through the direct activation of these 



- 86 - 
 

receptors by agonists, causes their downregulation217. The final result is the impairment 

of the presynaptic mechanism of autocontrol and the consequent increase of the 

noradrenergic release220,221. Interestingly, α2-ARs are also present on the astrocytes, 

where they are involved in the release of cytokines that maintain the non-inflammatory 

phenotype of glial cells222. In EAm-treated old mice, we noticed a significant reduction of 

lymphocyte infiltration, as well as inflammatory markers, such as TNF-α and IL-1β194. 

Therefore, taking into account that noradrenaline and cytokines release systems 

modulate each other220,223 and that the α2-ARs represent the link between NA and 

cytokines cross-talk in the CNS, I hypothesized that these receptors could be implicated 

in the beneficial activity of ellagic acid. 

The α2-ARs include three subtypes, the α2A-AR, the α2B-AR, and the α2C-ARs, but, to 

achieve my aim, I considered only the α2A-ARs and the α2C-ARs because they are those 

receptors preferential expressed in CNS, while the α2B-ARs are principally found in the 

periphery224. First, “in silico” analysis was carried out to study the binding modes of EA 

into human α2A-AR and α2C-AR catalytic pockets. To this aim, the group of Prof. Alcaro at 

the University “Magna Graecia” of Catanzaro performed molecular docking studies to 

address the question. The EA interactions with the α2-ARs were compared to those of 

agonist (clonidine) and antagonist (yohimbine).     
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Figure 20: molecular docking analysis of α2A-AR6KUX with clonidine, ellagic acid and yohimbine. 
Key contacting elements inside (a,b) the α2A-AR6KUX/clonidine, (c,d) the α2A-AR6KUX/EA, and (e,f) 
the α2A-AR6KUX/ yohimbine best docked pose. Panels a), c), and e) show all side chains involved in 
H-bonds (violet), π-π interactions (cyan) and π-cation interactions (red) in stick representation.  
2D representation of the key interactions of (b) clonidine, (d) EA and (f) yohimbine into the α2A-
AR6KUX structure.  

 



- 88 - 
 

The first receptor studied was the α2A subtype, as shown in Figure 20. EA docking pose 

revealed the similar orientation of clonidine into the α2A-AR6KUX binding site, connected 

by H-bond and π-cation interaction to the binding site (Figure 20 a,b).  

Figure 21: molecular docking analysis of α2A-AR6KUY with clonidine, ellagic acid and yohimbine. 
Key contacting elements inside (a,b) the α2A-AR6KUY/clonidine, (c,d) the α2A-AR6KUY/EA, and (e,f) 
the Α2a-AR6KUY/yohimbine best docked pose. Panels a), c), and e) show all side chains involved in 
H-bonds (violet), π-π interactions (cyan) and π-cation interactions (red) in stick representation. 
2D representation of the key interactions of (b) clonidine, (d) EA and (f) yohimbine into the α2A-
AR6KUY structure.  
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The α2A-AR6KUX and the α2A-AR6KUY had different rearrangements of residues into the 

binding pocket but EA was able also to interact with the α2A-AR6KUY as well, forming two 

H-bonds and a π-π interaction (Figure 21 a,b).  

Figure 22: molecular docking analysis of α2A-AR6KUY with clonidine, ellagic acid and yohimbine. 
Key contacting elements inside (a,b) the α2C-AR6KUW/clonidine, (c,d) the α2C-AR6KUW/EA and (e,f) 
the α2C-AR6KUW/yohimbine best docked pose. Panels a), c) and e) show in stick representation all 
sidechains involved in H-bond (violet), π-π interaction (cyan) and π-cation interaction (red).  
2D representation of the key interactions of (b) clonidine, (d) EA and (f) yohimbine into the α2A-
AR6KUW structure. 
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As far as the α2C-AR6KUW is concerned, docking studies revealed that EA was stable in the 

active pocket of α2C-AR, interacting with the same residues with which yohimbine 

interacts (Figure 22 c-f).  

Then experiments were performed to highlight the presence of the α2A and α2C receptor 

proteins in the mouse brain. Taking into consideration that the ascending noradrenergic 

projections from the Locus Coeruleus preferentially innervate the hippocampus, western 

blot analysis was carried out to verify receptors’ presence in the hippocampal lysates. 

 

Figure 23: Western blot analysis of α2A and α2C adrenergic receptors in mice hippocampal 
homogenates.  
a) Representative western blot analysis of the immunostaining for α2A-AR in two different 
preparations from mouse hippocampal homogenates. 
b) Representative western blot analysis of the immunostaining for α2C-AR in two different 
preparations from mouse hippocampal homogenates.   
 

As reported in Figure 23, the hippocampal lysate showed significative immunopositivity 

for the α2A-ARs and the α2C-ARs proteins, with a molecular weight consistent with the 
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presence of both the monomeric (45 kDa and 50 kDa for α2A-ARs and the α2C-ARs, 

respectively) and the polymeric receptor assemblies, more evident for the α2A-AR 

subtypes. The results also demonstrated that the immuno-positivity was correlated to the 

loaded protein content. 

Once confirmed the presence of these receptors in the hippocampus, release 

experiments were performed to study the possible functional interaction of ellagic acid 

with naïve α2-ARs. To this aim, hippocampal synaptosomes from adult male mice were 

analyzed to quantify the impact of ellagic acid on noradrenaline exocytosis. The 

experimental technique used is the “up and down superfusion”, which is widely 

recognized as an approach suitable to demonstrate the existence of receptors in nerve 

endings by a functional point of view, and to characterize the affinity and the intrinsic 

activity of ligands (more technical details in Materials and Methods, section 11).  

 
Figure 24: Effect of ellagic acid, clonidine and yohimbine on the 12 mM KCl-evoked [3H]NA 
release in hippocampal synaptosomes from adult male mice.  
Ellagic acid (10 nM) mimics clonidine (100 nM) in inhibiting the [3H]NA exocytosis from mouse 
hippocampal synaptosomes, and its effect is reversed when yohimbine is concomitant added in 
a dose-dependent fashion (1nM and 10nM). Results are expressed as a percentage of tritium 
release evoked by 12 mM-KCl solution. Data are reported as mean ± SEM of four experiments 
conducted in triplicate.  
Note: * p < 0.05 vs. 12mM KCl-evoked tritium overflow; § p < 0.05 vs. 12mM KCl/10nM ellagic 
acid-evoked tritium overflow; ANOVA test followed by Dunnett’s Multiple Comparison. 
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The α2-ARs are inhibitory autoreceptors, the activation of which with the selective α2-ARs 

agonist clonidine (0.1 µM), reduces the release of preloaded [3H]NA elicited by a mild 

depolarizing stimulus (12mM KCl-enriched solution, Figure 24). Interestingly, a 

comparable reduction was also observed when hippocampal synaptosomes were 

exposed to the KCl-enriched solution in the presence of 10nM of EA. To confirm the 

involvement of α2 autoreceptors in the EA activity, experiments were then carried out to 

verify whether yohimbine, a selective α2-ARs antagonist, can recover the inhibitory effect 

elicited by EA (Figure 24). Yohimbine, concomitantly added to EA during the high K+-

depolarization, largely recovered tritium exocytosis. Interestingly, the antagonist alone 

failed to modulate KCl-evoked tritium release, strengthening the conclusion that 

yohimbine efficiency relied on its ability to compete with the natural compound for the 

binding at the α2 receptors.  

Taken together, these results indicate that ellagic acid binds naïve α2-ARs presynaptically 

located on noradrenergic nerve endings and could control NA exocytosis in hippocampal 

noradrenergic nerve terminals. These data strongly support the conclusion that α2-ARs 

could be considered as a cellular target of this natural compound and theoretically could 

play a role in the beneficial effects elicited by this compound, assuming that EA could 

reach the CNS once orally administered. 
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DISCUSSION 
 

Ellagic acid possesses broad-spectrum physiological activities as confirmed by “in vitro” 

225,226, “in vivo” 227,228, and clinical studies 229, including antioxidant, anti-inflammatory, 

immunomodulatory and neuroprotective activities. Even free EA is relatively less water 

soluble, and its bioavailability is low, in all the tests I carried out I used the new 

formulation performed by Prof. Boggia and colleagues194, that consists of an EA micro-

dispersion (EAm), prepared with pectin by spray drying technology, which increases the 

EA water solubility by more than 30 times, improving accordingly the pharmacokinetic 

profile of EA itself. For this reason, I started to investigate the possible cellular target(s) 

of ellagic acid, aware that the study needs to be implemented focussing on the activity of 

the EA metabolites, such as urolithins.  

For this task, I referred to the previous study carried out by Prof. Pittaluga and Prof. Boggia 

research groups194 demonstrating that the efficiency of noradrenaline release recovers in 

EAm-treated aged mice. The conclusion was supported by the evidence that EA reduced 

the immobility time in two different behavioural tests, showing an anti-depressant-like 

activity comparable to that of the classical antidepressants216, in a way that was sensitive 

to  the concomitant administration of selective antagonists of NA receptors215. Based on 

these observations, we focussed on the α2-ARs because they are presynaptic 

autoreceptors which are indirectly tuned by the antidepressants that hamper the 

noradrenaline reuptake217. It is known that the activation of these receptors inhibits 

noradrenaline release from nerve terminals, but, if their activation by orthosteric agonist 

persists during time, they desensitize, then in turn causing an increase of noradrenaline 

in the synaptic cleft, which account for the antidepressant activity of the chronic 
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antidepressants. The α2-ARs are divided in three subclasses: the α2A-ARs, α2B-ARs and the 

α2C-ARs, but among them the α2A and the α2C receptors are mainly expressed in CNS224 

and we hypothesized could represent potential targets involved in the antidepressant 

activity of EA or its metabolites, assuming that these products would access the CNS.   

Accordingly to our hypothesis, the “in silico” studies showed that ellagic acid interacts 

with human α2A-ARs binding site in a way comparable to clonidine, suggesting its 

promising role as an orthosteric agonist. This conclusion was confirmed in functional 

studies carried out with the mouse hippocampal synaptosomes. The experiments 

reported that EA was able to reduce the noradrenaline release in a comparable way of 

the selective agonist (clonidine). The specific agonistic activity of this compound on the 

α2A-ARs was definitively proven by the observation that the effect was reduced when in 

co-presence with yohimbine, a selective antagonist, in a dose-dependent manner.  
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FUTURE PERSPECTIVES 
 
The logical extension of the project would imply to study whether the novel 

formulation(s) used to administrate EA would improve the bioavailability of this natural 

compound and of its metabolites in the CNS. It would be interesting also to investigate if 

EA preparations favor the central activity of the compound or if it is preferentially active 

in the periphery, then reverberating positively in the CNS. Another question would be 

whether UROs also can interact with α2 adrenergic receptors and what is their functional 

role in controlling noradrenaline exocytosis, to understand if these metabolites may have 

activity comparable to EA. Finally, it could be also interesting to study if EAm and PEm 

oral administration to healthy mice may modify the expression of α2-ARs, as well as the 

efficiency of noradrenergic release.  
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OTHER PROJECTS 
 

The role of the complement system in EAE mice 
 

In multiple sclerosis the neuronal death has traditionally been considered the 

consequence of prolonged and severe axonal damage related to myelin loss, but recently 

it has been demonstrated that primitive neurodegeneration, independent of 

demyelination, is an important contributor to patients’ long-term disability230. One of the 

mechanisms that lead to the early impairments are synaptic dysfunctions and loss231, that 

could be in part mediated by the complement system.  Complement is expressed in both 

neurons and glia and here control the synaptic network, by favoring the identification and 

the suppression of weak synapses during brain development and in central diseases232. 

The study I was involved in was dedicated to investigate the role of the complement in 

selected regions of EAE mice. 

 

 

The impact of different dietary interventions on the pathological hallmarks of the 
EAE mice 
 

Obesity is currently considered a low-grade inflammatory state and has been identified 

as a risk factor for several autoimmune conditions, such as multiple sclerosis233.  Several 

studies highlight that dietary modifications may improve MS clinical course and it has 

been hypothesized that different dietary components could modulate specific 

pathogenetic mechanisms234.  During my last period of Ph.D. I investigate the effect of the 

fat diet in EAE mice, comparing it to healthy control mice, performing experiments at the 

University of Tor Vergata in Rome, in collaboration with prof. Centonze and prof. 

Mandolesi research group. 
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ABBREVIATIONS 
 

6-OHDA: 6-hydroxydopamine 

AD: Alzheimer’s disease 

APC: Antigen Presenting Cell 

BBB: Blood-Brain Barrier 

BCA: Bicinchoninic Acid Assay  

CIS: Clinical Isolated Syndrome 

COX: Cyclooxygenase  

CT: Condensed Tannin 

Cup: Cuprizone 

EAE: Experimental Autoimmune Encephalomyelitis 

EA(m): Ellagic Acid (microdispersion) 

EFSA: European Food Safety Authority 

EGb: Gingko biloba Extract 

EGCG: Epigallocathechin-3-gallate 

ENA: European Nutraceutical Association 

ET: Ellagitannin 

EU: European Union 

FIM: Foundation of Innovation in Medicine 

GA: Gallic Acid 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

GFAP: Glial Fibrillar Acid Protein 

GT: Gallotannin 

H&E: Hematoxylin & Eosin  

HAT: Hydrogen Atom Transfer 

HB: Hole Board 

HHDP: Hexahydroxydiphenoic acid 

HT: Hydrolyzable Tannin 

Iba1: Ionized calcium-binding adapter 1 
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IFA: Incomplete Freund’s adjuvant 

IFN: Interferon 

(i)NFκB: (inhibitor of) Nuclear transcription Factor κB 

iNOS: inducible Nitric Oxide Synthase 

IL: Interleukin 

LDB: Light-Dark Box 

LFB: Luxol Fast Blue 

MBP: Myelin Binding Protein 

MHC: Major Histocompatibility Complex 

MOG: Myelin Oligodendrocyte Protein  

MRI: Magnetic Resonance Imaging 

MS: Multiple Sclerosis 

MT: Mycobacterium Tuberculosis 

NA: Noradrenaline 

nano-PSO: nanodroplet formulation of Pomegranate Seeds Oil 

NFATc1: Nuclear Factor of Activated T cells cytoplasmic 1 

NK: Natural Killer  

NLRP3: Nucleotide-binding domain-Like Receptor Protein 3 

ORAC: Oxygen Radical Absorbance Capacity 

OS: Oxidative Stress 

PCA: Principal Component Analysis 

PD: Parkinson’s Disease  

PE (POMx): Pomegranate Extract 

PPE: Pomegranate Peel Extract 

PEm: Pomegranate peel Extract microdispersion 

PPMS: Primary-Progressive Multiple Sclerosis 

PTx: Pertussis Toxin  

ROS: Reactive Oxygen Species 

RNS: Reactive Nitrogen Species 

RRMS: Relapsing-Remitting Multiple Sclerosis 
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SIF: Italian Society of Pharmacology 

SINut: Italian Nutraceutical Society  

SPMS: Secondary-Progressive Multiple Sclerosis 

Th: T helper cell 

TNF: Tumor Necrosis Factor  

Treg: T regulatory cell 

UL: Upper Level 

UM: Urolithin Metabotype 

URO: Urolithin 
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