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1. INTRODUCTION 

1.1. The seagrass Posidonia oceanica (L.) Delile  

Seagrasses, although commonly confused with marine macroalgae, are flowering and 

rhizomatous plants belonging to the monocotyledonous order Alismatales exclusively 

living in marine habitats. They are vascular plants deriving from higher terrestrial plants 

which, 70 to 100 million years ago, secondarily recolonized marine habitats. While 

sharing many of the primary and secondary metabolic features with their relatives of 

Alismatales order living in terrestrial and freshwater habitats [1], marine phanerogams 

are well adapted to life in the marine environment in shallow water at a depth of fewer 

than 50 meters [2].  

About 60 species of monocotyledons are known with over 300,000 species of 

angiosperms, but this small number compared to terrestrial species is by no means 

proportional to the importance of their ecological and economic aspect [3,4]. The 60 

seagrasses described in the world belong to four different families, namely 

Cymodoceaceae, Hydrocharitaceae, Posidoniaceae and Zosteraceae. The Mediterranean 

Sea is populated by five seagrass species, i.e. Posidonia oceanica (L.) Delile, Cymodocea 

nodosa (Ucria), Zostera marina L., Z. noltii Hornemann and Halophila stipulacea 

(Forsskål) Ascherson (non-native species) (Table 1) [5].   

 

Species Distribution Habitat Max. depth (m) 

Posidonia oceanica 

Mediterranean Sea, stops at the 

borderline where 

Mediterranean and Atlantic 

waters mix 

Common on sandy bottoms, is 

often found on rock and coralline 50 

 

Cymodocea nodosa 

Widely distributed throughout 

the Mediterranean, around the 

Canary Islands and down the 

North African coast 

Common on sandy bottoms, it 

prefers calm hydrodynamic 

environments 
40 

Zostera marina 

Limited and point form; 

reported in Italy 

Common on sandy and muddy 

bottoms, it suits low-salt waters, 

low tolerance to desiccation 

7 

Zostera noltii 
Widely distributed throughout 

the Mediterranean 

Common on sandy and muddy 

bottoms, it suits low-salt waters 
6 

Halophila stipulacea 

Present in the eastern 

Mediterranean, reported in 

Italy 

Common on sandy bottoms 

30 

 

Table 1. Summary of the distribution, habitat and maximum depth of the Mediterranean seagrasses 

species (modified from Buia et al., 2003 [6]). 
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As for P. oceanica, it belongs to the Posidoniaceae family (see the taxonomic 

classification in Table 2) which has only one genus, Posidonia, comprising a total of 9 

species with bipolar distribution: 8 of these are widespread on the Australian coasts, while 

Posidonia oceanica (L.) Delile is the only endemic species of the Mediterranean Sea.  

 

Posidonia oceanica (L.) Delile 

Empire Eukaryota 

Kingdom Plantae 

Phylum Tracheophyta 

Subphylum Euphyllophytina 

Infraphylum Spermatophytae 

Superclass Angiospermae 

Class Monocots 

Order Alismatales 

Family Posidoniaceae 

Genus Posidonia 

Species oceanica 

 

Table 2. Taxonomic classification of P. oceanica (www.algaebase.org)  
 

P. oceanica, the most abundant and widely distributed seagrass in the Mediterranean Sea, 

forms vast underwater grasslands (Figure 1) extending from 25,000 to 50,000 square 

kilometres from the surface up to 40 meters deep, representing the most important 

seagrass species for the coastal ecological balance of the Mediterranean Sea [5,7]. 

 

 

Figure 1. Posidonia oceanica (L.) Delile seagrass meadows. The photo was taken by authorized 

personnel of the Interuniversity Center for Marine Biology and Applied Ecology “G. Bacci” in the 

protected area of Meloria (Livorno, Tuscany, Italy). 
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It is present almost throughout the Mediterranean, although less abundant in the 

Levantine Sea. Its distribution on the western border is located about 250 kilometres east 

of the Strait of Gibraltar, where a complex mixture of waters of varying density between 

the Atlantic Ocean and the Mediterranean Sea (known as the Almeria-Oran front) creates 

the appropriate conditions for its survival (Figure 2) [8].  

 

 

Figure 2. Geographical distribution of P. oceanica (red line) along the coast of the Mediterranean Sea. 

The picture was taken from Vacchi et al., 2017 [8].  

 

P. oceanica can grow on different types of substrate, including sand easily penetrated by 

the roots, but also on detrital and rocky bottoms, where very robust roots can penetrate 

through the cracks [9,10].  

The strong lighting, transparency and depth of water are determining factors for its 

growth. Withstands relatively significant temperature changes between 10 °C and 28 °C, 

however, the absence of P. oceanica from the Levantine coast and its scarcity in the 

northern Adriatic could be due to summer and winter temperatures respectively. 

Therefore, the temperature is considered an essential parameter for this species 

geographical distribution. It also needs a constant salinity level, it appears to resist high 

salinity levels more successfully, so it is not common in estuaries or lagoons. Moreover, 

P. oceanica dislikes too intense hydrodynamics, currents and wave action prevents 

seagrass growth and distribution by causing sediment resuspension and transport [11].  

Although P. oceanica can grow in extraordinarily different environmental conditions, 

thanks to its physiological and morphological adaptations, it is particularly affected by 

changes in the quality of the marine environment and the meadows tend to regress when 

pollution is too accentuated.  

In recent years the strong anthropogenic impact with anchoring and trawling activities 

and pollution has caused numbness of marine waters, contributing to the rather dramatic 

regression of P. oceanica meadows. Also the coastal development (such as the coast 
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hardening, urban and port infrastructures), the excessive grazing of hedgehogs and 

herbivorous fish and the competition with macroalgae accidentally introduced the 

Mediterranean Sea strongly contribute to this phenomenon [9,12]. This overall decrease 

has been measured around 34% in the last 50 years [13].  

For all these reasons, greater efforts have been made for the legal protection of P. 

oceanica in many Mediterranean countries [14], becoming one of the main goals for the 

protection and management of the Mediterranean environment.  

P. oceanica meadows are identified by the European Union’s Habitat Directive 

(92/43/CEE) among the habitats of priority interest [9,15,16], and they are protected by 

the Berne and Barcelona Conventions and other national legislation. Furthermore, in 2008 

the MFSD (2008/56/EC) also selected P. oceanica as a representative species of the 

quality elements of angiosperms for the Mediterranean environment due to its sensitivity 

to disturbances, its wide distribution along the coast, and the good knowledge of the 

specific response of the plant and its ecosystem associated with the specific impact 

[17,18]. 

 

1.2. Morphology, structure and reproduction  

P. oceanica is a slow-growing marine phanerogam organized in roots, rhizomes and 

leaves (Figure 3) [7,8]. Its thin, soft and very often branched roots allow the anchoring 

and absorption of nutrients and act as an oxygen reserve.  

The rhizomes can be distinguished by the type of growth, horizontal (plagiotropic 

rhizome) or vertical (orthotropic rhizome).  

The plagiotropic rhizomes ensure the plant anchor to the substrate through the roots and 

favour the substrate colonization. The orthotropic rhizomes, growing in height, contrast 

the progressive silting up due to the continuous sedimentation, allowing to make the most 

of the available space and light.  

The growth orientation of the rhizome is dynamic and varies according to the available 

substrate and environmental conditions. However, in both cases the growth rate of 

rhizomes is rather slow and heavily dependent on seasonality.  
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Figure 3. P. oceanica anatomical details. Picture taken from the book «Praderas y Bosques Marinos de 

Andalucía» [19]. 

 

A unique characteristic of P. oceanica meadows is the formation of the so-called "matte" 

(Figure 4), consisting of the intertwining of several layers of trapped and compacted 

rhizomes, roots and sediments; the vegetative apex is only at the top of this formation. 

The substratum features play a key role in the distribution and colonization of P. 

oceanica, and highly influence its morphology and growth dynamics [20-23].  

 

 

Figure 4. Schematic representation of the “matte” structure of P. oceanica (modified from Gobert et al., 

2006 [7]). 

 

The matte growth speed depends on plant growth and hydrodynamics. In very sheltered 

areas the matte can create real natural barriers, while in very exposed areas the matte is 

continuously eroded resulting in the meadows death. Considering that 1 m of matte takes 

more than 100 years to form, the loss of every cm of meadow lost is serious. 

The leaves of P. oceanica are ribbon-like, with rounded tips and intense green colour. 

They can vary in length, from 1 cm up to 1 m. They are generally arranged in bundles 
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(about 6-7 leaves each) typically fan-shaped: the oldest is distributed outside the bundle, 

while the younger ones are inside. The leaves are produced continuously, but their growth 

rate is strongly influenced by season. In summer, P. oceanica meadows are full of very 

long leaves densely covered with epiphytes. With the arrival of autumn and climatic 

changes, there is a massive fall of adult leaves and a subsequent production of juvenile 

leaves during the winter period. Autumn storms tend to drag the fallen leaves to the coast, 

forming the typical accumulations on the beaches, called "banquets" of recognized 

ecological importance (Figure 5). 

 

  

Figure 5. A relatively thin banquette of P. oceanica leaves. The picture was taken from 

 Boudouresque et al., 2017 [24]. 

 

As for the reproductive aspects, P. oceanica reproduces both asexually (or vegetative 

way) and sexually [25].  

However, P. oceanica reproduces mainly through vegetative mode by stolonization, or 

by multiplication and growth of plagiotropic and orthotropic rhizomes. It is a slow process 

that involves a 2 cm/year rhizomes elongation, a process generally faster for plagiotropic 

rhizomes than for the orthotropic ones.  

P. oceanica is also able to multiply through sexual reproduction by flower fertilization, 

fruit ripening and seed production [26]. It produces inflorescences which in early autumn 

carry an average of 3-5 hermaphroditic flowers. Fruiting takes place in spring, through 

the production of the so-called "sea olives" (Figure 6) which, detached from the plant, 

float until the seed is released from which a new plant will develop.  

However, flowering and fruiting of P. oceanica are rare events and little information is 

available on them. 
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Figure 6. P. oceanica fruits called “sea olives”. The picture was taken from Ruiz et al., 2015 [27].  

 

1.3. P. oceanica ecosystem  

P. oceanica meadows are among the most important habitats in the Mediterranean Sea 

[9,28]. They constitute a complex and well-structured ecosystem playing an important 

and effective role as a pole of biodiversity, hosting approximately 20-25% of all living 

species in the Mediterranean Sea. The P. oceanica habitat structure makes available 

numerous vital resources for other organisms’ survival [29].  

In this habitat, both residents and migrant species use P. oceanica as a source of food, 

refuge from predators or as a suitable place for reproduction and laying of eggs. Indeed, 

P. oceanica ecosystem also constitutes nursery areas for juvenile fish growth thanks to 

the abundant organic matter and the possibility of shelter among the leaves. 

The rich and diverse animal and plant communities populating P. oceanica meadows 

contribute to creating a complex, highly efficient and productive food network, capable 

of exporting energy to other systems. In this food chain, the epiphytic community 

growing on P. oceanica leaves and rhizomes contributes up to 30% to the overall system 

production [10,30].  

In terms of species, there are few direct herbivores due to the inherent characteristics of 

P. oceanica leaves; only 10% of primary production is used by herbivores, especially 

Sarpa salpa [31]. Indirect herbivores and depositivores, grazers of the epiphytic flora of 

leaves, on the other hand, are the most represented categories among the animal 

communities of the leaves. Most of the biomass produced (24-85%) is instead exported 

as dead leaves [32].  

However, the consumption of living P. oceanica is limited to a few non-selective animal 

species capable of taking relatively high quantities of food in which the different 

nutritional resources are present. In fact, in many seagrass systems, algal epiphytes prove 

to be a more pleasant food source for herbivores than seagrass tissue, constituting up to 

40% of the total biomass of P. oceanica leaves [33].  
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Overall, the high energy content of P. oceanica and its sizeable biomass is only minimally 

available for direct trophic interaction. Hence, P. oceanica is defined as a complex 

structure that plays a primary role as a refuge, a direct and indirect source of food, as well 

as a producer of energy that is exported to adjacent systems. It is a very varied image in 

which highly dynamic interactions take place between the different components of the P. 

oceanica system. 

 

1.4. P. oceanica ecological significance  

P. oceanica meadows are defined as "climax communities" of the Mediterranean Sea. 

This definition indicates the maximum level of development and complexity that an 

ecosystem can reach. P. oceanica is the essential component for the balance and richness 

of the Mediterranean coastal environment, and it is important from an ecological, 

geological and economic point of view, providing benefits to humans [34-38]. Below are 

the essential biological functions that P. oceanica meadows perform in the natural 

ecosystem of the Mediterranean coastal areas:  

✓ P. oceanica meadows play a crucial role in the balance and health of the 

Mediterranean coastal environment given the richness of associated flora and fauna, 

but also for their high primary production. P. oceanica seagrass produces a large 

amount of plant biomass in nearby and deep systems which also implies a high rate 

of oxygen production. P. oceanica is called "the lung of the Mediterranean" producing 

14 to 20 litres of oxygen per day per square meter, a photosynthetic by-product which, 

when released, becomes available for other marine organisms [38].  

✓ P. oceanica meadows are characterized by high biomass production, about 20 g 

C/m2/day, and therefore are recognized among the most productive marine 

environments. About 50% of organic substances produced by the meadows and by 

the foliar epiphytes is consumed within the biocenosis, but a considerable part of this 

primary production (from 25% to 85%) [38] is exported in the form of dead leaves 

both to the neighbouring ecosystems and in-depth. Therefore, P. oceanica meadows 

play a fundamental role in the circulation of organic substances between the coastal 

and pelagic systems. The pelagic domain, almost a biological desert when compared 

to the fertile coastal waters, is thus supplied by a constant flow of food and energy in 

the form of organic debris, eggs, gametes, larvae, and other forms of organic particles. 

Furthermore, precisely this characteristic of high primary production makes the 
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ecosystem of P. oceanica grasslands able to sequester large quantities of carbon called 

"blue carbon" and therefore large quantities of carbon dioxide from the atmosphere 

[39] with an average rate of 83 g C/m²/year, thus managing to significantly oxygenate 

the coastal waters and helping to alleviate the effects of climate change. 

✓ The P. oceanica ecosystem plays an essential role in coastal dynamics given its role 

in the seabed consolidation and in sedimentological processes [38,40]. P. oceanica 

stabilizes the seabed with its roots, consolidating and compacting inconsistent 

substrates. This role makes it possible to counteract the excessive transport of thin 

sediments from coastal currents. This phenomenon is due to the double action of P. 

oceanica leaves both on the fine particles that are captured and harnessed between 

rhizomes, and on the waves and currents whose intensity is considerably reduced. 

✓ P. oceanica is a real natural system of defence and protection of the shoreline which 

slows down and effectively absorbs the hydrodynamics at the seabed. Dead leaves 

carried by the currents to the shore, especially during winter storms, tend to 

accumulate forming masses mixed with sand that can even exceed one meter in 

height, i.e. banquettes [9,41,42]. These structures represent real protection for the 

beaches, mitigating the damage caused by storm surges and the consequent erosive 

action of the waves. About 1 m2 of retreating meadows can cause the erosion of about 

15 meters of sandy shoreline. 

 

1.5. P. oceanica and humans: a millennial history 

Even before discovering its enormous ecological value, archaeological and historical 

evidence tells of a millennial relationship between P. oceanica seagrass and humans. 

Curiously, in the cave du Lazaret, in the French Maritime Alps, remains of leaves dating 

back to the end of the Riss glaciation (over 100,000 years ago) were found, presumably 

used as a bed by the occupants. P. oceanica claims numerous traditional uses in human 

history in various commercial and industrial sectors thanks to its innumerable properties. 

The first details on P. oceanica use in human civilization date back to ancient Egypt, 

where the P. oceanica egagropyls (agglomerates of fairly spherical fibres from dead 

leaves formed by hydrodynamics in shallow waters and then thrown back onto the 

beaches, see Figure 7) were used for the production of footwear [43,44].  

 



                                                                                                                                        Introduction 

 

 
12 

 

 

Figure 7. P. oceanica egagropyls. 

 

Moreover, for decades P. oceanica leaves were used by Venetians to wrap and transport 

their renowned fragile glass, in fact they were known as "Venetian straw" [45].  

Among other practices, P. oceanica leaves were also used for the packaging of ceramics 

and even fresh fish sold in the markets. In the early 20th century, the biological 

characteristics of the seagrass were also exploited in the construction sector, especially 

by the coastal populations of northern Africa (Egypt, Libya, and Tunisia) who used dry 

leaves as roofing [46] and thermal insulation for habitations [45].  

P. oceanica also claims use in agriculture, thanks to the high mineral content of the leaves. 

In particular, P. oceanica leaves were used as an agricultural fertilizer to improve the 

properties of the soil, a practice long used by farmers on the Mediterranean coast [47-49]. 

In Tunisia, P. oceanica leaves were used as livestock bedding, still in use today thanks to 

their antifungal and insect repellent properties. Considering the nutritional value of P. 

oceanica leaves similar to that of forage plants, they were also used as food supplements 

for poultry and livestock [9]. Among other uses, P. oceanica was employed in paper 

production in the late 19th century [50,51].  

Beyond varied applications in human activities, P. oceanica seagrass has traditionally 

been used also as a medical plant in the treatment of various human disorders.  

The first information on the P. oceanica healing properties comes from ancient Egypt, 

where it was supposedly used for sore throat and skin problems [52]. An old botanical 

handbook of Cazzuola also mentions P. oceanica as a popular pharmacopoeia product 

[53]. It has also been documented that P. oceanica leaves were used to treat inflammation 

and irritation, but also as a remedy for acne, lower limb pain and colitis [54].   

On the other hand, the curious use of P. oceanica as padding for cushions and mattresses 

dates back to the 16th century. It is believed that this practice served to prevent respiratory 

infections and to alleviate the conditions of people with tuberculosis.  
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The use of the decoction of P. oceanica leaves as a natural remedy for diabetes and 

hypertension belongs to a more recent tradition by the inhabitants of the coastal areas of 

western Anatolia [55].  

Therefore, the queen of the seas for 120 million years, P. oceanica has also proved to be 

a precious ally for the care of human health. 

1.5.1. Pre-project pharmacological studies on P. oceanica extract bioactivities 

Before the beginning of my research project, the literature reported very little 

pharmacological studies on the bioactive properties of P. oceanica extracts or derived 

compounds with potential therapeutic applicability to human health.  

In 1989, a study by Pesando et al. [56] had shown antibacterial and antifungal activities 

in a rhizome extract of P. oceanica.  

Then in 2008 Goecke et al. conducted a study on the potential therapeutic benefits of a 

hydroethanolic extract of P. oceanica leaves against diabetes-related endothelial 

dysfunction and oxidative damage. It was observed that continuous oral administration 

of P. oceanica leaves extract in alloxan-induced diabetic rats was able to reduce blood 

glucose, strongly recover the activity of antioxidant enzymes, and reduce the process of 

lipid peroxidation [55].  

Subsequently, the antioxidant power of an ethanolic extract of P. oceanica leaves was 

further highlighted by a study by Cornara et al. (2018) [57]. In this study, the possible 

applications of this extract for the treatment of skin and associated diseases were 

evaluated. These experiments showed that P. oceanica was able to stimulate fibroblast 

proliferation and collagen production, lipolysis in adipocytes and have anti-melanogenic 

activity, suggesting that P. oceanica extract could find applications in skin anti-aging, 

anti-cellulite and depigmenting products. 

Based on these data reported in the literature, my scientific research investigated from a 

biochemical point of view the bioactive properties of this marine plant that had potential 

therapeutic applicability for human health. 

 

1.6. Marine natural products: from the sea to human health 

Comprehending the potential of the natural world to produce secondary metabolites is 

noticeable in a broad range of fields, including the discovery of new drugs.  

Many pharmacological treatments owe their existence to natural products that currently 

provide or inspire the production of 50-70% among all agents in clinical use [58]. 
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Interest in the discovery of drugs based on natural marine products emerged in the late 

19th century, thanks to advances in new technologies and skin-diver equipment.  

With more than 70% of the earth's surface area, the marine environment is the biggest 

terrestrial habitat and prolific supply of biologically active compounds because of its 

extraordinary biodiversity, which is relatively unexplored in comparison to terrestrial 

environments.  

Therefore, marine natural products with a wide range of biological activities have 

increasingly attracted the attention of many researchers as a useful resource for 

developing drugs for the treatment of human diseases [59]. In 2019, the medical and 

scientific community honoured the 50th anniversary of the introduction of cytarabine, the 

first marine-derived drug, into clinics. Cytarabine (Cytosar-U®) was first isolated from a 

sea sponge [60], and was approved in 1969 by the Food and Drug Administration (FDA, 

MD, USA) as a drug for leukemia treatment. Shortly thereafter, in 1976, the FDA 

approved Vidarabine (Vira-A®), another drug of marine origin, for the treatment of 

Herpes simplex virus infection [61]. After a nearly 40-year setback, marine drug 

development at the beginning of the 21st century has entered a period of renaissance.  

Nowadays, while many terrestrial natural products are well-documented, marine 

organisms have become the main source of reliable and varied chemicals. Given the 

specific environmental conditions, marine organisms are characterized by particular 

biochemistry which mostly outcomes in unique secondary metabolites. Approximately 

28,000 natural marine products have been isolated today, of which 1490 in 2017 alone 

[62], and hundreds of new compounds are identified daily.  

Over the past 20 years, enormous progress has been made in marine drug design, and by 

the end of 2020 the following drugs were already in use in cancer therapy, and not only: 

• Cytarabine (Ara-C, Cytosar-U® [Pfizer]), deriving from marine sponge, 

mentioned above; 

• Vidarabine (Ara-A, Vira-A® [Mochida Pharmaceutical Co.]), deriving from 

marine sponge, mentioned above; 

• Ziconotide (Prialt® [Jazz Pharmaceuticals]), deriving from cone snail, is an N-type 

calcium channel antagonist. First approved in 2004 for the management of severe 

chronic pain in patients; 

• Omega-3-acid ethyl esters (Lovaza® [Glaxo Smith Kline]), deriving from fish, is 

a combination of ethyl esters of omega 3 fatty acids, principally EPA and DHA. 
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First approved in 2004 for reducing triglyceride levels in adult patients with severe 

hypertriglyceridemia; 

• Eribulin mesylate (E7389, Halaven® [Eisai Inc.]), deriving from marine sponge, 

is a microtubule inhibitor. First approved in 2010 for metastatic breast cancer 

treatment; 

• Brentuximab vedotin (SGN-35, Adcetris® [Seattle Genetics]), deriving from 

mollusk/cyanobacterium, is a CD30-directed antibody-drug conjugate. First 

approved in 2011 for the treatment of systemic malignant anaplastic large T-cell 

lymphomas and Hodgkin's lymphomas. 

• Icosapent ethyl (Vascepa® [Amarin]), deriving from fish, is an ethyl ester of 

eicosapentaenoic acid (EPA). First approved in 2012 for reducing triglyceride 

levels in adult patients with severe hypertriglyceridemia; 

• Omega-3-carboxylic acid  (Epanova® [AstraZeneca]) is a fish-oil deriving 

mixture of free fatty acids primarily of EPA and DHA. First approved in 2014 for 

reducing triglyceride levels in adult patients with severe hypertriglyceridemia;  

• Trabectidine (ET-743, Yondelis® [PharmaMar]), deriving from tunicate, is an 

ascidian alkaloid. First approved in 2015 for the treatment of soft tissue sarcoma 

and ovarian cancer; 

• Plitidepsin (dehydrodidemnin B, Aplidin® [PharmaMar]), deriving from tunicate, 

is a cyclic depsipeptide. First approved in 2018 for leukemia, lymphoma and 

multiple myeloma treatment; 

• Polatuzumab vedotin (DCDS-4501A, PolivyTM [Genetech, Roche]), deriving 

from mollusk/cyanobacterium, is a CD79b-directed antibody–drug conjugate. 

First approved in 2019 for the treatment of chronic lymphocytic leukemia, B-cell 

lymphomas, non-Hodgkin's lymphomas; 

• Enfortumab vedotin (PADCEV® [Astellas Pharma & Seattle Genetics]), deriving 

from mollusk/cyanobacterium, is a Nectin-4-directed antibody and microtubule 

inhibitor conjugate. First approved in 2019 for the treatment of adult patients with 

locally advanced or metastatic urothelial cancer; 

• Belantamab Mafodotin (BlenrepTM [Glaxo Smith Kline]) deriving from 

mollusk/cyanobacterium, is a B-cell maturation antigen (BCMA)-directed 

antibody and microtubule inhibitor conjugate. First approved in 2020 for the 

treatment of adult patients with relapsed or refractory multiple myeloma. 
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• Lurbinectedin (ZEPZELCA™ [Pharmamar]), deriving from tunicate, is an 

alkylating drug. First approved in 2020 for the treatment of adult patients with 

metastatic small cell lung cancer (SCLC) with disease progression on or after 

platinum-based chemotherapy. 

As of October 2020, other marine-derived compounds are in Phase III, II, or I drug 

development and are part of the global marine pharmaceutical clinical pipeline 

(https://www.midwestern.edu/departments/marinepharmacology/clinical-pipeline.xml). 

In 2015, an analysis found that more than half of the new marine natural products 

discovered between 1985 and 2012 were used in cancer therapy [59,63]. In addition, 

marine drugs with antibacterial [64], anti-inflammatory [65], antifungal, antiviral, 

analgesic [66] and other activities [67] have been discovered. 

Pharmaceutical companies are always looking for new resources to develop effective and 

safe drugs for the growing needs of world population. Given the latest advances in the 

development, approval and therapeutic use of marine-derived drugs, the marine 

environment represents enormous potential in the pharmacological field to fight various 

human diseases [68].  

 

1.7. Secondary metabolites of P. oceanica leaves  

For years P. oceanica has been the focus of numerous ecological studies aimed at 

investigating its role within the entire marine ecosystem.  

The strong interest of scientific research for this seagrass has encouraged studies for the 

metabolic characterization of P. oceanica in order to deepen the knowledge on a marine 

plant of inestimable value. 

From these studies it appears that P. oceanica is a rich source of secondary metabolites, 

mainly represented by phenolic compounds [69,70], which physiologically seem to play 

a key role in the self-protection from photosynthetic stress, reactive oxygen, 

anthropogenic pressures and inter-specific competition, predators and pathogens [71,72]. 

Among the phenolic compounds, chicoric acid is recognized as the major secondary 

metabolite in P. oceanica leaves extracts [57,73-75], which, however, also abound in p-

coumaric, ferulic, gallic, chlorogenic, caffeic, caftaric, cinnamic and gentisic acids 

[57,69,73,75] (Figure 7).  

 

https://www.midwestern.edu/departments/marinepharmacology/clinical-pipeline.xml
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Figure 7. Structures of the main secondary metabolites in P. oceanica leaves. 

 

Furthermore, myricetin, quercetin, isorhamnetin and kaempferol, found in the diethyl 

layer of a hydrochloric acid solution used for extraction from P. oceanica leaves, have 

been recognized as the most represented secondary metabolites belonging to the class of 

flavonoids [76,77] (Figure 8). 

 

 

Figure 8. Structures of the most represented flavonoids in P. oceanica leaves. 

 

Other phenolic derivatives were identified and quantified in P. oceanica leaves extracts, 

including phloroglucinol, pyrocatechol, pyrogallol, vanillin aldehyde, 4-

hydroxybenzaldehyde, 3,4-dihydroxybenzaldehyde, benzoic acid, p-hydroxybenzoic 

acid, p-anisic acid, vanillic acid, syringic acid, proanthocyanidins and calchones (as 

phloretin and phloridzin) [73,76].  

P. oceanica seagrass is also characterized by the presence of long-chain fatty acids. The 

lipid fraction of P. oceanica leaves extracts was found to consist mainly of palmitic, 

palmitoleic, oleic and linoleic acids, as well as phytosteroids campesterol, stigmasterol 

and β-sitosterol [78].  

In 2013, a new sesquiterpene alcohol called posidozinol was also isolated from a 

chloroform extract of P. oceanica leaves [79]. 
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However, a comparison of results from different extraction methods reported in literature 

is hardly feasible because of the different strategies used and because P. oceanica leaves 

were not harvested from the same seasonal periods and ecological conditions. 
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2. AIM OF THE THESIS 

Although a fair amount of literature discloses the millennial close relationship between 

P. oceanica seagrass and humans, very little attention has been given through the years 

to the potential benefits of P. oceanica for human health. 

In 2015 the research group of Prof. Degl'Innocenti of the Department of Experimental 

and Clinical Biomedical Sciences "Mario Serio" (University of Florence, Italy) launched 

a scientific investigation aimed at exploring the bioactive properties of P. oceanica, 

testing on biological assays secondary hydrophilic metabolites recovered from leaves by 

a hydroalcoholic extraction method. Although each individual characterized metabolite 

was independently tested, none by themselves showed as strong bioactivity as that of the 

total crude extract. Furthermore, cell-based bioactivity experiments clearly showed that 

P. oceanica extract was effective without leaving obvious signs of cytotoxicity. 

The use of phytocomplexes has always been considered, in phytotherapeutic field, an 

advantage over the use of single molecules (natural or synthetic). A phytocomplex can 

have greater biological effects than single compounds, in fact their components could act 

synergistically and exert an overall activity greater than that of the its individual 

constituents. Furthermore, it very often happens that the mechanism of action of drugs 

(natural or synthetic), as in the case of anticancer drugs, is based on cellular cytotoxicity, 

therefore sometimes with toxic side effects and inevitable repercussions on the patient's 

quality of life.  

Therefore, the possibility of using a phytocomplex free from cellular toxicity aroused my 

interest in continuing the investigation of P. oceanica leaves extract as an attractive 

reservoir of potent and cell-safe molecules. In this regard, the main objective of my PhD 

research project was to explore the mechanisms and molecular interactions and targeted 

signalling pathways underlying various bioactivities of the P. oceanica phytocomplex, 

with the future prospective of exploring its, hitherto unknown, potential benefits for 

human health. Overall, this research sheds light for the first time on P. oceanica seagrass 

as an innovative and promising source of secondary metabolites of possible 

pharmaceutical interest for the development of new health promoting products for the 

treatment and/or prevention of numerous diseases.  
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3. RESULTS AND DISCUSSION 

My PhD research project focused on studying the bioactive properties of the secondary 

metabolites of P. oceanica leaves. In the following paragraphs, the results achieved 

during my research activity, and already mostly published in peer-reviewed international 

scientific journals, will be reported and discussed. For the realization of this PhD project 

a collaboration has been established with the Interuniversity Center of Marine Biology 

and Applied Ecology "G. Bacci" (CIBM) of Livorno (Tuscany, Italy), whose expert and 

authorized personnel collected and supplied fresh leaves of P. oceanica.  

 

3.1. Hydroalcoholic extraction from P. oceanica leaves 

All the bioactive properties of P. oceanica, described in the following paragraphs, were 

investigated by testing the hydrophilic fraction of a P. oceanica leaves extract, named 

POE, in different experimental models. POE was obtained according to the 

hydroalcoholic extraction method described by Barletta et al., (2015) [80], which 

consisted of an initial phase of extraction in water/ethanol (30:70 v/v) and a subsequent 

degumming step with n-hexane. This method allowed to remove hydrophobic compounds 

and recover water-soluble secondary metabolites compatible with biological buffers for 

in vitro and in vivo studies. A first UPLC characterization analysis showed that POE 

consisted of 88% phenolic compounds. Of these, about 85% was represented by (+) 

catechins, while the remaining 5% by a mixture of gallic acid, ferulic acid, (-) catechin, 

epicatechin and chlorogenic acid. The small remaining fraction (12%) was represented 

by minor peaks, indicating the presence of additional compounds which, although 

detectable as phenols, are unknown/uncharacterized (Figure 8) [80]. 

 

 

Figure 8. UPLC chromatogram of the hydroalcoholic extract of P. oceanica leaves. The picture was 

taken from Barletta et al., 2015 [80]. 
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However, this extraction method proved to be extremely reproducible, as shown by both 

the quantity of dry extract obtained from each different extraction and the values of the 

biochemical composition, in terms of total polyphenol and carbohydrate content and 

antioxidant activities, which are comparable to each other (Table 3).  

 

 Extraction 1 Extraction 2 Extraction 3  

Dry extract 20 18 14  

Total polyphenols (TP) 5.7 ± 0.3 3.6 ± 0.3 2.0 ± 0.002  

Total carbohydrates (TC) 13 ± 2 7 ± 2 16 ± 0.77  

Antioxidant activity  1.5 ± 0.3 0.9 ± 0.1 0.6 ± 0.01  

Radical scavenging activity 12.8 ± 0.7 11 ± 0.7 3.6 ± 0.3  

 

Table 3. The first line indicates the dry extract values (mg) obtained from three different extractions from 

P. oceanica leaves. All other values concern the biochemical characterization of the three extracts and are 

reported as means ± standard deviations from at least three independent measurements, and expressed in 

mg/mL of extract after resuspension. 

 

Since natural products have a limited stability over time, POE was tested after one week 

from solubilization stored at 4 °C. Its composition and activity were very similar to those 

of fresh prepared batches, demonstrating its stability. However, all experiments were 

performed with freshly resuspended POE. 

Although the extract appears to be mostly composed of catechins it was already curiously 

observed in Barletta et al., (2015) [80] that its bioactivity was higher than that of pure 

catechin. Probably all the constituents of the extract, from catechins to less represented 

components, contribute synergistically to the bioactivity of the extract. Therefore, in my 

PhD project, I tested the various bioactivities of P. oceanica as a phytocomplex and not 

as individual fractions. 

 

3.2. P. oceanica in the fight against cancer 

3.2.1. P. oceanica inhibits cancer cell migration through autophagy modulation 

3.2.1.1. P. oceanica anti-migratory role on human fibrosarcoma HT1080 cells 

Cancer is arguably among the most life-threatening diseases in the world. The 

International Agency for Research on Cancer has estimated that around 18 million new 

cases of cancer occurred worldwide in 2018 [81].  

Although care and long-term survival have already been achieved for some human 

cancers, current therapies are not without serious side effects that often dramatically 
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worsen patients' quality of life. These problems place incredible value on the search for 

new and more effective therapeutic options with less harmful effects [82].  

Substantial improvements in the discovery and development of modern drugs make such 

research feasible. Over 60% of the anticancer drugs approved from 2000 to 2018 were 

derived from or structurally similar to natural products [83].  

Since the 19th century attention to the marine environment has grown considerably as an 

invaluable resource of new phytocompounds with different and unique chemical 

structures, potentially useful for new drug discovery [84-86], as mentioned in §1.6. 

Cancer is commonly characterized by abnormal cell proliferation and the possibility of 

invading and metastasizing other parts of the body. In solid tumors, invasion and 

metastasis are determining factors for the clinical stages and prognosis of patients and 

generally cause over 90% of deaths among cancer patients.  

In general, the invasiveness of tumor cells into surrounding tissue and the vascular system 

is a first step in tumor metastasis. During this process, cells attach to specific extracellular 

matrix (ECM) receptors and express and release matrix metalloproteinases (MMPs), a 

family of zinc-dependent endopeptidases, into the surrounding environment. MMPs, and 

in particular MMP-2 and MMP-9, strongly contribute to the ECM degradation. Then, 

cells migrate to the degraded area of ECM and the repetition of these events results in 

cellular invasiveness (Figure 9) [87]. 

 

 

Figure 9. Molecular events that take place during cell invasion: the three-step theory. This picture was 

taken from Nigel et al., 2002 [87]. 



                                                                                                                       Results and discussion       

 

 
23 

 

Unsurprisingly, targeting the ability of cancer cells to migration and consequently invade 

ECM and establish secondary tumors is crucial in fighting cancer progression. Therefore, 

the exploration of effective compounds capable of disrupting or normalizing metastatic 

processes is a key goal of cancer research. 

The research of Prof. Degl'Innocenti concerning the P. oceanica seagrass as a source of 

potentially useful bioactive molecules in various phytotherapeutic fields fits into this 

scenario. In fact, in 2015 Barletta et al. have shown the unprecedented ability of a 

hydroalcoholic extract from P. oceanica leaves (POE) to inhibit the migration of cancer 

cells [80]. POE was found to significantly inhibit the highly migratory behaviour of 

human fibrosarcoma HT1080 cells by reducing the expression and activity of MMP-2/9 

with no detectable signs of cytotoxicity. For the first time, these findings shed light on 

POE as an adequate source of secondary metabolites capable of hindering the migration 

of cancer cells. 

The potential of a phytocomplex to effectively exert its bioactivity without affecting cell 

viability has sparked my interest in studying the mechanism by which POE controlled the 

motile phenotype of cancer cells. 

The literature documents an intricate interplay between autophagy and many other 

cellular processes, including cell migration. Autophagy is a preserved evolutionary 

intracellular degradation system that delivers cytoplasmic material to the lysosome 

(Figure 10).  

 

 

Figure 10. Autophagy is activated in response to various stimuli. The phagophore, a double-membrane 

vesicle, begins to elongate into an autophagosome to engulf cytosolic material for elimination, i.e. 

damaged, old and long-lived proteins or organelles. Reached complete maturation, the autophagosome 

merges with the lysosome forming an autolysosome, which provides hydrolytic enzymes with an acidic 

environment to hydrolyse the material inside. The picture was taken from Li et al., 2019 [88]. 
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In relation to cell migration, some works report that autophagy could counteract the initial 

stages of the epithelium-mesenchymal transition (EMT) process in which cancer cells 

lose the typical properties of epithelial phenotype and acquire motile characteristics [89]. 

Based on these considerations, my research focused on verifying whether POE inhibited 

the migration of HT1080 cells by triggering the autophagic process.  

Initially my research confirmed the ability of POE to inhibit human fibrosarcoma HT1080 

cell migration with direct control of MMP-2/9 gelatinolytic activity, through wound 

healing (§4.7) and gelatin zymography assays (§4.8). Then, several features and markers 

of autophagy were examined over time in POE-treated cells.  

A Cyto-ID® staining immunofluorescence assay (§4.9) revealed a clear increase in the 

number of selectively labelled autophagic vacuoles in the cytosol of POE-treated cells, 

suggesting that the presence of POE promoted the autophagosome formation. 

Therefore, the most common signalling pathways that control autophagy have been 

explored with the Western blot technique (§4.10), focusing the analysis on the upstream 

and downstream pathways of the mammalian target of rapamycin (mTOR), the best 

known suppressive regulator of autophagy (Figure 11). 

 

 

Figure 11. The foremost signalling pathways of autophagy. The picture was taken from Li et al., 2019 

[88]. 

 

In particular, both a reduction in AKT phosphorylation levels, at least up to 7h of 

treatment, and an early increase in ERK1/2 phosphorylation, were observed in POE-

treated cells, compared to untreated control cells. This concomitant and inverse 
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correlation of the AKT and ERK1/2 phosphorylation state led to the activation of an 

autophagic flux, as demonstrated by the reduced phosphorylation of S6, a major target 

used for monitoring mTOR activity, in POE-treated cells.  

In addition, the expression levels of Beclin-1, a crucial target for the initial phase of 

autophagosome formation (upstream event in the autophagic signalling cascade) and 

therefore a marker of activation of autophagy, was monitored over time.  

The levels of Beclin-1 progressively increased until reaching a maximum expression peak 

at 7h of POE treatment. At this time point, the detection of a slight increase in the 

conversion of LC3-I to LC3-II (the lipid form), a well-accepted marker of autophagosome 

elongation, strengthened the evidence for early traces of autophagosome maturation.  

While the unchanged level of p62 protein, a marker of autophagy degradation phase, at 

7h of POE treatment suggested that autophagolysosome formation was in its early stage. 

However, the net reduction of Beclin-1 and p62 levels and the marked increase in the 

lipidation levels of LC3-II at longer times were clear signs of full autophagolysosome 

formation in POE-treated cells. 

The kinetics of autophagy activation upon POE treatment in all the above markers was 

therefore in agreement with the results obtained with the Cyto-ID®. 

Furthermore, some studies report that AKT phosphorylation and subsequent signalling 

are positively correlated with cell motility and gelatinase activation. Thus, the POE-

induced reduction in cell motility and MMP-2/9 activity, concurrent with the reduction 

in AKT phosphorylation, suggests that POE-induced autophagy may have a control over 

HT1080 cell migration. Furthermore, the literature reports that the insulin-like growth 

factor receptor 1 (IGF-1R), which translocates to cell nuclei in response to PI3K/AKT 

signalling, controls MMP-2 expression and thus cell migration [90]. In this regard, 

through an immunofluorescence analysis (§4.11) my study showed a complete 

accumulation of IGF-1R in the nuclei of untreated cells, confirming the close association 

between the nuclear localization of IGF-1R and the motile phenotype of HT1080 cells. 

An early redistribution of IGF-1R on the cell surface was observed after POE treatment, 

which progressively decreased after 7h of treatment. Therefore, these kinetic data were 

perfectly consistent with autophagic signalling and also with the phenotype of POE-

treated cells.  

Finally, to further confirm the interaction between POE-induced autophagy and its effect 

on cell migration, POE-treated cells were added with chloroquine, which blocks the 
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acidification of lysosomes in the last step of autophagy, at 7h - i.e. the most relevant time 

point for autophagy activation -. 

By recording cell migration in a time-lapse wound healing assay, POE was found to block 

wound closure kinetics after 7h-treatment, but the addition of chloroquine at this time 

point resulted in the recovery of the motile phenotype.  

In conclusion, taken together these results demonstrated for the first time that POE effects 

on cell migration occurred through the activation of an autophagic flux with no detectable 

effect on cell viability (Figure 12). The detailed analysis of the achieved results can be 

found in the published paper [91] attached below. 

 

 

Figure 12. Graphical abstract summarizing the results obtained from my research activity on P. 

oceanica anti-migratory activity through autophagy modulation. These results have already been 

published in 2018 in the international peer-reviewed scientific journal Marine Drugs [91]. 
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Abstract: Posidonia oceanica (L.) Delile is a marine plant with interesting biological properties
potentially ascribed to the synergistic combination of bioactive compounds. Our previously described
extract, obtained from the leaves of P. oceanica, showed the ability to impair HT1080 cell migration
by targeting both expression and activity of gelatinases. Commonly, the lack of knowledge about
the mechanism of action of phytocomplexes may be an obstacle regarding their therapeutic use and
development. The aim of this study was to gain insight into the molecular signaling through which
such bioactive compounds impact on malignant cell migration and gelatinolytic activity. The increase
in autophagic vacuoles detected by confocal microscopy suggested an enhancement of autophagy in
a time and dose dependent manner. This autophagy activation was further confirmed by monitoring
pivotal markers of autophagy signaling as well as by evidencing an increase in IGF-1R accumulation
on cell membranes. Taken together, our results confirm that the P. oceanica phytocomplex is a
promising reservoir of potent and cell safe molecules able to defend against malignancies and
other diseases in which gelatinases play a major role in progression. In conclusion, the attractive
properties of this phytocomplex may be of industrial interest in regard to the development of novel
health-promoting and pharmacological products for the treatment or prevention of several diseases.

Keywords: Posidonia oceanica; autophagy; cell migration; gelatinase; HT1080 cell line

1. Introduction

The angiosperm Posidonia (P.) oceanica (L.) Delile is a sea-grass widely distributed in the
Mediterranean Sea forming dense underwater meadows that cover tens to thousands of square
kilometres. In the sea coast of Western Anatolia, the decoction of P. oceanica leaves became an herbal
preparation used for diabetes mellitus and hypertension remedies. In fact, the antidiabetic and
vasoprotective properties of a P. oceanica extract have been confirmed in treated alloxan diabetic rats [1].
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Further data on the bioactivity of P. oceanica have been described, such as antibacterial and antifungal
properties as well as antimelanogenic and lypolitic activities [2] of a crude extract of leaves.

Hence, the interest in P. oceanica as a potential source of novel natural products that are useful for
the treatment or prevention of different pathological processes has greatly increased. Consequently,
the molecular mechanisms through which the bioactive compounds of P. oceanica exert their activities
need to be clarified.

In our previous work, we used UPLC analysis to characterize the polyphenolic profile of a
hydrophilic fraction of P. oceanica extract (POE), evidencing a large amount of catechins and minor
amounts of polyphenols [3] (Figure 1). Very low doses of POE showed the ability to drastically reduce
the motility of the highly invasive HT1080 fibrosarcoma cell line. This effect was due to the concomitant
presence of phenolic compounds in the total extract that synergistically decreased the expression of
gelatinases and directly inhibited gelatinolytic activity [3].
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Gelatinases, as members of the matrix metalloproteinase MMP family, are fundamental players
in maintaining the cellular environments needed by several physiological processes. However, they
could participate in the development of important physio-pathological chronic processes, such as
neurodegeneration, inflammation and cancer development. Specifically, in cancers, MMPs take part in
extracellular matrix degradation and cancer cell invasion and metastasis making cancer cells able to
migrate and propagate [4].

Recent studies have correlated cancer cell migration with autophagy (i.e., macroautophagy),
the major cellular digestion process conserved from yeast to mammals [5]. Autophagy process leads
cells to digest parts and components of their own cytoplasm to overcome intracellular or environmental
stress conditions, as nutrient deprivation or hypoxia [6,7].

Generally, motile and invasive cancer cells require autophagy augmentation to survive in stressful
conditions during invasive and metastatic processes, but recently it has been proven that autophagy
could contrast with early stages of the epithelial to mesenchymal transition (EMT) in which cancer
cells lose typical epithelial phenotype properties and acquire motility features [8]. The literature
reports that nutrient deprivation in glioblastoma cells impairs both migration and invasion and reverts
EMT [9]. On the contrary, the knockdown of key autophagy inhibitors has been proven to stimulate
cell migration and β-integrin recycling in HeLa cells [10].

Many different signaling pathways have been described to modulate autophagy, specifically by
influencing the activity of the mammalian target of rapamycin (mTOR), its key master regulator [11].

Phosphatidylinositol-3-kinases (PI3K) /Protein Kinase B (AKT)/mTOR and Ras/Raf/Mitogen-
activated protein kinase/ERK kinase (MEK)/extracellular-signal-regulated kinase (ERK) (Ras/MEK/ERK)
signal transduction pathways are well-established upstream regulators of mTOR, the master autophagy
suppressor. They are the main cellular mechanisms for controlling cell proliferation, survival,
differentiation, metabolism and motility and both are well-known mediators of autophagy in response
to extracellular stimuli [12]. AKT positively modulates mTOR activity and, accordingly, inhibition of
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AKT could stimulate the autophagy process by lowering mTOR activity [13] and consequently enhancing
Beclin-1 levels, one of the mTOR downstream targets. Beclin-1 is a well-established marker of the early
stages of autophagy [14] that promotes nucleation of the autophagic vesicle named the autophagosome.
During autophagosome maturation, the phosphatidylethanolamine lipidation of the protein LC3-I to
LC3-II occurs. Unlike Beclin-1, LC3-II is a marker of autophagosome full maturation that, in turn, forms
the autophagolysosome upon fusion with a lysosome. Lysosomal hydrolases then act to break down the
cargo mainly through p62 (i.e., sequestosome 1, SQTSM1), a ubiquitin-binding scaffold protein that drives
attached protein targets to autophagosomes for selective degradation (the so-called selective autophagy)
and is specifically considered a marker of the degradation phase of autophagy [15].

Beyond its known role in cell survival, the PI3K/AKT axis promotes cell migration in several
cancer cell lines, including the HT1080 cell line [16] by increasing cell motility and expression and/or
the activity of gelatinases [17]. Specifically, cell-surface insulin-like growth factor-1 receptor (IGF-1R),
which senses IGF-1 levels, is an upstream regulator of PI3K/AKT through which it enhances cell
proliferation and migration [18]. Pieces of evidence have indicated that the activated IGF-1R translocates
to the nuclei of several human cancer cells and regulates, by acting as a transcription regulator,
cancer cell migration through the modulation of MMP-2 expression [19,20]. Thus, suppression of
the IGF-1R/PI3K/AKT/mTOR signaling pathway could interfere with IGF-1R or AKT activity and
could impair cell migration by affecting the expression of gelatinases [21]. Furthermore, it has been
demonstrated that the dietary flavonoid, luteolin, reduces the migration of HT1080 cells and attenuates
the EMT process via suppression of the IGF-1R/PI3K/AKT/mTOR pathway [22].

As expected from a very basic cell process with a fundamental role in cell homeostasis, an intricate
interplay between autophagy and many other processes has been described. It is therefore useful to
refer to updated guidelines for the use and interpretation of assays for monitoring autophagy [5].

In order to better clarify our previous findings on POE effects, in this study we aimed to investigate
the role of autophagy in the inhibition of the motility of HT1080 cells. In this framework, we used
wound-healing assay, zymography, Western blotting as well as confocal microscopy to investigate
whether POE could exert, in the absence of other stimuli, its inhibitory effects on migration by
modulating autophagy without affecting cell viability.

2. Results and Discussion

2.1. Biochemical Characterization of POE

Our previous results reported that the water–ethanol extraction method is able to efficiently
recover polyphenols and carbohydrates from minced P. oceanica dried leaves [3]. In the present study,
POE was shown to contain 13 ± 2 mg/mL glucose equivalents of carbohydrates and 5.7 ± 0.3 mg/mL
gallic acid equivalents of polyphenols. Their bioactive antioxidant properties were further investigated,
evidencing radical scavenging and antioxidant activity of 12.8 ± 0.7 mg/mL and to 1.5 ± 0.3 mg/mL
ascorbic acid equivalents, respectively. These values, reported in Table 1, although slightly lower, are
in agreement with our previous report, confirming the robustness of our extraction procedure [3].
All treatments hereafter described were done with 1:500 or 1:1000 dilutions of freshly prepared
POE corresponding to polyphenol concentrations of 11.4 and 5.7 µg/mL gallic acid equivalents.
(corresponding to 67 µM and 33.5 µM), respectively.

Table 1. P. oceanica extract biochemical composition. All values are reported as means ± standard
deviations from at least three independent extractions and are expressed in mg/mL of extract after
resuspension, as described in the text.

Polyphenols Antioxidant Activity Radical Scavenging Carbohydrates

Method Folin–Ciocalteau Ferrozine® DPPH Phenol/Sulfuric acid
Reference control Gallic acid Ascorbic acid Ascorbic acid Glucose

POE 5.7 ± 0.3 1.5 ± 0.3 12.8 ± 0.7 13 ± 2
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2.2. HT1080 Cell Migration in Heat-Inactivated Fetal Bovine Serum (FBS) Medium

Classically, starvation medium condition is used to induce EMT and activate the motility features
of cells [23]. Abundant literature reports that heat inactivation of FBS (HI-FBS) markedly decreases the
levels of several plasma factors, such as MMPs, chemokines and cytokines, compared to the condition
with FBS [24]. Hence the use of HI-FBS medium decreases unwanted and unpredictable serum factors
that could interfere with various cellular processes. In our experimental set-up, the incubation of cells in
conditions such as starvation, FBS medium or HI-FBS medium allowed us to verify the innate motility
phenotype of HT1080 cells in correlation with growth conditions. By means of a wound-healing assay,
we found that the motility of HT1080 cells decreased but was not abolished in both serum-containing
conditions with respect to the starvation medium (Figure 2). In addition, the invasive potential
of cells was found to be very similar between HI-FBS and FBS media, clearly showing that the
innate motility features of HT1080 cells are maintained in non-stressful, serum-containing conditions.
Accordingly, all further experiments were based on cells grown in HI-FBS medium, so that unwanted
side effects on cellular processes were minimized while the typical motility phenotype of HT1080 cells
was maintained.
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Figure 2. Wound-healing assays of HT1080 cells growing in FBS medium (top), HI-FBS (middle) or
starvation medium (bottom). Three time points are shown. HT1080 cells maintained their motility
phenotype in HI-FBS medium, a favourable condition that is not associated with a basal increase
in autophagy.

2.3. HT1080 Cell Migration Impairment Following POE Treatment

Having established that the motility phenotype of HT1080 cells was maintained in HI-FBS
medium, we performed the wound-healing assays in the presence of 1:500 and 1:1000 POE dilutions.
Both treatments did not affect cell viability (Figure 3B) and reduced cell motility in the first seven hours
after treatment, an effect that was not present after 16 h (Figure 3A). Such results were further supported
by gelatin zymography aimed at monitoring the activity of MMP-2 and MMP-9, well-known markers
of cell migration, in conditioned media collected at different time points. The zymography analysis
showed a total gelatinase activity reduction after 1:500 and 1:1000 POE treatments. In particular,
the 1:500 and 1:1000 treatments led to an observed MMP-2 activity decrease of about 22% during
the first 7 h. A more pronounced behaviour during the same time range was found for MMP-9
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activity, with a reduction of about 35% for the first 7 h. Such trends were not observed in non-treated
control cells at the same times. Gelatinase activities were clearly recovered after 16 h POE treatments,
at any tested dose (Figure 3C). These results confirmed that the anti-invasive properties of bioactive
compounds from POE on the highly motile HT1080 cell line were, at least in part, due to a transient
reduction of gelatinase production or secretion.

Mar. Drugs 2018, 16, x 5 of 15 

 

zymography analysis showed a total gelatinase activity reduction after 1:500 and 1:1000 POE 

treatments. In particular, the 1:500 and 1:1000 treatments led to an observed MMP-2 activity 

decrease of about 22% during the first 7 h. A more pronounced behaviour during the same time 

range was found for MMP-9 activity, with a reduction of about 35% for the first 7 h. Such trends 

were not observed in non-treated control cells at the same times. Gelatinase activities were clearly 

recovered after 16 h POE treatments, at any tested dose (Figure 3C). These results confirmed that 

the anti-invasive properties of bioactive compounds from POE on the highly motile HT1080 cell line 

were, at least in part, due to a transient reduction of gelatinase production or secretion. 

 

Figure 3. (A) Wound-healing assays of HT1080 cells growing in HI-FBS medium, treated or not 

treated with 1:1000 and 1:500 POE dilutions. The dashed lines mark the boundaries of the wound 

area; (B) MTT assay showing a substantial absence of cell toxicity by POE; (C) Gelatin zymography 

of HT1080 conditioned medium collected at 1, 3, 7 and 16 h time points of HT1080 cells cultured in 

the presence or absence of 1:500 and 1:1000 POE dilutions. The ability of HT1080 cells to migrate to 

the cell-free space is drastically reduced by the addition of POE in the absence of cell toxicity, in a 

dose- and time-dependent manner influencing the production or the release of both MMP-2 and 

MMP-9. *: p-value < 0.05; **: p-value < 0.01; Student t-test, n = 3. 

Figure 3. (A) Wound-healing assays of HT1080 cells growing in HI-FBS medium, treated or not
treated with 1:1000 and 1:500 POE dilutions. The dashed lines mark the boundaries of the wound
area; (B) MTT assay showing a substantial absence of cell toxicity by POE; (C) Gelatin zymography of
HT1080 conditioned medium collected at 1, 3, 7 and 16 h time points of HT1080 cells cultured in the
presence or absence of 1:500 and 1:1000 POE dilutions. The ability of HT1080 cells to migrate to the
cell-free space is drastically reduced by the addition of POE in the absence of cell toxicity, in a dose-
and time-dependent manner influencing the production or the release of both MMP-2 and MMP-9.
*: p-value < 0.05; **: p-value < 0.01; Student t-test, n = 3.
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2.4. POE Treatment Induces Autophagy in HT1080 Cells

In order to examine the molecular mechanism(s) through which compounds of POE exert the
reduction of cell motility demonstrated above, we initially investigated several features and markers of
the autophagy process. In fact, recent studies have reported that cell migration could be modulated by
autophagy [8]. Firstly, we analysed HT1080 cells treated with POE using Cyto-ID® staining, a selective
fluorescent marker for autophagic vacuoles [25]. Immunofluorescence results showed a clear increase
in autophagy in HT1080 treated cells compared to untreated control cells (Figure 4). The increase
of fluorescence intensity and the number of labelled particles in treated cells suggested that POE
treatment promotes the formation of autophagosomes in the cytosol. Specifically, we observed a
significant increase in Cyto-ID® intensity of about 80% and 130% at 1:1000 and 1:500 POE dilutions
after 16 h treatment, respectively, compared to untreated cells (Figure 4B). The autophagy modulation
was confirmed by using chloroquine and rapamycin as controls. In particular, cells treated with
chloroquine did not show an increase in Cyto-ID® signal intensity, confirming its autophagy inhibitory
role [26]. On the contrary, the autophagy inducer, rapamycin [27], significantly increased the Cyto-ID®

signal after 16 h of treatment (Figure 4B).
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Figure 4. Increase of autophagy in HT1080 cells following POE addition. (A) Autophagy specific dye
Cyto-ID® was analysed by confocal microscopy in HT1080 cells after 7 h and 16 h of treatment with 1:500
and 1:1000 POE dilutions. Rapamycin and chloroquine were used as positive and negative controls,
respectively. Autophagy vacuoles increased upon addition of POE in a dose- and time-dependent
manner compared to untreated control cells (CTRL); (B) Quantification of Cyto-ID® fluorescence.
Autophagy significantly increased upon POE treatment in a dose- and time-dependent manner.
*: p-value < 0.05; **: p-value < 0.01; Student t-test, n = 3.
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Given this enabling evidence, we investigated the most common signaling pathways controlling
autophagy by Western blotting, focusing our analysis on the upstream and downstream pathways of
mTOR, the most well-known suppressive regulator of autophagy. As shown in Figure 5, we assayed
signaling pathways in HT1080 cell lysates at different times during 1:500 POE treatment, from 0.5 h
to 24 h (considering the ability of the chosen dose to consistently activate autophagy in the absence
of toxicity, as shown in Figures 4 and 3B). We showed a reduction in the phosphorylation levels
of AKT at 1 h (20 ± 16%), 3 h (15 ± 12%) and 5 h (24 ± 18%) during POE treatments. Since AKT
activation by phosphorylation is considered a pro-survival stimulus related to the PI3K/AKT/mTOR
survival pathway, the reduction we observed could be potentially ascribed to a pro-apoptotic stimulus.
We further monitored the phosphorylation status of ERK, showing an increase in the phosphorylation
levels of ERK at 1 h and 3 h, of 54 ± 10% and 66 ± 11%, respectively. The concomitant and inverse
correlations between the phosphorylation status’ of AKT and ERK is common in drug-induced
stimulation of autophagy [28–30], and it is probably one of the several feedback mechanisms involving
pathways fundamental for cellular homeostasis. After 7 h of treatment, the effect of the AKT activity
reduction led to a decrease in S6 phosphorylation (14 ± 11%), one of the main targets used to monitor
mTOR activity as a mainstream inhibitor of autophagy. At this time point, AKT maintained a low level
of phosphorylation (26 ± 38%) while ERK phosphorylation returned to control levels. At the 16 h time
point, AKT recovered its baseline phosphorylation status while both ERK and S6 phosphorylation
continued to decline, as evidenced after 24 h of treatment. We further investigated the dynamics of
Beclin-1 levels, since this alteration is considered a crucial event for the initial step of autophagosome
formation (so, a downstream event in the autophagic signaling cascade) and therefore, a marker of
effective activation of the autophagy process. We observed a progressive increase from 0.5 h up to a
peak of activation after 7 h of treatment (206 ± 12%) with Beclin-1, supporting the observed autophagy
enhancement. At the 7 h time point, we further showed initial traces of autophagosome maturation,
as supported by a slight increase in the conversion of LC3-I to LC3-II (the lipidated form) (86 ± 8%),
a well-accepted marker of lengthening of the autophagosome. The level of p62 protein, a marker
of the degradation phase of autophagy, proved to be substantially unchanged with respect to the
untreated control at this 7 h time point, suggesting that the autophagolysosome formation was in its
early stage. At the 16 h time point, we detected clear signs of full autophagolysosome formation, with a
net reduction in Beclin-1 (that remained unchanged until 24 h, the latest time point we measured),
a marked rise in the levels of LC3-II lipidation and a net reduction inp62 protein levels (35 ± 3%).
It is important to underline that the kinetics of the autophagy process activation upon POE treatment
in all of the above-mentioned markers is in agreement with the results obtained with the Cyto-ID®

analysis. In fact, the highest level of Beclin-1 was established at 7 h and correlated well with the initial
autophagosome formation that was already evident at 7 h in the Cyto-ID® results. The concomitant
decrease in Beclin-1, the marked presence of the LC3-II lipidated form and the fall in the p62 protein
level after 16 h of POE treatment suggested that the autophagy process was fully mature. This further
supports the evidence for the effective maturation of autophagolysosomes, reinforcing the results
obtained with Cyto-ID® (Figure 4), which in fact is reported to co-localize with LC3 [31].

2.5. Autophagy Modulation by POE Decreases Cell Migration

Observed autophagy modulation by POE treatment could contribute to the HT1080 cell migration
reduction that we described above. Recent studies have reported the existence of a correlation between
autophagy and cell migration. In particular, AKT phosphorylation and the consequent signaling is
described as being positively correlated with cell motility and gelatinase activation. Our results show
that POE treatment causes a reduction in motility and a reduction in MMP-2/9 activity, concomitant
with the reduction in AKT phosphorylation. The literature further reports that MMP-2 expression, and
thus, cell migration, can be regulated by IGF-1R which translocates into the cell nucleus in response to
PI3K/AKT signaling [17]. We therefore investigated, by confocal microscopy, the relationships between
the cell membrane and nuclear accumulation of IGF-1R in untreated cells or cells treated with POE
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1:500. It is important to re-emphasize here that HT1080 cells are widely used as a model of cancer cell
migration due to their extremely motile phenotype. Our analysis showed complete accumulation of
IGF-1R in the nuclei of untreated cells, confirming its association with motility in this cell line (Figure 6).
After 0.5 h of POE treatment, cells showed a marked IGF-1R nuclear localization and consequently,
a redistribution on the cell membrane, in particular after 3 h of treatment. The documented early
increase in IGF-1R redistribution on the cell surface was found to be reduced at 7 h and fully abolished
after 16 h of treatment, confirming that the POE effect was transient and lasted for a few hours only. Our
kinetic data regarding IGF-1R accumulation was found to be perfectly coherent with the autophagy
signaling data shown above and, more importantly, with the overall change in cell phenotype and
behaviour upon POE treatment.
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Figure 5. Western blotting analysis of the status of autophagy markers in HT1080 cells following 1:500
POE treatment. (A) Representative Western blots of all of the assayed markers; (B) Quantification
of signals from a densitometry analysis of at least three independent experiments. Error bars
represent standard errors. POE treatment reduces AKT and S6 phosphorylation and increases ERK
phosphorylation at the early stages of the HT1080 cell response, while, at late stages, an inverse trend
can be observed for AKT and ERK. Beclin-1 progressively increases, reaching the highest peak at 7 h.
The LC3-II form increases only at the late stages of the response with a concomitant decrease in p62.
◦: p-value < 0.1; *: p-value < 0.05; **: p-value < 0.01; ***: p-value < 0.001; Wilcoxon test, n = 3.

We further investigated the relationship between POE-induced autophagy and its effect on
cell migration by adding chloroquine, which blocks lysosome acidification, i.e., the last step of the
autophagy process. We recorded cell migration in a time-lapse wound-healing assay, and we found
that, as depicted in Figure 7, the presence of POE determined a stall in wound area closure kinetics
after 7 h, in contrast to what was observed in untreated controls (in agreement with the zymographic
data shown in Figure 3). The addition of chloroquine at 7 h in POE treated cells, the most relevant time
point for autophagy activation, showed a recovery of the motility phenotype. Taken together, such
results demonstrate that the effects of POE on cell migration impairment occur through the modulation
of the autophagy process.
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Figure 6. Immunofluorescence analysis of cell-surface insulin-like growth factor-1 receptor (IGF-1R)
localization. HT1080 cells untreated (CTRL) or treated with 1:500 POE for 0.5 h, 3 h, 7 h and 16 h.
(A) Merging of differential interference contrast (DIC) and IGF-1R staining with Alexa 488 (green)
channels; (B) Alexa 488 (green) channel; (C) Magnification of selected areas of panel B, showing details
of IGF-1R localization within cells.
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Figure 7. Time-lapse experiment of HT1080 migration following treatment with POE and chloroquine.
CTRL: untreated HT1080 cells; POE: HT1080 cells treated with 1:500 POE; POE + Chloroquine: HT1080
cells treated with 10 µM chloroquine after 7 h treatment with 1:500 POE. A clear recovery of motility
was induced by the addition of the autophagy inhibitor, chloroquine, indicating the major involvement
of autophagy in the migration arrest induced by POE.
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3. Materials and Methods

3.1. Materials

3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4”-disulfonic acid sodium salt (Ferrozine®),
α,α-diphenyl-β-picrylhydrazyl (DPPH), Folin–Ciocalteau’s phenol reagent, gallic acid, ascorbic acid,
D-glucose, gelatin, Coomassie Brilliant Blue R-250, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan
(MTT), Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS) and Bovine
Serum Albumin (BSA) were all purchased from Sigma Aldrich-Merck (St. Louis, MO, USA).
30% Acrylamide/Bis 37.5:1 solution, ammonium persulfate (APS), 1,2-Bis (dimethylamino) ethane
(TEMED), Tris/Glycine buffers, nitrocellulose membranes (0.45 µM) blotting membranes and
Clarity Western ECL solution were purchased from Bio-Rad. Disposable plastics were from Corning.
Photometric measurements from multi-well plates were recorded on an iMARK microplate reader
(Bio-Rad, Hercules, CA, USA). When not otherwise specified, all chemicals and solvents, such as
ethanol, methanol and n-hexane, were of the highest analytical grade and were purchased from
Sigma Aldrich-Merck.

3.2. Preparation of P. oceanica Extract

The collection of P. oceanica (L.) Delile and the extraction of its hydrophilic components were
performed using a previously-described protocol [3]. Briefly, dried P. oceanica leaves (collected in
July 2016) were minced and suspended overnight in 10 mL of ethanol (70% per gram of leaves)
under stirring conditions at 65 ◦C for 3 h. P. oceanica ethanol extract was separated from debris by
centrifugation, and the supernatant was mixed in a 1:1 ratio. Hydrophobic compounds were removed
by repeatedly shaking, while hydrophilic compounds were mainly contained in the cleaned and
recovered phase of the extract and subsequently, were dispensed in aliquots of 1 mL. Batches of the
extract were dried by a Univapo™ vacuum-spin concentrator, and then single batches were dissolved
in 0.5 mL 70% ethanol in sterile water before use.

3.3. Determination of Total Polyphenol Content

The total polyphenol content of POE was determined according to the colorimetric
Folin–Ciocalteau method [32]. Scalar volumes of POE were dispensed in a 96-well microplate and
diluted with H2O (final volume 20 µL). Then, 100 µL of the Folin–Ciocalteu’s phenol reagent (diluted
1:10 in H2O) was added to each well. After 5 min of incubation at room temperature (RT), 80 µL of 7.5%
sodium carbonate solution was added per well and incubated for further 2 h. The absorbance at 595
nm was recorded with a microplate reader. Polyphenol content was determined by linear regression
using gallic acid as a reference in the range of 0–10 µg.

3.4. Determination of Total Carbohydrate Content

The total carbohydrate content of POE was determined according to the phenol–sulfuric acid
method [33]. Briefly, scalar aliquots of POE were added to a 96-well microplate and diluted with H2O
(final volume 50 µL), and then 150 µL of concentrated sulfuric acid was added to each well. After
5 min of incubation at RT under continuous shaking, 30 µL of 5% phenol solution was added to each
well and heated for 10 min at 90 ◦C. After cooling to room temperature for 20 min, the absorbance at
490 nm was recorded with a microplate reader. The carbohydrate content was determined by linear
regression using D-glucose as a reference in the range of 0–50 µg.

3.5. Determination of Radical Scavenging Activity

The radical scavenging activity of POE was determined by adapting the method from Fukumoto
and Mazza [34]. Briefly, scalar aliquots of POE were diluted with 95% methanol (final volume 100 µL)
and then mixed with 100 µL of freshly prepared DPPH solution (0.15 mg/mL in 95% methanol) in
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a 96-well microplate. After 30 min of incubation at RT in the dark, the absorbance was recorded at
490 nm with a microplate reader. Radical scavenging activity was determined by linear regression
using ascorbic acid as a reference in the range of 0–4 µg.

3.6. Determination of Total Antioxidant Activity

The total antioxidant activity of POE was estimated using the FRAP (ferric-reducing/antioxidant
power) method [35]. Briefly, scalar aliquots of POE were diluted with water (final volume 50 µL) and
200 µL of Ferrozine™ reagent (10 mM Ferrozine™ in 40 mM HCl:20 mM ferric chloride:0.3 M acetate
buffer pH 3.6, ratio 1:1:10) was added to each aliquot in a 96-well microplate. After 5 min of incubation
at RT in the dark, the absorbance was measured at 595 nm with a microplate reader. Antioxidant
activity was determined by linear regression using 0.1 mg/mL ascorbic acid as a reference in the range
of 0–4 µg.

3.7. Cell Line and Culture Conditions

The HT1080 human fibrosarcoma cell line was grown in DMEM (Dulbecco’s Modified Eagles
Medium) supplemented with 2 mM L-glutamine, 100 µg/mL streptomycin, 100 U/mL penicillin and
10% fetal bovine serum (FBS medium), at 37 ◦C in a 5% CO2-humidified atmosphere. At 90% confluence,
cells were detached by trypsinization (trypsin 0.025%-EDTA 0.5 mM) and propagated after appropriate
dilution. Medium supplemented with FBS was inactivated at 56 ◦C for 30 min (HI-FBS medium),
and serum-free medium (starvation medium) was used for some of the following experiments. HT1080
cells were grown in the presence or absence of freshly-dissolved POE and appropriate controls.

3.8. Cell Viability Assay

Cell viability was assessed using the colorimetric 3-(4,5-dime-thylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) metabolic activity assay after different cell treatment conditions [36]. In brief, cells were
grown in a 24-well plate (5× 105 cells/well) in HI-FBS medium for 24 h. Then, cells were treated with two
different POE dilutions, 1:500 and 1:1000, for 16 h and 24 h, while untreated cells were used as a control.
After removing the incubation medium and washing with PBS, 200 mL/well of 0.5 mg/mL MTT solution
was added and incubated in the dark at 37 ◦C for 1 h. Next, after PBS washing, cells were lysed in 200 µL
dimethyl sulfoxide (DMSO) and absorbance values were measured at 595 nm with a microplate reader.
Data were expressed in terms of percentage with respect to untreated controls.

3.9. Cell Migration Assay

Cell migration was assayed using the scratch wound healing assay. HT1080 cells were seeded in
12-well plates at a high density (5× 105 cells/well) and grown to confluence overnight in three different
culture media, namely FBS medium, HI-FBS medium and starvation medium, with or without POE
treatment. Next, we made a vertical wound through the cell monolayers using a sterile plastic tip, and
plates were washed several times with PBS to remove cell debris and medium. Fresh culture media was
added again, and then the cell-free area was observed under phase contrast microscopy, and images
were captured at time points ranging from 0 h to 16 h using a Nikon TS-100 microscope equipped
with a digital acquisition system (Nikon Digital Sight DS Fi-1, Nikon, Minato-ku, Tokyo). Time-lapse
experiments were performed by seeding 1 × 106 cells on 10 cm2 culture plates and culturing them
in HI-FBS medium supplemented with 20 mM HEPES in order to maintain the desired pH without
requiring CO2. Cells were treated with and without POE (1:500). After 7 h of incubation with POE,
the medium was supplemented with chloroquine (10 µM). The wounded cell-free area was observed
under phase contrast microscopy for 24 h at 37 ◦C. Three frames from the same optical field were
captured every 5 min by time-lapse recording, and wound size was analyzed with TScratch software
(ETH CSElab, Zurich, Switzerland) and further processed with R statistical software.
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3.10. Gelatin Zymography

Gelatinase activity was assayed by gelatin zymography using conditioned medium from HT1080
cell cultures previously seeded at a density of 2 × 105 cells/well in 24-well culture plates and incubated
in FBS medium for 18 h. Subsequently, culture medium was removed, and cells were incubated in
HI-FBS medium following addition of 1:500 and 1:1000 POE dilutions for up to 16 h, while untreated
cells were used as a control. After these incubation time points, culture supernatants were collected and
centrifuged at 9700× g for 1 min at 4 ◦C in order to pellet cell debris. Then, 2.5 µL aliquots of conditioned
medium from control or POE treated HT1080 cells were electrophoresed under non-reducing conditions
in 8% polyacrylamide gels containing 1 mg/mL gelatin. After the electrophoretic separation, gels were
washed twice in 2.5% Triton X-100 for 1 h to remove SDS and then incubated at 37 ◦C for 24 h in reaction
buffer (50 mM Tris-HCl pH 7.4, 0.2 M NaCl, 5 mM CaCl2, 1 µM ZnCl). Gels were stained with 0.05%
Colloidal Coomassie Brillant Blue G-250 dissolved in 1.6% phosphoric acid, 8% ammonium sulfate and
20% methanol and destained in 1% acetic acid. Gelatinase activities appeared as clear bands against a
blue background. Zymography images were acquired with a digital scanner.

3.11. Analysis of Autophagic Vacuoles

The Cyto-ID® Autophagy Detection Kit (Enzo Life Sciences, Shanghai, China) was used to monitor
the induction of autophagy using fluorescence microscopy, in accordance with the manufacturer’s
instructions. Cyto-ID® dye selectively labelled the autophagic vacuoles in living cells, so HT1080
cells (5 × 104 cells/well) were seeded for 24 h in a 24-well culture plate containing sterilized glass
coverslips. Following treatments for 7 and 16 h with 1:500 and 1:1000 POE dilutions, as well as 0.5 µM
of rapamycin and 10 µM of chloroquine as positive and negative controls, respectively, cells were
washed twice with PBS and then with 100 µL of 1× Assay Buffer provided with the detection kit.

Then, cells were incubated for 30 min at 37 ◦C with 100 µL of dual detection reagent (prepared
by diluting Cyto-ID® Green Detection Reagent 330 times in a mixture of 1× Assay Buffer), protected
from light. Finally, cells were fixed with 2% paraformaldehyde for 20 min and washed three times
with the 1× Assay Buffer. Then coverslips were placed on microscope slides using a Fluoromount™
Aqueous Mounting Medium (Sigma Aldrich-Merck). Fluorescent signals were visualized using a Leica
TCS SP5 confocal scanning microscope (Leica, Mannheim, Germany) equipped with a HeNe/Ar laser
source to allow fluorescence measurements at 488 nm. The cell observations were performed using
a Leica Plan 7 Apo X63 oil immersion objective, suited with optics for DIC acquisition. Cells from
three independent experiments and three different fields (about 20 cells/field) per experiment were
analysed. The fluorescence intensity was analysed with the ImageJ software (Image 1.51j8 version,
National Institutes of Health Bethesda, Bethesda, MD, USA), and expressed as percentage increase
respect to untreated cells.

3.12. Analysis of IGF-1R Localization

HT1080 cells were plated at a density of 5 × 104 cells per well in a 24-well culture plate containing
sterilized glass coverslips and grown for 24 h. Next, cells were treated with 1:500 POE dilution for
0.5, 3, 7 and 16 h, fixed with 2% paraformaldehyde for 5 min and permeabilized with ice cold 50%
acetone/50% ethanol solution for 4 min at RT. After PBS washing, cells were blocked in saturated
solution (0.5% BSA and 2% gelatin) for 30 min at 37 ◦C. After 1 h of incubation at 37 ◦C with a mouse
anti-IGF-1R monoclonal antibody (Cell Signaling) diluted to 1:100 in saturated solution, cells were
washed with PBS for 30 min under stirring conditions and then incubated with Alexa 488-conjugated
anti-mouse secondary antibody (Invitrogen Molecular Probes) diluted to 1:200 in PBS for 1 h at 37 ◦C in
the dark. Finally, cells were washed twice with PBS, and coverslips were placed onto microscope slides
using a Fluoromount™ Aqueous Mounting Medium. Fluorescent signals were visualized using a
Leica TCS SP5 confocal scanning microscope (Leica, Mannheim, Germany) equipped with a HeNe/Ar
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laser source for fluorescence measurements. The observations were performed using a Leica Plan 7
Apo X63 oil immersion objective, suited with optics for DIC acquisition.

3.13. Detection of Autophagy Markers

HT1080 cells (2 × 105 cells) were seeded in 60 mm dishes in HI-FBS medium condition and
were incubated for 24 h. Subsequently, cells were treated with 1:500 POE dilution and after PBS
washing they were lysed at different time points, ranging from 0.5 h to 24 h, in 150 µL of Laemmli
buffer (62.5 mM Tris-HCl pH 6.8, 10% (w/v) SDS, 25% (w/v) glycerol) without bromophenol blue.
The protein concentration of lysates was measured by a BCA protein assay. Equal amounts of cellular
lysates (15 µg), added with β-mercaptoethanol and bromophenol blue, were resolved by 12% PAGE
and transferred onto nitrocellulose membranes. After blocking with 5% (w/v) BSA in 0.1% (v/v)
PBS-Tween-20 for 1 h, membranes were incubated overnight at 4 ◦C with the primary antibodies
of specific protein markers involved in autophagy signaling listed in Table 2. Then, nitrocellulose
membranes were washed three times in 0.1% (v/v) PBS-Tween-20 and were incubated for 1 h with
specific goat anti-rabbit (Invitrogen Molecular Probes) and goat anti-mouse secondary antibodies
(Invitrogen Molecular Probes) at a dilution of 1:10,000 in blocking buffer. After washing in 0.5%
(v/v) PBS-Tween-20, specific protein bands were detected using Clarity Western ECL solution, and
chemiluminescent signals were acquired by using Amersham TM 600 Imager (GE Healthcare Life
Science, Pittsburgh, PA, USA) imaging system. Immunoreactive bands were quantified by Quantity
One software (4.6.6 version, Bio-Rad).

Table 2. Primary antibodies used in Western blotting experiments.

Antibody Target Dilution Host Source

SQTSM1/p62 SQTSM1/p62 protein 1:1000 Rabbit Abcam
LC3A/B Microtubule-associated protein light chain 3 (A/B) 1:1000 Rabbit Cell Signaling
P-AKT1 P-AKT1 serine/threonine kinase (Ser473) 1:5000 Rabbit Abcam
AKT1/2 AKT1/2 serine/threonine kinase 1:5000 Rabbit Abcam

p44/42 MAPK(ERK1/2) Mitogen-activated protein kinases p44/42 (ERK 1/2) 1:2000 Mouse Cell Signaling

P-p44/42 MAPK(ERK 1/2) Mitogen-activated protein kinases p44/42 (ERK 1/2)
(Thr202/Thr204) 1:1000 Rabbit Cell Signaling

Beclin-1 Beclin-1 protein 1:1000 Rabbit Cell Signaling
S6 Ribosomial protein S6 1:1000 Rabbit Cell Signaling

P-S6 Ribosomial protein S6 (Ser235/236) 1:2000 Rabbit Cell Signaling
Alpha-Tubulin Alpha-Tubulin protein 1:1000 Mouse Cell Signaling

Actin Actin protein 1:1000 Mouse Santa Cruz

3.14. Data Analysis and Figure Preparation

Where not otherwise specified, data are reported as the mean ± standard error of values from
three independent experiments, after mean centering as a normalizing strategy across experiments.
Plots were drawn with LibreOffice Calc, and panels were assembled with LibreOffice Impress and
further adapted with Gimp 2.8.

4. Conclusions

In this work, we evaluated the contribution of autophagy to the previously demonstrated
reduction of cell migration after POE treatment [3]. After verifying that the HT1080 cell line,
a well-known model of cell migration, exhibits a motility phenotype in the absence of starvation
(it was important in order to avoid a basal increase in autophagy), we demonstrated that the effects of
POE compounds on motility reduction are highly correlated with a transient autophagy increase that
has no detectable effect on cell viability.

Usually, the mechanisms of action of anti-cancer drugs are based essentially on the differential
cell toxicity and sensibility of actively growing cancer cells with respect to normal cells. Our results
demonstrate the potential of POE bioactive compounds to work against cell invasion (e.g., metastasis)
with a completely non-toxic mechanism. P. oceanica decoction has been historically used as a vitalizer
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and traditional remedy for diabetes in Anatolia villages, and the administration of P. oceanica extract
to rats showed no signs of toxicity [1]. Further studies will be needed to confirm the absence
of POE toxicity in humans under experimentally controlled conditions and, more importantly,
to establish its anti-metastatic effects in vivo. Nevertheless, this work documents important potential
therapeutic properties of P. oceanica compounds regarding the prevention of malignancies and other
physio-pathological chronic processes, such as neurodegeneration, inflammation and skin aging,
in whose progression gelatinolytic activity is the hallmark.
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3.2.1.2. P. oceanica anti-migratory role on human neuroblastoma SH-SY5Y cells 

Nearly 90% of cancer-associated deaths are due to metastasis and secondary tumor 

burden in cancer patients. As described in the previous paragraph, a key aspect of 

metastasis is the invasive ability of tumor cells to reach other sites driven mainly by their 

migratory capacity [92]. Targeting cancer cell migration, and thus preventing the 

formation of metastasis, is the rationale for a more effective anticancer therapy. 

Furthermore, classical cancer therapeutics hardly work by discriminating cancer cells 

from normal cells, and this often leads to a high therapy-related toxicity, and consequently 

to serious patient’s health problems. Agents capable of negatively influencing the cell 

migration process according to a non-toxic mechanism for cells could provide a new tool 

to manage malignant tumors by reducing the high toxicity associated with anticancer 

drugs. 

In light of these considerations, the results obtained regarding the ability of P. oceanica 

phytocomplex to inhibit HT1080 cell migration with a cell-safe profile (§3.2.1.1.) 

convinced me to test this ability on another cell line with highly motile and invasive 

phenotype, i.e. human neuroblastoma cells. 

Neuroblastoma (NB) is a solid childhood cancer with high mortality. Although many 

cases of low-risk NB regress spontaneously or with conventional treatment options, more 

than half of children with aggressive high-risk NB suffer from refractory or relapsing 

disease that develop widespread metastases to other organs [93]. Although the risk of 

many cancers in adults can be reduced with some lifestyle changes, there is currently no 

way to prevent most cancers in children, as there are no lifestyle or environmental causes 

related to NB, and known risk factors (age and heredity) cannot be changed. Therefore, 

preventing metastasis by targeting cell migration and invasiveness could be a good 

therapeutic strategy against tumor progression. 

In my as yet unpublished study, the inhibitory control of P. oceanica phytocomplex on 

cancer cell motility was confirmed by monitoring the migration of POE-treated SH-SY5Y 

cells over time through the wound healing assay (§4.7). It was observed that the untreated 

control cells migrated rapidly until the complete wound closure after 24h, while POE-

treated cells migrated more slowly, in fact at 24h the wound width was about 25% greater 

than that of the initial scratch (Figure 13). 
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Figure 13. POE effect on SH-SY5Y cell migration. (A) Representative image of SH-SY5Y cells, 

untreated (Ctrl) or treated with POE for 24h. Scratch closure was tracked over time in the cells. The 

dotted lines mark the edges of the wound area. (B) Time-course analysis of scratch closure of untreated or 

POE-treated cells. Wound width values were reported as a percentage ratio with respect to the 0h time 

point. Data are expressed as the mean standard deviation of at least three independent experiments. The 

error bars represent the standard deviation. °° p-value <0.01, °°° p-value <0.001 vs. untreated control 

cells; Kruskal-Wallis test. 

 

These findings agree with those already obtained on HT1080 cells, further supporting the 

role of the phytocomplex as an effective inhibitor of cancer cell migration.  

Hence, the effect of POE on gelatinolytic activity was verified through a gelatin 

zymography assay (§4.8). Since MMP-9 is generally secreted in negligible quantities by 

NB cells [94], it was possible to observe and quantify the effect of POE only on the 

activity of MMP-2 secreted in the culture medium. POE proved to have a direct role on 

MMP-2 activity, which was reduced by about 25% after 5h of POE treatment compared 

to untreated control cells (Figure 14). These data were comparable with those obtained 

on HT1080 cells. 
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Figure 14. POE effect on MMP-2 gelatinolytic activity. (A) Representative image of gelatin zymography 

on 5h- and 24-hours conditioned medium from untreated control cells (Ctrl) and cells treated with POE. 

(B) Quantification of signals from bands in A was determined by densitometry analysis of three 

independent experiments. Error bars represent standard deviations. °: p-value < 0.05 vs. the untreated 

control cells; Kruskal-Wallis test. 

 

Furthermore, the lack of cytotoxicity in POE activity, observed with the MTT assay (§4.6) 

(Figure 15), confirmed the totally cell-safe profile of P. oceanica phytocomplex. 

 

 

Figure 15. POE effect on SH-SY5Y cell viability. MTT assay was performed on cells treated with POE 

for 24h. Untreated cells were used as control (Ctrl). Data are reported as percentage values compared to 

untreated control cells and expressed as the mean ± standard deviation of at three independent 

experiments. 

 

This prompted me to verify whether P. oceanica phytocomplex was able to act on SH-

SY5Y cell migration by activating an autophagic transient not related to cell death as well 

as already observed in HT1080 cells. Thus, the expression level of the main autophagic 

markers in POE-treated cells was investigated through the Western blot technique (§4.10) 

(Figure 16). In particular, the levels of S6 phosphorylation, an mTOR activation marker 
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(suppressive regulator of autophagy), of LC3-II, a marker of autophagosome elongation, 

and of p62, a marker of the degradation phase of autophagy, were monitored over time. 

After 5h of POE treatment, SH-SY5Y cells showed a 50% reduced level of S6 

phosphorylation (46 ± 0.5%) compared to that of untreated control cells. This proved that 

the phytocomplex had inhibitory control over the activation of the mTOR signalling 

cascade, already at an early stage, leading to the activation of an autophagic transient.  

The LC3-II expression peak at 5h of POE treatment (182.2 ± 17%), which coincided with 

the utmost inhibition of mTOR, indicated that POE-induced autophagy was in the 

autophagosome elongation phase. 

The concomitant and inverse relationship between the expression levels of LC3-II and 

p62, and in particular the expression of p62 below baseline levels at 5h of treatment, 

suggested that degradation of the cytosolic material occurred at this time. In fact, when 

p62 interacts with autophagic substrates and transports them to the autophagosomes for 

degradation, it is itself degraded, justifying the reduction of about 25% (76.8 ± 5%) of 

p62 levels, already at 1h and 5h, in POE-treated cells compared to baseline levels of 

untreated control cells.  

The progressive accumulation of p62 in POE-treated cells starting from 7h, concomitant 

with the progressive reduction of LC3-II and S6 phosphorylation levels suggested that 

the POE-activated autophagic transient was moving towards its final step.  

 

 

Figure 16. POE effect on the autophagic flux activation. (A) Representative images of the main 

autophagic markers obtained with the Western blot. (B) Quantification of signals from bands in A 

through a densitometric analysis of at least three independent experiments. Error bars represent standard 

errors: °: p-value < 0.05; °°: p-value < 0.01; °°°: p-value < 0.001 vs. the untreated control cells; Kruskal-

Wallis test. 
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Overall, these results strengthened that POE is able to drastically inhibit cell migration 

by reducing gelatinolytic activity through the modulation of an autophagic process 

unrelated to cell death. 

One of the approaches used to treat high-risk NB is the differentiation therapy. Inducing 

cell differentiation has the advantage of reducing the nonspecific toxicity compared to 

conventional therapies, since the differentiating agents would, theoretically, not affect 

mature functional cells [95]. The 13-cis-retinoic acid is the most effective differentiation 

agent available for the treatment of neuroblastoma and is currently used as standard care 

for post-remission maintenance therapy in patients with high-risk NB. However, the 

resistance of some neuroblastomas to retinoic acid makes it necessary to identify new 

differentiating agents to treat retinoic acid-resistant neuroblastomas [96]. 

In this regard, other experimental investigations are currently underway to evaluate 

whether POE is able to control the differentiation of SH-SY5Y cells. The possibility of 

POE both to inhibit cell migration and to trigger a first phase of cell differentiation would 

mean slowing down the high proliferative rate of cancer cells, and therefore blocking one 

of the main characteristics underlying the progression of cancer. 

To date my research can propose POE as an adequate source of secondary metabolites 

effective against cancer cell migration. Study on the role of POE on SH-SY5Y cell 

differentiation could reinforce these findings in support of the POE efficacy against tumor 

progression. 

3.2.2. Bio-enhancement of P. oceanica anti-migratory role by nanotechnology 

Advances in cancer prevention, detection and treatment date back to recent years thanks 

to a better understanding of the biological mechanisms of cancer. 

However, conventional anti-cancer treatments - i.e. surgery, chemotherapy, radiotherapy, 

immunotherapy, and hormone therapy - often show high toxicity related to severe adverse 

effects due to their low specificity. Furthermore, almost all cancer therapeutics can induce 

a drug resistance response in cancer cells. For these reasons, cancer therapy research is 

continually seeking new and more effective therapeutic approaches [97]. 

In this regard, nanotechnologies have obtained excellent results in improving anticancer 

therapies by reducing side effects and overcoming the problems of drug resistance 

[98,99]. Numerous nanosystems are designed to deliver drugs in different types of 

formulations - i.e. liposomes, polymer nanocapsules and dendrimers -, and are made up 
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of materials capable of masking the unfavourable biopharmaceutical properties of the 

encapsulated molecule [98]. 

Nanoparticles (NPs) (Figure 17) are increasingly seen as potential candidates for safely 

transporting therapeutic agents in targeted compartments, and a wide variety of NPs 

classes are being studied for cancer treatment, including lipid-based, polymer-based, 

inorganic nanoparticles and drug-conjugated nanoparticles [98,100]. 

 

 

Figure 17. Schematic examples of some common types of organic and inorganic NPs explored in cancer 

therapeutics and diagnostics. This picture was taken from Falagan-Lotsch et al., 2017 [100]. 

 

For years natural products have shown effective anticancer activities, proving to be a good 

source of chemotherapy and cancer prevention agents [83]. Unfortunately, the reduced 

bioavailability of natural products, often related to their hydrophilic or lipophilic nature, 

and their possible cytotoxicity limits the use of natural products in anti-cancer therapy, 

but also in the treatment of other pathologies [98]. 

The use of different nano-delivery systems for the administration of natural products can 

increase their stability and bioavailability in vivo, but also reduce the adverse effects by 

improving their selective activity against cancer cells. The use of nanotechnologies is thus 

an exceptional tool to improve the bioactive efficacy of many natural products [101,102]. 

In this perspective, in collaboration with the research group of Prof. Maria Camilla 

Bergonzi (Department of Chemistry, University of Florence, Italy), my research intended 

to verify whether the use of nanoformulations could increase the aqueous solubility of P. 

oceanica phytocomplex and improve its bioactivity, in particular its ability to inhibit SH-

SY5Y human neuroblastoma cell migration. Hence, this research aimed to explore 
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possible alternative and innovative approaches to the management of cancer progression, 

such as high-risk neuroblastoma. 

This study envisaged the development of nanosystems capable of transporting no single 

molecules but a phytocomplex containing molecules with different polarity.  

In this regard, Prof. Bergonzi's laboratory supplied both chitosan nanoparticles and 

Soluplus polymeric micelles, both loaded with POE and named respectively NP-POE and 

PM-POE. These nanoformulations were chemically and physically characterized in terms 

of size, homogeneity, -potential, morphology, encapsulation efficiency and storage 

stability. In vitro release studies were also performed. 

In terms of size, it was found that POE loading into the chitosan nanoparticles induced an 

increase in size, while this did not occur for POE loading into the polymeric micelles. 

This phenomenon, as reported in the literature, could be due to the interference of the 

extract on the cohesive force between chitosan and tripolyphosphate [103]. The different 

sizes and morphological characterization of NP-POE and PM-POE are shown in Figure 

18. 

 

 

Figure 18. TEM images of (A) POE-loaded nanoparticles (NP-POE) and (B) POE-loaded Soluplus 

polymeric nanomicelles (PM-POE). 

 

Furthermore, the encapsulation efficiency (EE%) studies showed that both 

nanoformulations increased the aqueous solubility of the extract, but with a higher EE% 

for PM-POE rather than NP-POE. This was in line with the literature which already 

describes a good ability of nanomicelles to improve the solubility of extracts [104].  

However, for the first time this work used Soluplus nanomicelles to increase the solubility 

of a phytocomplex of marine origin. 

According to the in vitro release studies, Prof. Bergonzi obtained that NP-POE released 

the extract in a sustained manner probably due to the diffusion of adsorbed extract and its 
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diffusion through the polymeric matrix, mechanisms that regulate the release of drugs 

from chitosan nanoparticles.  

On the other hand, for PM-POE the release profile was slower and more prolonged over 

time than both NP-POE and POE solution. The results obtained are in agreement with the 

literature that refers to a delayed release of nanoformulations of polymeric micelles.   

Once the nanoformulations were chemically and physically characterized, my task was 

to test NP-POE, PM-POE and their respective controls on human neuroblastoma SH-

SY5Y cells. 

First, cell viability was assessed by the MTT assay (§4.6). It was observed that NP-POE 

had no effect on cell viability, as well as POE. In the case of cells treated with PM-POE, 

however, the cell viability was about 80% due to the low toxicity attributable to polymeric 

micelles, as already described in the literature. 

The effect of P. oceanica phytocomplex, alone or loaded in nanoformulations, on the 

migration of SH-SY5Y cells through wound healing assays (§4.7) was then monitored 

over time. Untreated cells, POE-treated cells and cells treated with empty 

nanoformulations were used as controls.  

The ability of POE to inhibit SH-SY5Y cell migration, described in §3.2.1.2, was 

confirmed, as the wound was not completely closed after 24h of treatment compared to 

that of untreated control cells.  

Furthermore, it was observed that empty nanoparticles and NP-POE did not have a 

significant inhibitory effect on cell migration, in fact after 24h of treatment the wound 

was completely closed as in untreated control cells.  

On the other hand, PM-POE was found to enhance the inhibitory effect of POE on cell 

migration. After 24h of treatment, PM-POE prevented the complete closure of the wound; 

also the empty polymeric micelles prevented a total wound closure at 24h keeping it open 

by about 10%, compared to the initial scratch. This delay in wound closure compared to 

untreated control cells could be attributed to the reduced cell viability observed after 24h 

of vehicle treatment. However, despite the slight inhibition of empty polymeric micelles 

on cell migration, PM-POE inhibited migration of SH-SY5Y cells by 30% more than 24-

hour POE. 

Overall, these results showed that polymeric micelles were able to enhance the inhibitory 

efficacy of POE on cell migration. This phenomenon could be attributed to the physical 

and chemical characteristics of PM-POE, that is, an amphiphilic vector capable of 

increasing the solubility of both lipophilic and hydrophilic constituents of the P. oceanica 
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extract. Prolonged release of POE from nanomicelles could also be a factor responsible 

for the proven bio-enhancement of POE (Figure 19). 

The detailed analysis of the achieved results can be found in the published paper [105] 

attached below. 

 

 
 

Figure 9. Graphic abstract summarizing the results obtained from my research activity on the bio-

enhancement of P. oceanica anti-migratory activity by Soluplus nanoformulations. These results 

have already been published in 2019 in the international peer-reviewed scientific journal 

Pharmaceutics [105]. 
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Abstract: Posidonia oceanica (L.) Delile is a marine plant endemic of Mediterranean Sea endowed with
interesting bioactivities. The hydroalcholic extract of P. oceanica leaves (POE), rich in polyphenols
and carbohydrates, has been shown to inhibit human cancer cell migration. Neuroblastoma is a
common childhood extracranial solid tumor with high rate of invasiveness. Novel therapeutics
loaded into nanocarriers may be used to target the migratory and metastatic ability of neuroblastoma.
Our goal was to improve both the aqueous solubility of POE and its inhibitory effect on cancer cell
migration. Methods: Chitosan nanoparticles (NP) and Soluplus polymeric micelles (PM) loaded
with POE have been developed. Nanoformulations were chemically and physically defined and
characterized. In vitro release studies were also performed. Finally, the inhibitory effect of both
nanoformulations was tested on SH-SY5Y cell migration by wound healing assay and compared to
that of unformulated POE. Results: Both nanoformulations showed excellent physical and chemical
stability during storage, and enhanced the solubility of POE. PM-POE improved the inhibitory effect
of POE on cell migration probably due to the high encapsulation efficiency and the prolonged release
of the extract. Conclusions: For the first time, a phytocomplex of marine origin, i.e., P. oceanica extract,
has enhanced in terms of acqueous solubility and bioactivity once encapsulated inside nanomicelles.

Keywords: Posidonia oceanica; nanoparticles; polymeric micelles; SH-SY5Y cell migration; wound
healing assay

1. Introduction

Posidonia oceanica (L.) Delile is a marine angiosperm belonging to Posidoniaceae family endemic of
the Mediterranean Sea forming expanse underwater meadows of considerable importance for marine
ecosystems [1]. The decoction of P. oceanica leaves has been dated to ancient Egypt; but more recently,
it has been documented to be used by villagers of the sea coast of Western Anatolia as a traditional
natural remedy for diabetes, hypertension, and for its antiprotozoal activity [2,3]. In addition, P. oceanica
has proved to be a promising reservoir of bioactive compounds with antibacterial and antimycotic
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properties [4]. Over the years, P. oceanica has gained a growing interest for its potential benefits on
healthcare, mostly related to the antioxidant and antiradical action of its phenolic component. Recently,
a study on P. oceanica extract highlighted its biological activity even in the dermatological field. In fact,
P. oceanica has proved to be an efficient anti-aging agent by improving fibroblast activity and collagen
production [5]. Moreover, the hydroalcoholic extract of P. oceanica (POE) was found to prevent human
cancer cell migration with non-toxic mechanism of action. Specifically, the P. oceanica phytocomplex
has been proven to reduce the motility of human fibrosarcoma cells and the activity of metalloproteases
(MMP-2/9) through the activation of a transient autophagic process without any detectable effect
on cell viability [6,7]. The anti-inflammatory mechanism of P. oceanica phytocomplex was recently
elucidated [8].

Neuroblastoma is a common childhood extracranial solid tumor with high mortality originating
from the sympathetic nervous system. It represents about 10% of solid tumors and occurs in very young
children with an average age of 17 months at diagnosis. The clinical picture of neuroblastoma is very
variable and depends on the stage and location of the tumor [9]. In the clinical field, various anti-cancer
drugs and therapies are used to prevent the high proliferation of neuroblastoma, including surgery,
chemotherapy, immunotherapy, radiotherapy, myeloablative treatment, and retinoids therapy [10].
Despite this, high-stage neuroblastoma presents a poor prognosis with extremely low overall survival.
Therefore, the search for novel therapeutics is important in the case of pediatric malignancies to improve
patient survival by reducing high toxicity associated with anticancer drugs. Over decades, crude extracts
derived from medicinal plants are of great interest for scientific research due to their natural origin and
their interesting bioactive compounds which can act synergistically in the prevention or treatment
of various human diseases. Furthermore, innovative strategies, like nanotechnology, have achieved
great results toward ameliorating cancer therapeutics. The use of new therapeutics delivery system, as
nanocarriers, may improve efficacy and decrease systemic toxicity during treatment of malignancies
compared to the use of “free” drugs [11–13]. Among the varieties of nanoformulations known in the
literature, nanoparticles and polymeric micelles are of great interest for pharmacological applications.

In particular, chitosan is one of the polymeric constituents most used in the formulation of
nanoparticles, due to its advantageous characteristics and interesting biological activities. It is
biocompatible, biodegradable, and free of toxicity. It is a versatile compound, suitable for various
routes of administration and multifunctional due to the possibility of functionalizing the molecule
to obtain specific targeting. Thanks to its qualities, chitosan is used as nanocarrier of various types
of active ingredients: proteins, antibodies, genes, hormones, drugs, but also natural molecules [14].
Chitosan nanoparticles for plant extracts have also been described, such as the Nigella sativa L. aqueous
extract or the cherry extract from Prunus avium L. [15,16].

Regarding polymeric micelles, they are colloidal association systems consisting of blocks of
amphiphilic co-polymers, formed by a hydrophilic (e.g., PEG, PVP) and a lipophilic portion (e.g.,
polyesters, polyanhydrides, and polyamino acids) [17].

Soluplus is a tri-block copolymer consisting of polyvinylcaprolactam-polyvinylacetate-polyethylene
glycol. PEG is the hydrophilic portion and polyvinylcaprolactam-polyvinylacetate moieties are
arranged in the hydrophobic core. The polymeric micelles have the possibility of incorporating
functionality in both core and shell regions: the hydrophobic molecules in the core, less hydrophobic
molecules in the core, but near the hydrophilic moiety [18].

Soluplus is biodegradable, and it has a low CMC (7.6 mg/L), which gives its micelles high stability
even after dilution [19,20]. Soluplus micelles have been applied to delivery natural and chemical
compounds. For example, it has been seen that the use of Soluplus micelles significantly improves
the solubility of silymarin, extracted from the fruits of Silybum marianum (L.) Gaertn. (Asteraceae),
increasing its solubility and its intestinal permeability [21]. Other applications described the use of
Soluplus for doxorubicin delivery in the treatment of resistant tumors [20] or to increase acyclovir
permeability across the cornea and sclera [22] or even to enhance oral bioavailability and hypouricemic
activity of scopoletin [23]. Numerous other applications are described in the literature [24–27].
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Considering the high migratory and metastatic capacity of neuroblastoma, it is possible to
exploit new therapies loaded in nanocarriers to improve the drug efficacy in order to counteract these
specific neuroblastoma abilities. Nanoformulations can also be used for the delivery of molecules of
natural origin or phytocomplexes to optimize the effectiveness of herbal medicines [13,20,27]. In this
perspective, the possibility of using the whole crude extract carried by nanocarriers leads to having
better biological efficacy due to the synergistic action of the bioactive compounds of the phytocomplex
with respect to the activity of the single compounds.

In this work, we therefore studied—for the first time—the anti-migratory ability of POE loaded in
nanoformulations on the human neuroblastoma cell line SH-SY5Y. Our goal was to improve both the
aqueous solubility of the POE and its inhibitory effect on cancer cell migration, providing a sustained
and prolonged release. For this purpose, we developed and compared two types of POE-loaded
nanocarriers, such as chitosan nanoparticles (NP-POE) and Soluplus polymeric micelles (PM-POE),
usually applied to the delivery of single compounds. This study aims to develop biocompatible,
biodegradable and easy to prepare carriers and to extend their application to carry a phytocomplex,
containing molecules with different polarity. Given the chitosan characteristics, this polymer has
already been applied to the formulation of nanoparticles for the delivery of polar extracts [15,16].
Polymeric micelles are easy to prepare, stable, biocompatible, and suitable for compounds with different
polarity. The authors developed mixed polymeric micelles of Soluplus/TPGS-Vit. E for the formulation
of silymarin [21].

The nanoformulations were chemically and physically characterized in terms of size, homogeneity,
ζ−potential, morphology, encapsulation efficiency, and storage stability. In vitro release studies were
also performed. Finally, the inhibitory effect of both NP-POE and PM-POE on SH-SY5Y cell migration
was evaluated by the wound healing assay and compared to that of unformulated POE.

2. Materials and Methods

2.1. Materials

Sigma-Aldrich (Milan, Italy) provided all chemicals, and analytical grade and HPLC grade
solvents. Chitosan low molecular weight (Sigma-Aldrich, Milan, Italy; cat no. 448869, mol wt.
50,000–190,000 Da, viscosity 20–300 cP, 1 wt % in 1% acetic acid, 25 ◦C, Brookfield). Soluplus
was a gift of BASF (Ludwigshafen, Germany) with the support of BASF Italia, BTC Chemical
Distribution Unit (Cesano Maderno, Monza e Brianza, Italy). Distilled water was obtained from a
Simplicity® UV Water Purification System, Merck Millipore (Darmstadt, Germany). Phosphotungstic
acid (PTA) was from Electron Microscopy Sciences (Hatfield, PA, USA). Dialysis kit was from
Spectrum Laboratories, Inc. (Breda, The Netherlands). Dulbecco’s modified Eagle’s medium (DMEM),
Ham’s F-12 nutrient mixture, fetal bovine serum (FBS), L-glutamine, penicillin and streptomycin,
1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl formazan (MTT) were purchased from Sigma Aldrich-Merck
(Saint Louis, MO, USA). Disposable plastics were from Sarstedt (Nümbrecht, Germany).

2.2. P. oceanica Extract (POE) Preparation

The leaves of P. oceanica were extracted as previously described [6]. Briefly, 10 mL of EtOH/H2O
(70:30 v/v) per gram of dried and minced P. oceanica leaves were left to shake overnight at 37 ◦C.
Hydrophobic compounds were removed from the water-ethanol extraction by repeated shaking in
n-hexane (1:1), whereas the hydrophilic fraction, recovered in the lower phase, was dispensed in 1
mL aliquots and then dried. Single batch of P. oceanica extract was dissolved in 0.5 mL of EtOH/H2O
(70:30 v/v) before to use and hereafter referred to as POE. Freshly-dissolved POE was characterized
for total polyphenols and carbohydrates content and antioxidant and radical scavenging activities,
according to previously described methods [6,7]. Drug: extract ratio (D.E.R) was 8:1.
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2.3. HPLC-DAD Analytical Method

POE analyses were performed with an HP 1100 HPLC (Agilent Technologies, Santa Clara, CA,
USA) equipped with DAD detector and a Luna Omega Polar (150 × 3 mm, 5 µm) (all from Agilent
Technologies) RP-C18 analytical column. The software was HP 9000 (Agilent Technologies). The mobile
phase consisted of (A) formic acid/water pH 3.2 and (B) acetonitrile. The following gradient profile was
applied: 0–2 min 95% A and 5% B; 2–8 min 75% A and 25% B; 8–10 min 70% A and 30% B; 10–12 min
70% A and 30% B; 12–16 min 60% A and 40% B; 16–18 min 40% A and 60% B; 18–22 min 5% A and 95%
B; 22–23 min 5% A and 95% B; 23–25 min 95% A and 5% B. The flow rate was 0.5 mL/min, injection
volume 10 µL, and the temperature 25 ◦C. The calibration curve was prepared using a standard
solution of catechin (0.435 mg/mL) diluted 10, 20, 50, 100, 200, and 500 times. The concentration
absorption relationship was above than 0.9996. The chromatographic profile of POE polyphenols was
acquired at 260 nm and the total polyphenol content was expressed as catechin, using the external
standard method.

2.4. Preparation of Chitosan Nanoparticles (NP and NP-POE)

NP-POE were prepared using the ionotropic gelation method reported in literature [28,29],
modified for the optimization of our formulation. A solution (2 mg/mL) of chitosan (CS) in 1% acetic
acid was prepared and kept under magnetic stirring for 24 h, then filtered with a 0.45 µm filter
membrane. Tripolyphosphate (TPP) water solution (2 mg/mL) was also prepared and 2 mL of this
solution was added to 4 mL of CS solution to prepare empty nanoparticles. The resultant mixture was
kept under magnetic stirring for 30 min.

To prepare NP-POE, 4 mL of POE hydroalcoholic solution (5 mg/mL in EtOH/H2O 70:30 v/v) were
added to 4 mL of CS solution (2 mg/mL), then 1.5 mL of TPP solution (2 mg/mL) were added dropwise.
The mixture was stirred (500 rpm) at room temperature for 30 min, followed by 15 min of sonication
in the ultrasonic bath. The final concentrations of POE, CS, and TPP were 2.11 mg/mL, 0.84 mg/mL,
and 0.32 mg/mL, respectively.

2.5. Preparation of Soluplus Polymeric Micelles (PM and PM-POE)

PM-POE were prepared by the thin film method [17,30,31]. In brief, 250 mg of Soluplus, and
10.55 mg of POE were dissolved in 20 mL of a mixture EtOH/H2O (70:30 v/v). Then, the solvents were
evaporated under vacuum at 30 ◦C until the formation of a thin film. Finally, the film was hydrated
with 5 mL of distilled water under sonication for 5 min followed by 20 min of magnetic stirring at
200 rpm. The final concentration of POE was 2.11 mg/mL. Empty micelles were prepared with the
same method.

2.6. Physical Characterization by Dinamic Light Scattering (DLS)

Hydrodynamic diameter, size distribution and ζ-potential were measured by Dinamic Light
Scattering (DLS), using a Zsizer Nanoseries ZS90 (Malvern Instruments, Worcestershire, UK) outfitted
with a JDS Uniphase 22 mW He-Ne laser operating at 632.8 nm, an optical fiber-based detector, a digital
LV/LSE-5003 correlator and a temperature controller (Julabo water-bath) set at 25 ◦C. Time correlation
functions were analysed by the Cumulant method, to obtain the hydrodynamic diameter of the vesicles
(Z-average) and the particle size distribution (polydispersity index, PdI) using the ALV-600 software
V.3.X provided by Malvern. ζ-potential, instead, was calculated from the electrophoretic mobility,
applying the Helmholtz–Smoluchowski equation using the same instrument. The samples were
opportunely diluted in distilled water and an average of three measurements at stationary level was
taken. A Haake temperature controller kept the temperature constant at 25 ◦C. The analyses were
performed in triplicate.
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2.7. Morphological Characterization by Transmission Electron Microscopy (TEM)

The morphological characterization of nanoformulations was performed by TEM CM12 (Philips,
The Netherlands) equipped with an OLYMPUS Megaview G2 camera at accelerating voltage of 80 keV.
Before the analyses, the samples were diluted in distilled water and placed onto a 200-mesh copper
grid coated with carbon. Most of the sample was blotted from the grid with filter paper to form a thin
film. After the adhesion of formulation, 5 µL of phosphotungstic acid solution (1% w/v in sterile water,
Electron Microscopy Sciences, Hatfield, PA, USA) were dropped onto the grid as a staining medium
and the excess solution was removed with filter paper. Samples were dried for 3 min, after which they
were examined with the electron microscope [32].

2.8. Encapsulation Efficiency (EE%)

The encapsulation efficiency of the NP-POE was calculated employing the indirect method,
as reported in the literature [33]. In brief, the NP-POE were centrifuged at 18000 rpm (Ultracentrifuge
Mikro 22, Hettick, Kirchlengern, Germany) for 30 min at 4 ◦C. The supernatant, containing the
non-encapsulated extract, was analyzed by HPLC analysis. POE encapsulation efficiency was
calculated according to Equation (1)

EE =
TotalPOE− FreePOE

TotalPOE
× 100 (1)

In the case of PM-POE, the dialysis bag method was applied to remove non-encapsulated POE.
The bag (cellulose membranes, MWCO 3.5–5 kD, Spectrum Laboratories, Inc., Breda, The Netherlands)
was kept in 1 L of distilled water for 30 min at room temperature with continuing stirring at 150 rpm.
Then, POE retained in the PM was quantified after dilution with ethanol and sonication for 30 min
in an ultrasonic bath. The resulted mixture was analysed by HPLC after centrifugation for 10 min at
14000 rpm [34–36]. The Equation (2) was applied to EE% determination.

EE =
mgPOEencapsulated

TotalPOE
× 100 (2)

2.9. Stability Studies

Stability studies were conducted over 3 months. NP-POE and PM-POE were stored at 4 ◦C, in the
test tubes coated with aluminium foils. The particle size, PdI, ζ-potential and encapsulation efficiency
were investigated at regular intervals to assess the chemical and physical stability of the samples.

2.10. In Vitro POE Release from NP-POE and PM-POE

The release of POE from NP-POE and PM-POE were studied using the dialysis bag method
(cellulose membranes, MWCO 3.5–5 kD, Spectrum Laboratories, Inc., Breda, The Netherlands). In order
to mimic the sink condition, as release medium a PBS solution at pH 7.4 was used. Each formulation
(2 mL) was introduced into the dialysis membrane and placed in the release medium (200 mL) at
37 ◦C, under magnetic stirring. The dissolution medium was 0.01 M PBS (pH 7.4, NaCl 0.138 M, KCl
0.0027 M). At different time points, 1 mL of the release medium was taken and replaced with the
same volume of PBS to maintain the sink condition [21,37]. The experiment was conducted for 24 h
and 72 h for NP-POE and MP-POE, respectively. The amount of released extract was quantified by
HPLC. A hydroalcoholic solution of POE (2 mg/mL) was used as a control. All samples were in a sink
condition with the same amount of POE. The released extract in the dissolution media was quantified
by HPLC [33].

2.11. Cell Culture and Culture Conditions

The SH-SY5Y human neuroblastoma cell line, purchased from American Type Culture Collection
(ATCC®, Manassas, VA, USA), were grown in a 1:1 mixture of Ham’s F12 and DMEM supplemented



Pharmaceutics 2019, 11, 655 6 of 15

with 2 mM l-glutamine, 100 µg/mL streptomycin, 100 U/mL penicillin and 10% FBS, at 37 ◦C in a
humidified atmosphere of 5% CO2. Once cells reached 70% to 80% confluence, they were detached
by trypsinization (0.25% trypsin, 0.5 mM EDTA solution) and propagated after appropriate dilutions.
SH-SY5Y experiments were performed in serum-free medium (starvation medium) after exposure to
unformulated POE and POE-loaded nanocarriers, as NP-POE and PM-POE, opportunely diluted in
culture medium to obtain 3 µg/mL final concentration of POE. Untreated cells were used as control.

2.12. Cell Viability Assay

Cell viability was assessed using the colorimetric MTT activity assay. SH-SY5Y cells were seeded
in a 96-well plate (5 × 103 cells/well) in complete medium overnight. Then, cells were treated with POE,
NP-POE, and PM-POE in starvation medium for 24 h. Culture medium was removed and adherent
cells were washed with PBS. Subsequently, 100 µL/well of 0.5 mg/mL MTT solution were added and
incubated in the dark at 37 ◦C for 1 h. Next, cells were washed with PBS and lysed in 80 µL/well of lysis
buffer (20% (w/v) sodium dodecyl sulfate (SDS) in 50% (v/v) N,N-dimethylformamide). Absorbance
values were measured at 595 nm using iMARK microplate reader (Bio-Rad, Philadelphia, PA, USA).
Data on relative cell viability were expressed in terms of percentage of the untreated cells.

2.13. Wound Healing Assay

The wound healing assay [6,7] was used to test SH-SY5Y cell migration. Cells were plated in 6-well
plate at 5 × 105 cells/well density in complete medium. Once cells reached confluence, a longitudinal
scratch was performed through the cell monolayer using a 200 µL sterile plastic tip. Plates were then
washed three times with PBS to remove non-adherent cells. Fresh starvation medium containing
POE, NP-POE, PM-POE, or empty nanoformulations at appropriate dilutions was added. Cell-free
area was observed under phase contrast microscopy and images were captured at 0, 5, 7, and 24 h
after wounding using a Nikon TS-100 microscope equipped with a digital acquisition system (Nikon
Digital Sight DS Fi-1, Nikon, Minato-ku, Tokyo, Japan). Marked edges along each wound were used to
measure cell migration considering the horizontal distance between the initial scratch and the scratch
following migration.

2.14. Statistical Analysis and Graphics Preparation

The experiments were repeated three times and results were expressed as a mean ± standard
deviation, after centralizing mean as a normalization strategy between replicated experiments.
The statistical analysis of cell assay was performed with Tukey’s test. Furthermore, the graphs
were drawn using LibreOffice Calc. Panels were assembled with LibreOffice Impress and adapted
with Gimp 2.8.

3. Results and Discussion

3.1. Preparation and Characterization of POE-Nanoformulations

3.1.1. NP and NP-POE Preparation

POE has been characterized for the total content of polyphenols and carbohydrates and for its
antioxidant and radical scavenging activities as described in previous works [6–8] and reported in
Table S1 of Supplementary material.

The presence of polyphenols was also confirmed by the HPLC analysis of extract [6]. The percentage
of polyphenols was 10% of dried extract of P. oceanica, the main peak at 11.83 min is catechin, other
compounds identified by UV–vis spectrum and by comparison with the standards are reported in the
Figure 1, and they are in agreement with previous findings [6].
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Figure 1. Chromatographic profile of POE (260 nm). 1: gallic acid; 2: chlorogenic acid; 3: catechin; 4:
ferulic acid.

For the preparation of the empty NP various concentrations and ratio of CS and TPP solutions
have been considered. The best system in terms of size PdI and ζ-potential (Table 1) was obtained by
reacting 4 mL of the CS solution (2 mg/mL) with 2 mL of the TPP solution (2 mg/mL). Our results are
in agreement with previous studies performed with similar conditions [28,29,38].

Table 1. Physical and chemical characterization of both empty and POE loaded NP and MP
nanoformulations (Mean ± SD, n = 3)

Sample Average Diameter (nm) PdI ζ-Potential (mV) EE%

NP 1 153.70 ± 1.74 0.29 ± 0.02 22.00 ± 0.46 -
PM 1 58.25 ± 0.03 0.05 ± 0.01 −5.21 ± 1.10 -

NP-POE 1 252.40 ± 5.02 0.24 ± 0.02 19.70 ± 0.76 10.63% ± 0.71
PM-POE 1 55.74 ± 0.39 0.08 ± 0.02 −8.47 ± 2.31 85.55 ± 2.54

1 NP: chitosan nanoparticles; PM: polymeric micelles of Soluplus; NP-POE: POE-loaded chitosan nanoparticles;
PM-POE: POE-loaded polymeric micelles.

The incorporation of the extract into the NP was carried out by adding 4 mL of POE hydroalcoholic
solution (5 mg/mL) to the CS solution, before adding the TPP solution. In the presence of the extract
the amount of the TPP solution was decreased to 1.5 mL respect to the preparation of empty NP,
to optimize size and PdI of the sample.

Thus, the final concentrations of POE, CS, and TPP were 2.11 mg/mL, 0.84 mg/mL, and 0.32 mg/mL,
respectively. The NP are homogeneous, with a positive ζ-potential, due to the presence of chitosan.
The loading of the extract inside the NP induces an increase in the size, but the system still remains
useful for pharmaceutical administration. As reported in the literature, after drug loading into
chitosan nanoparticles, the particle size becomes bigger [39,40]. A possible reason for this phenomenon
is that the loaded drug (or extract in this case) reduces the cohesive force between chitosan and
tripolyphosphate [41]. TEM analysis shows spherical and not aggregated particles (Figure 2A).
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Figure 2. (A) TEM image of POE-loaded nanoparticles (NP-POE); (B) TEM image of POE-loaded
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In the case of NP-POE, the encapsulation efficiency was calculated by the indirect method [33],
as reported in the experimental section, because the direct method employs drastic conditions [38]
which can alter the stability of the extract. The EE% value is 10.63% ± 0.71. This value is not high,
but it corresponds to a final POE concentration of 2.11 mg/mL, with 0.22 mg/mL encapsulated into
the NP. This represents a remarkable improvement of the aqueous solubility of the extract, that is
completely insoluble. This aspect was also confirmed by the change of the color of the mixture, that
from colorless becomes light yellow in the presence of nanoparticles. Similar values of EE% were
reported in literature for analogous nanoparticles of chitosan carrying natural substances such as
eugenol and carvacrol. In the case of eugenol, the EE value ranges from 2% to 29% increasing the initial
eugenol content respect to chitosan from 1:0.25 to 1:1.25 w/w. In the case of carvacrol, the EE% ranges
from 13% to 31% with increasing initial carvacrol content [28,38].

Our research represents one of the few studies in which an attempt was made to formulate an
extract rather than a single compound. In the literature, there are few examples of nanoformulations of
extracts using nanoparticles, such as gelatin NP of Centella asiatica and Cardamono extracts [42,43] and
chitosan NP of Nigella sativa and cherry extracts [15,16]. The nanoparticles are not easy to prepare for
extract delivery, due to the presence of various compounds with different polarity, but the application
of nanotechnology to extract is of great interest in the phytotherapy field given the remarkable benefits
that traditional medicine attributes to the synergistic action of the bioactive compounds present
in phytocomplexes.

3.1.2. PM and PM-POE

Soluplus micelles were prepared using the “thin film hydration” technique [17,23,31]. Soluplus
is a tri-block copolymer consisting of polyvinylcaprolactam–polyvinylacetate–polyethylene glycol.
PEG is the hydrophilic portion and polyvinylcaprolactam–polyvinylacetate moiety are arranged in
the hydrophobic core. PM have the possibility of incorporating functionality in both core and shell
regions: the hydrophobic molecules of POE in the core, less hydrophobic molecules in the core, but
near the hydrophilic moiety [18].

During the optimization process, the hydroalcoholic solution (EtOH/H2O 70:30 v/v) was selected
as the best solvent mixture to solubilize both the extract and the polymer. Micelles of Soluplus (5% w/v),
containing 2.11 mg/mL of extract, have the physical parameters showed in Table 2. In the case of
PM-POE, the increase of sizes was not observed, probably for the high extract solubilisation in the
PM core–shell structure. Indeed, Soluplus exhibits the capability of solubilizing both hydrophobic
and hydrophilic drugs into the core and shell of the micelles. This ability might be attributed to the
interactions between the drug and the polymer. For example, the phenolic groups might interact with
the terminal −OH and ether oxygen groups in Soluplus and form hydrogen bonds [44].
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Table 2. Storage stability test of NP-POE at 4 ◦C for 3 months (Mean ± SD, n = 3)

Days Average Diameter (nm) PdI ζ-Potential (mV)

0 252.40 ± 5.02 0.24 ± 0.02 19.70 ± 0.76

30 276.80 ± 6.34 0.22 ± 0.01 17.80 ± 0.78

60 278.40 ± 5.42 0.22 ± 0.01 18.50 ± 0.64

90 277.50 ± 2.91 0.20 ± 0.01 17.10 ± 0.70

The morphological characterization of PM-POE is reported in Figure 2B. The micelles appear as
spherical with the dimensions consistent with those detected by DLS. The dialysis purification method
is usually employed for the determination of the encapsulation efficiency in the case of micelles [45,46]
and it has been employed as direct process to determine the EE% of PM-POE. The EE% value is
85.55% ± 2.54, corresponding to 1.81 mg/mL of POE effectively encapsulated.

As evidenced for NP-POE, also PM-POE increased the solubility of the extract but with a higher
EE% compared to NP-POE. Furthermore, while in an aqueous solution the extract remains completely
undissolved, the micellar solution is able to solubilize about 2 mg/mL of POE and it becomes colored
in yellow, proof of a change in solubility of the extract. As reported in literature, the nanomicelles have
achieved good results in improving the solubility of extracts, such as the silymarin phytocomplex [21].
For the first time in this work Soluplus nanomicelles have been used to increase the solubility of a
phytocomplex of marine origin.

3.2. Stability Study

Tables 2 and 3 reported the physical stability of both POE nanoformulations over 3 months at
4 ◦C. All physical parameters, named size, PdI and ζ-potential, resulted unchanged for both NP-POE
and PM-POE.

Table 3. Storage stability test of PM-POE at 4 ◦C for 3 months (Mean ± SD, n = 3)

Days Average Diameter (nm) PdI ζ-Potential (mV)

0 55.74 ± 0.39 0.08 ± 0.02 −8.47 ± 2.31

30 56.43 ± 6.34 0.09 ± 0.01 −8.52 ± 0.78

60 56.81 ± 0.04 0.12 ± 0.02 −8.65 ± 1.70

90 56.22 ± 0.33 0.10 ± 0.01 −6.53 ± 0.56

Also the chemical stability of the formulated extract before and after the storage was substantially
comparable, as confirmed by EE% values. The EE% ranges from 10.63 ± 0.71% to 8.83 ± 0.43%
after 90 days, and from 85.55 ± 2.54% to 75.80 ± 2.55% after 90 days, are referred to NP-POE and
PM-POE respectively.

The PM-POE stability study well correlate with its in vitro activity, that was maintained until 3
months, as proved by its inhibitory effect on SH-SY5Y cell migration.

3.3. In Vitro Release Studies

The release profile of POE solution and POE nanoformulations is shown in Figure 3. In particular,
NP-POE released 30% of POE after 3 h, 45% after 4 h and 90% within 24 h of dialysis at 37 ◦C. The release
of the extract by NP-POE is not rapid and immediate as POE solution; the latter in fact already after 3 h
reached 60% of release and after 4 h exceeded 90%. NP-POE released the extract in a sustained fashion
probably due to the diffusion of the adsorbed extract and its diffusion through the polymeric matrix,
mechanisms which govern drug release from chitosan nanoparticles.
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As for PM-POE, the release profile was slower and prolonged over time compared to both POE
solution and NP-POE, as evidenced in Figure 3. The release of the extract from PM-POE is not
immediate but rather delayed, it begins to increase after 5 h, reaching 40% after 8 h, 50% after 12 h,
and 90% after 72 h. The obtained results are in agreement with the literature, which refers to a
time-delayed release by PM formulations. In fact, it was recently observed that polymeric micelles of
Soluplus/P407 release a 6.8% of quercetin in the first 8 h and a 28.75% after 24 h [44]. Evidence of a
prolonged lag time in POE release encourages the use of polymeric micelles to optimize POE release.

3.4. NP-POE and PM-POE Effect on SHSY5Y Cell Migration

POE and POE-loaded into nanoformulations (NP-POE and PM-POE) were tested on human
neuroblastoma SH-SY5Y cell line, at the final concentration of 3 µg/mL according to data previously
obtained on POE bioactivities [6–8].

The effect of POE, NP-POE, and PM-POE on SH-SY5Y cell viability was determined after 24 h
treatment by MTT assay, also the effect of empty NP and PM nanocarriers was investigated. In particular,
POE had no cytotoxic effects on cell viability as well as cells showed no signs of toxicity in the presence
of NP-POE. As for PM-POE, cell viability value was about 80% due to the very low cytotoxicity ascribed
to PM as just reported [21] (Figure S1, in Supplementary Material). Therefore, considering that SH-SY5Y
cell viability was maintained over 80% up to 24 h of POE, NP-POE, and PM-POE treatments, cell
migration was evaluated by the wound healing assay and compared to their vehicles. After wounding
cell monolayers, scratched area images were captured at different time points and the distance from
the edges was measured. In particular, Figures 4 and 5 show that POE treatment determined a clear
reduction of SH-SY5Y cell migration so that as early as 5 h from the initial scratch the wound width
was about 70% ± 4%, while the untreated control cells migrated up to about 45 ± 6% of the wound
width. The inhibitory effect of POE on cell migration was maintained over time determining a 57 ± 7%
of wound width after 7 h of treatment and preventing complete closure at 24 h (22 ± 1% of wound
width). Conversely, scratch closure rapidly progressed in untreated control cells after 7 h (29 ± 7%)
until complete closure at 24 h.
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Figure 5. Time course analysis of the scratch closure of SH-SY5Y cells (A) treated with NP-POE and
(B) treated with PM-POE and both with the respective controls. Wound width values were measured
considering the horizontal distance between the initial scratch and the scratch following migration at
different time points. Data are representative of at least three different experiments. Error bars represent
standard deviation. ◦: p-value < 0.05, ◦◦◦: p-value < 0.001 vs. untreated control cells; *: p-value < 0.05,
**: p-value < 0.01, ***: p-value < 0.001 vs. POE treated cells. Tukey’s test.
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These results are perfectly in agreement with previously results obtained on the ability of POE
to inhibit human fibrosarcoma cancer cell migration [6,7]. Therefore, POE confirmed to be a good
candidate for the design of novel therapeutic approaches in phytotherapy. Given the ability of POE to
prevent the complete closure of the scratch, we investigated SH-SY5Y cell migration in the presence
of NP-POE and PM-POE. The effect of empty NP and PM nanocarriers on cell migration was also
monitored over time (Figure 4). As reported in Figure 5A, empty NP and NP-POE showed no effect on
SH-SY5Y cell migration leading to a complete closure of the wound at 24 h as the untreated control cells.
Differently, PM-POE was able to enhance the inhibitory effect of POE on cell migration (Figure 5B).
As early as 5 h PM-POE showed the ability to impair SH-SY5Y cell migration (90 ± 5% of wound width)
reducing the wound closure of about 20% compared to 5 h POE treatment.

Comparing the results with those of the in vitro release (Figure 3), the release percentage of POE
starts after 5 h and becomes 40% at 8 h, whereas the PM-POE enhanced the inhibitory effect of POE on
cell migration as early as after just 5 h. This apparent different behavior of PM in the two in vitro tests
can be explained first with the different media and conditions of tests. The in vitro release of POE from
PM was done in PBS and using dialysis bag while the wound healing experiment was performed in
starvation medium and in direct contact of PM-POE with cells. Furthermore, in the in vitro release
assay, POE is released from PM also significantly at shorter times than 8 h. Between 0 h and 8 h there is
no release ranging from 0% to 40%, but there are intermediate time points where the release of the
extract has already begun. For this reason, it is explained why PM have improved the inhibitory effect
of POE on cell migration already after 5 h.

The inhibitory effect of PM-POE on SH-SY5Y cell migration results were clear at 24 h of treatment
as PM-POE prevented the complete closure of the wound (50 ± 8% of wound width). The empty PM
prevented a total closure of the wound at 24 h maintaining the wound width of approximately 11 ± 4%
compared to the initial scratch. This delay in the wound closure with respect to untreated control cells
could be ascribed to the reduced cell viability observed after 24 h PM treatment. Considering these
results, we obtained that PM-POE are able to improve the inhibitory effect of POE on cell migration.
Despite the slight inhibitory effect of the empty PM, at 24 h PM-POE inhibited SH-SY5Y cell migration
by 30% more than POE.

The activity of PM-POE was maintained until 3 months confirming the results of the stability
study previously reported. PM-POE are amphiphilic carriers able to increase the solubility of both
lipophilic and hydrophilic constituents of P. oceanica extract, as demonstrated by the high EE% with
respect to NP-POE. Moreover, the inhibitory activity of P. oceanica on cell migration could be ascribed
to the prolonged release of POE from nanomicelles. Therefore, the development of nanoformulations,
particularly nanomicelles, could be exploited to improve the traditional application of P. oceanica in
others chronic diseases, such as diabetes [2] and inflammatory-related diseases [8].

4. Conclusions

In this work, we have developed two different POE nanoformulations. Both NP-POE and PM-POE
were good candidates for increasing the solubility of P. oceanica hydroalcoholic extract, showing good
physical and chemical characteristics for parenteral administration and excellent physical and chemical
stability during storage at 4 ◦C for three months. However, only the PM-POE nanoformulation was
able to improve the POE inhibitory activity against neuroblastoma cell migration. To date, herbal
medicine represents an interesting source for the realization of new drugs. Therefore, the development
of adequate systems for the administration of natural compounds, such as nanoformulations, offers
an advanced approach to improve the bioavailability and/or optimize the solubility and stability
of individual natural compounds or extracts. In this work, for the first time, a phytocomplex of
marine origin, i.e., P. oceanica extract, has shown an increase in terms of aqueous solubility and
bioactivity once encapsulated inside nanomicelles. Therefore, we can assert that Soluplus polymeric
nanomicelles are a suitable nanoformulation for the release and the improvement of bioactive properties
of phytocomplexes.
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3.3. P. oceanica against oxidative stress-related damage 

3.3.1. The antioxidant power of P. oceanica  

The high content of phenolic compounds and their derivatives has directed scientific 

attention to P. oceanica seagrass as a source of antioxidant molecules for applications in 

various research fields [106-110].  

Physiologically, P. oceanica uses antioxidant power as a real self-protection mechanism 

against various environmental pressures [111], or other stressful conditions such as 

competition from invasive macroalgae [112,113], which strongly contribute to the 

phanerogams regression phenomenon in the Mediterranean Sea. 

In recent years, bioactive compounds with antioxidant activity have found applications in 

a wide range of sectors, such as biomedicine or food science, and therefore the exploration 

of new extracts with these functional properties is a topic of great current interest for 

human well-being as the main focus. 

In 2008 Gokce et al. demonstrated that the crosstalk between the antioxidant and 

vasoprotective properties of a P. oceanica leaves extract could provide therapeutic 

benefits in diabetes-related endothelial dysfunction and oxidative damage. The oral 

administration of P. oceanica extract in alloxan-induced diabetic rats was able to strongly 

restore the activity of antioxidant enzymes and decrease the lipid peroxidation process 

[55]. However, the antioxidant and the radical scavenging activity of P. oceanica extract 

was unlikely to be the only mechanism associated with its antidiabetic and vasoprotective 

effects. 

In 2015 the research team of  Prof. Degl'Innocenti studied a hydroalcoholic extract from 

P. oceanica leaves (POE). Through a UPLC analysis it emerged that polyphenolic 

compounds, including catechins, epicatechins and gallic, ferulic and chlorogenic acids, 

were the most representative components of the extract [80]. The data relating to the 

antioxidant and radical scavenging activity of POE were in agreement with those already 

reported in the literature and attributable to the phenolic composition of the extract. 

The antioxidant power of a P. oceanica leaves extract was further highlighted by a study 

of Cornara et al. (2018) [57]. Here, it seemed that chicoric acid, the main constituent of 

this extract, was responsible for the effects observed on the proliferation of fibroblasts 

and on the production of collagen, and for its anti-melanogenic and lipolytic activities, 

suggesting its possible use against the formation of wrinkles, skin aging, unwanted 

hyperpigmentation and cellulite, in which oxidative stress plays a crucial role [57]. 
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It is well known that the imbalance between the production of reactive oxygen species 

(ROS) and their elimination by protective mechanisms generates oxidative stress and 

triggers signalling cascades that can lead to the onset and progression of inflammatory 

diseases. As a result, increased ROS generation by immune cells at the site of 

inflammation causes oxidative stress and tissue damage (Figure 20).  

 

 

 

Figure 20. Schematic representation of the interrelation between oxidative stress and inflammation. This 

picture was taken from Hsieh et al., 2013 [114]. 

 

In light of the interrelation between oxidative stress and inflammation and considering 

the consistent data on the P. oceanica antioxidant power, my research verified whether 

POE was able to reduce the high ROS formation in murine RAW264.7 macrophages 

activated by lipopolysaccharide (LPS) and thus to inhibit the resulting inflammatory 

process. 

Specifically, this study clearly showed that the intracellular ROS levels, detected by using 

a fluorescent probe (§4.12.1), were drastically reduced in cells exposed to LPS and treated 

with POE compared to the positive control. Likewise, production of the pro-inflammatory 

mediator nitric oxide (NO), examined by the Griess reaction (§4.12.2), also decreased in 

POE-treated cells. 

The inhibitory effect of POE on NO production was supported by the evident inhibition 

of the inducible nitric oxide synthase (iNOS) enzyme expression observed in LPS-

activated and POE-treated cells compared to the positive control. 

Since the overproduction of NO under abnormal conditions, together with the production 

of ROS, strongly contributes to an inflammatory state mediated by oxidative stress, the 
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results obtained in this study strongly suggest the dual antioxidant and anti-inflammatory 

potential of POE (detailed in the next paragraph) [115]. 

Curiously, thanks to its antioxidant and antimicrobial power, described by other authors 

[107], the P. oceanica seagrass has captured the interest of the scientific community for 

its potential benefits in food science. Some microorganisms can adversely affect the 

quality, safety and shelf life of food products and oxidative processes can have an impact 

on the quality of food, with repercussions on human well-being.  

In this regard, the current trend in food processing is focusing on the use of natural 

compounds, which are considered safe alternatives to chemical additives [116,117]. Some 

studies have examined the potential applications of P. oceanica in the field of food 

preservation, considering that the protective effects of antioxidants with reference to 

human health derive from their ability to reduce or eliminate pathogens and deteriorating 

microorganisms in food.  

3.3.2. The anti-inflammatory role of P. oceanica  

Inflammation is a finely regulated physiological response against harmful stimuli that 

leads to the recruitment and activation of immune cells. Among these, macrophages play 

an essential role in the immune response, from activating and resolving inflammation to 

orchestrating the healing of the damaged tissue structure. However, when the response is 

not controlled, inflammation becomes a pathological condition characterizing many of 

the most difficult chronic diseases of our time [118] (Figure 21). 

 

 

Figure 21. Some of the chronic inflammation associated diseases/disorders due to longe-term course of 

inflammation. 

 

Conventional non-steroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed 

to relieve pain and reduce inflammation. However, their use is often associated with 

several side effects that could cause serious complications in patients. The use of 
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beneficial natural anti-inflammatory compounds with antioxidant properties could be 

useful as an adjuvant therapy for many chronic diseases overcoming the problems 

associated with conventional drugs. 

In this regard, the consistency of data on P. oceanica antioxidant properties and the close 

relationship between oxidative stress and inflammation, described in the literature, 

directed my research to investigate the potential antioxidant and anti-inflammatory role 

of the hydroalcoholic extract of P. oceanica leaves (POE) in murine RAW264.7 

macrophages activated by lipopolysaccharide (LPS), a recognized pro-inflammatory 

stimulus. 

First, it was observed that LPS-stimulated cells treated with POE showed no signs of 

cellular toxicity, as POE was able to totally prevent LPS-induced reduction in cell 

viability, as revealed the results from the MTT assay (§4.6).  

In conditions of inflammation, the uncontrolled production of reactive oxygen species 

(ROS) during the so-called "oxidative burst" is closely linked to the histolesivity of 

inflammation which represents the "dark" side of the inflammatory process associated 

with suffering cells and tissues [119]. 

In my study, Western blot analysis (§4.10) showed that POE was able to decisively 

suppress the expression level of the main enzymes associated with inflammation, i.e. the 

inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), compromising 

the production of metabolites harmful to cells and tissues, such as nitric oxide (NO), and 

in general the production of ROS (as described in §3.3.1). 

Since the expression and activity of iNOS and COX-2 and many other inflammatory 

mediators depend on the activation of the nuclear transcription factor NF-B, a key 

regulator of inflammation, the influence of POE on the NF-B signalling was examined. 

In the NF-B signalling cascade, upon arrival of specific stimuli, IκBα (NF-kB inhibitor) 

undergoes degradation allowing phosphorylated NF-κB (p-NF-kB) to move into the cell 

nucleus, where it in turn regulates the expression of numerous pro-inflammatory genes 

pathway (Figure 22). 
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Figure 22. Schematic representation of the NF-B pathway. The red markings indicate the potential 

inhibition mechanism by anti-inflammatory agents in LPS-induced inflammation. 

 

Through Western blot technique, it was observed that cells stimulated by LPS and treated 

with POE exhibited an increased levels of p-NF-B and a reduced levels of IB 

compared to the positive control. These results highlighted that POE was able to inhibit 

the LPS-induced degradation of IκBα and consequently prevent the NF-κB activation.  

The nuclear translocation of p-NF-B from the cytoplasm to the cell nucleus was then 

observed by means of an immunofluorescence assay. While untreated control cells 

maintained low basal levels of p-NF-B in the cytoplasm, LPS stimulation was observed 

to significantly increase p-NF-B levels in the nucleus. When LPS-activated cells were 

treated with POE, the levels of p-NF-kB in the nucleus were significantly reduced and 

comparable to those of untreated control cells. 

Therefore, the ability of POE to target the NF-B signalling pathway further supported 

its anti-inflammatory role. 

In order to investigate the POE effect on the activation state of upstream signalling 

pathways involved in the progression of inflammation in LPS-activated cells, the 

phosphorylation of ERK1/2 (p-ERK1/2) and AKT (p-AKT), both involved in the release 

of pro-inflammatory mediators through the regulation of NF-B pathway (Figure 22), 

was explored. In particular, the results revealed a marked decrease in p-ERK1/2 and p-

AKT levels in LPS-activated and POE-treated cells compared to the positive control. 
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These findings revealed POE ability to regulate the inflammatory process through the 

modulation of ERK1/2 signalling and AKT pathways. 

Overall, the new awareness of P. oceanica molecular mechanism of action on the 

inflammatory process suggested the potential use of POE as a safe and effective 

phytocomplex capable of working upstream in inflammation to influence the expression 

of pro-inflammatory genes (Figure 23).  

The detailed analysis of the achieved results can be found in the published paper [115] 

attached below. 

 

 

 

 
Figure 23. Graphic abstract summarizing the results obtained from my research activity on the P. 

oceanica anti-inflammatory role. These results have already been published in 2020 in the 

international peer-reviewed scientific Journal of Ethnopharmacology [115]. 
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A B S T R A C T

Ethnopharmacological relevance: Posidonia oceanica (L.) Delile is an endemic seagrass of the Mediterranean Sea
whose use has been documented as a traditional herbal remedy for diabetes and hypertension. Our recently
described Posidonia oceanica leaves extract is a phytocomplex endowed with interesting bioactivities, including
the inibitory property on human cancer cell migration.
Aim of the study: The aim of this study was to investigate the anti-inflammatory effects of P. oceanica extract
underlying its mechanism of action.
Materials and methods: We explored the anti-inflammatory effects of P. oceanica extract on RAW264.7 murine
macrophages activated by LPS. We investigated the reactive oxygen species (ROS) and nitric oxide (NO) pro-
duction and the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). Then, we
examined P. oceanica extract role on the regulation of NF-κB signaling pathway.
Results: P. oceanica phytocomplex exhibited a strong ability to inhibit oxidative stress by affecting the pro-
duction of both ROS and NO and to reduce iNOS and COX-2 levels. In addition, it was evidenced its anti-
inflammatory role via inhibiting NF-κB signaling pathway through modulation of ERK1/2 and Akt intracellular
cascades.
Conclusions: Our results recognize an anti-inflammatory role of P. oceanica phytocomplex particularly empha-
sizing its cell safe mechanism of action. In conclusion, the marine plant P. oceanica may be of great interest for
scientific research as a source of promising molecules for designing alternative strategies to the conventional
treatment of inflammatory diseases.

1. Introduction

Inflammation is a finely regulated physiological response against
harmful stimuli, such as pathogens and tissue injury, characterized by
the recruitment and activation of immune cells, which quickly or-
chestrate resolution and healing of injured tissue structure. However,
when the response goes unchecked, inflammation sometimes develops
in pathology (Chen et al., 2018). Macrophage cells play a significant
role in immune responses and inflammatory process covering a broad
variety of functions, from activation to resolution of inflammation and
in the regulation of tissue repair. Lipopolysaccharide (LPS) is one of the
most widely used pro-inflammatory stimulus able to activate macro-
phages and trigger the inflammatory response. Under inflammation
conditions, macrophages synthesize and release reactive oxygen species

(ROS) during the so-called “oxidative burst”. High concentrations of
ROS promote oxidative stress causing cellular damage associated with
the histolesivity of inflammation (Mittal et al., 2014). In addition, ac-
tivated macrophages release a considerable amount of nitric oxide (NO)
as pro-inflammatory mediator largely produced by inducible nitric
oxide synthase (iNOS) (Sharma et al., 2007). The interaction between
NO and other oxygen-derived free radicals may lead to the formation of
highly reactive species with damaging effects on the host tissues. Si-
milarly, the activity of cyclooxigenase-2 (COX-2), a well-known in-
flammation-associated enzyme, contributes to the progression of in-
flammation (Ricciotti and FitzGerald, 2011).

Inflammatory responses are regulated at transcriptional level by
nuclear factor-kappa B (NF-κB) (Dorrington and Fraser, 2019). At first,
inflammatory stimulus triggers many upstream signaling cascades,
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including ERK1/2 and Akt pathways, that in turn lead to activation of
NF-κB pathway (Ngabire et al., 2018). Indeed, ERK1/2 and Akt kinases
contribute to degradation of the inhibitory proteins (IκBs) allowing NF-
κB dimers to translocate from cytoplasm to nucleus of cells, and thus to
promote the expression of pro-inflammatory genes.

Conventional non-steroidal anti-inflammatory drugs (NSAIDs) are
commonly prescribed for relieving pain and reducing inflammation.
However, their usage is associated with several side effects that could
cause serious complications in patients (Wongrakpanich et al., 2018).
Therefore, the employment of beneficial natural anti-inflammatory
compounds with antioxidant properties might be helpful as adjuvant
therapy for many chronic diseases by overcoming problems related to
conventional drugs. Many plants have been described as important
sources of antioxidant and anti-inflammatory compounds capable of
modulating the functional phenotype of macrophages and thus of mi-
tigating inflammatory disorders. Since the beginning of the last century,
traditional herbal medicine products, from terrestrial and marine en-
vironments, have been used in health care and in the prevention and/or
treatment of many disorders, including inflammatory diseases. Plant
extract benefits on health are ascribed to phytochemical compounds
able to evoke, individually or synergically, various physiological re-
sponses (Wink, 2015). Therefore, research on plant bioactive com-
pounds has a long history of success at global level and offers great
opportunities for development of novel therapeutic plant-based mole-
cules. Although medicinal plants are gaining, over the years, a greater
interest in herbal medicine because they are considered as “safe”,
natural products sometimes contain therapeutic as well as toxic com-
pounds.

P. oceanica (L.) Delile is a marine angiosperm and the only species of
the Posidoniaceae family endemic of Mediterranean Sea forming un-
derwater meadows of remarkable ecological importance (Vacchi et al.,
2017). P. oceanica leaves have been described in terms of bioactivity.
Particularly, Gokce and Haznedaroglub have reported in 2008 that the
decoction of P. oceanica leaves has been used as a traditional natural
remedy for diabetes and hypertension by villagers living by the sea
coast of Western Anatolia. Based on these notions, the antidiabetic and
vasoprotective effects of P. oceanica have been demonstrated in a pre-
clinical study by administering P. oceanica extract orally to alloxan-
induced diabetic rats.

Considering the effectiveness of P. oceanica extract in pre-clinical
studies, we recently have investigated our ethanolic extract of P.
oceanica leaves regarding to its potential use in human health, notably
disclosing that P. oceanica inhibits human cancer cell migration
(Barletta et al., 2015; Leri et al., 2018). We have characterized by UPLC
analysis the hydrophilic fraction of P. oceanica leaves extract, eviden-
cing a large amount of catechins and minor amounts of other poly-
phenols (Barletta et al., 2015) (Fig. 1).

It is well known that oxidative stress and inflammation are pivotal
factors associated with chronic disease such as hypertension and dia-
betes (Pouvreau et al., 2018). As this regard, a potential anti-in-
flammatory effect of P. oceanica could be exploited in the management
not only of hypertension and diabetes, but also of many other in-
flammation related pathologies.

Therefore, in this work we investigated the anti-inflammation

properties of P. oceanica by testing our extract on RAW264.7 murine
macrophages activated by LPS. Firstly, we explored the effect of P.
oceanica on the NO and ROS production and then on the expression of
iNOS and COX-2. Finally, we examined the P. oceanica role on the
regulation of NF-κB signaling pathway.

2. Materials and Methods

2.1. Materials

Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum
(FBS), L-glutamine, penicillin and streptomycin, lipopolysaccharide
(LPS), 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl formazan (MTT), 2′,7′-
dichlorofluorescin diacetate (DCFH-DA), Griess reagent and all chemi-
cals and solvents were purchased from Sigma Aldrich-Merck.
Electrophoresis reagents were purchased from Bio-Rad (Hercules, CA,
USA). Primary antibodies for iNOS (1:1000), COX-2 (1:1000), p-NF-κB
p65 (1:1000), NF-κB p65 (1:1000), IκBα (1:1000), p-ERK1/2 (p44/42
MAPK) (1:1000), ERK1/2 (p44/42 MAPK) (1:1000) and α-Tubulin
(1:1000) were purchased from Cell Signaling Technology (Beverly, MA,
USA), p-Akt (1:5000) and Akt (1:5000) were purchased from Abcam
(Cambridge, UK). Secondary antibodies as goat anti-rabbit IgG HRP-
linked, goat anti-mouse IgG HRP-linked and Alexa 488-conjugated anti-
rabbit IgG were purchased from Molecular ProbesTM (Invitrogen, USA).
Disposable plastics were from Sarstedt (Nümbrecht, Germany). The
leaves of P. oceanica were collected in the protected marine area of
Meloria, specifically in the partial reserve zone C (bounded by the
conjunction of the following points: point A 43° 36′ 45″ N and 010° 07′
00″ E; point B 43° 36′ 45″ N and 010° 12′ 20″ E; point C 43° 35′ 05″ N
and 010° 14′ 20″ E; point D 43° 32′ 06″ N and 010° 14′ 20″ E; point E
43° 30′ 58″ N and 010° 07′ 00″ E). In particular, the P. oceanica leaves
were collected by the authorized personnel of the Interuniversity Center
of Marine Biology and Applied Ecology “G. Bacci” at a depth of about
15m at the following geographical coordinates: 43° 35′ 13″ N and 010°
10′ 21″ E.

2.2. Preparation of P. oceanica extract

The extraction of the hydrophilic components of P. oceanica was
performed as previously described (Barletta et al., 2015). Briefly, dried
P. oceanica leaves (collected in July) were minced and suspended
overnight in 10mL per gram of leaves of 70% (v/v) ethanol at room
temperature under stirring conditions and at 65 °C for further 3h. The
water-ethanol extract was separated from debris by centrifugation at
2000×g, and supernatant was mixed with n-hexane in a 1:1 ratio.
Hydrophobic compounds were removed by repeated shaking, while
hydrophilic compounds were recovered in the lower phase. Subse-
quently, the hydrophilic phase was dispensed in aliquots of 1mL and
dried by a UnivapoTM vacuum-spin concentrator. Before each experi-
ment, a single batch of P. oceanica extract was dissolved in 0.5 mL of
DMSO, and hereafter named POE.

Fig. 1. Phenolic profile of P. oceanica extract. The phenolic composition of POE was obtained from UPLC analysis (Barletta et al., 2015). The percentage of each
individual phenolic compound is reported below each chemical structure. An additional 11% of the extract composition remained unknown and/or uncharacterized.
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2.3. Determination of total polyphenols and carbohydrates

Total polyphenol and carbohydrate content in POE was determined
according to the colorimetric Folin-Ciocalteau method and the phenol-
sulfuric acid method, respectively (Barletta et al., 2015). Polyphenol
and carbohydrate content was determined by linear regression with
gallic acid and D-glucose, respectively, as references in the range
0–10 μg. Total polyphenols and carbohydrates were expressed as mg of
gallic acid and D-glucose equivalents, respectively, per mL of extract
after resuspension.

2.4. Antioxidant assays

The antioxidant and radical scavenging activities of POE were in-
vestigated using the FRAP (ferric-reducing/antioxidant power) assay
and DPPH (α,α-Diphenyl-β-picrylhydrazyl) assay, respectively (Barletta
et al., 2015). Both antioxidant and radical scavenging activities were
determined by linear regression with ascorbic acid as reference in the
range 0–4 μg. The antioxidant activities of POE were expressed as mg of
ascorbic acid equivalents per mL of extract after resuspension.

2.5. Cell line and culture conditions

Murine RAW264.7 macrophage cell line, purchased from American
Type Culture Collection (ATCC®) were grown in DMEM supplemented
with 2mM L-glutamine, 100 μg/mL streptomycin, 100 U/mL penicillin
and 10% FBS, at 37 °C in an atmosphere of 5% CO2. At 90% confluence,
cells were collected by scraping and seeded at appropriate cell density.
All the following experiments were performed in serum-free medium
(starvation medium). When not otherwise specified, after 6h incubation
in starvation condition, cells were treated with or without 1:500 dilu-
tion of freshly-dissolved POE (corresponding to 2.88 μg/mL dried
weight of extract) in the presence or absence of LPS (1 μg/mL) or un-
treated (control) for further 18h (Xu et al., 2017).

2.6. Cell viability assay

Cell viability was determined by MTT assay. Cells were grown in 96-
well plates (104 cells/well) for 24h. Firstly, cells were treated with
1:100, 1:250 and 1:500 dilutions of POE (corresponding to 14.4, 5.76
and 2.88 μg/mL dried weight of extract, respectively) or with DMSO
vehicle solutions for 18h. Subsequently, we tested 1:500 POE dilution
on RAW264.7 cells in the presence of LPS stimulus (1 μg/mL) for 18h.
After cell treatments, 100 μL of MTT solution (0.5 mg/mL) were added
on each well and cells were incubated in the dark at 37 °C for a further
1h. After washing out supernatant, insoluble formazan product was
dissolved in 80 μL/well of lysis buffer [20% (w/v) sodium dodecyl
sulfate (SDS) in 50% (v/v) N,N-dimethylformamide]. Absorbance va-
lues were measured using iMARK microplate reader (Bio-Rad, USA) at
595 nm. Data were expressed in terms of percentage with respect to
untreated control cells.

2.7. Determination of intracellular ROS

RAW264.7 cells were seeded in 24-well plate at 5×105 cells/well
density for 24h. After the appropriate cell treatments, ROS-sensitive
fluorescence probe DCFH-DA (10 μM) was added to each well and in-
cubated in the dark for 1.5 h at 37 °C to detect the intracellular ROS
levels. Then, culture medium was removed and cells were lysed with
200 μL/well of RIPA lysis buffer (50mM Tris-HCl, 150mM NaCl,
100mM NaF, 2mM EGTA, 1% TritonTM X-100; pH 7.5) and 100 μL of
each cell lysate were transferred into 96-well black plate. The DCF
fluorescence intensity was detected at an excitation and emission wa-
velengths of 485/538 nm, respectively, using a fluorescence microplate
reader (Fluoroskan AscentTM FL Microplate Fluorometer, Thermo Fisher
Scientific, USA). Data were normalized to total cellular proteins and

expressed in terms of percentage with respect to untreated control cells.

2.8. Nitric oxide assay

RAW264.7 cells were seeded at a density of 4×104 cells/well in 96-
well plate for 24h. The NO production was determined by measuring
nitrite levels in culture media according to the Griess reaction. Briefly,
50 μL of cell culture medium from each treatment were collected and
mixed with equal volume of Griess reagent and then incubated at room
temperature for 15min. The 540 nm absorbance was recorded with
iMARK microplate reader. The concentration of nitrite in the sample
was determined using sodium nitrite as a reference in the range of
0–50 μM. Data were normalized to cell viability and expressed in terms
of percentage with respect to untreated control cells.

2.9. Western blot analysis

RAW264.7 cells (5× 105 cells/well) were grown in 24-well plate for
24h and then treated for different time points. Cells were then washed
with cold PBS and then lysed in 80 μL of Laemmli buffer [62.5 mM Tris-
HCl pH 6.8, 10% (w/v) SDS, 25% (w/v) glycerol] without bromophenol
blue. Whole cell lysates were collected and boiled at 95 °C for 5min and
then centrifuged at 12,000×g for 5min at 4 °C. The total protein con-
centration of lysates was measured by the BCA protein assay kit. An
equal amount of protein (25 μg) from each sample, added with β-
mercaptoethanol and bromophenol blue, was separated on 12% SDS-
polyacrylamide gels by electrophoresis and transferred onto PVDF
membranes (0.45 μm). Next, membranes were saturated using blocking
solution [5% (w/v) BSA in 0.1% (v/v) PBS-Tween®-20] and then in-
cubated overnight at 4 °C with primary antibodies appropriately diluted
in blocking buffer. After washing three times in 0.1% (v/v) PBS-
Tween®-20 solution, membranes were incubated for 1h at room tem-
perature with specific goat anti-rabbit IgG or goat anti-mouse IgG
secondary antibodies (Invitrogen, USA) at a dilution of 1:10,000 in
blocking buffer. Finally, membranes were washed three times in 0.5%
(v/v) PBS-Tween®-20 and protein bands were detected using Clarity
Western ECL solution and chemiluminescent signals were acquired by
using AmershamTM 600 Imager imaging system (GE Healthcare Life
Science, Pittsburgh, PA, USA). Densitometric analysis was conducted
using Quantity One software (4.6.6 version, Bio-Rad).

2.10. Immunofluoresce staining

RAW264.7 cells were seeded (2× 105 cell/well) in a 24-well plate
containing sterilized glass coverslips for 24h. To label the nuclei, cells
were successively incubated with 33342 Hoescht for 30min at room
temperature. Next, cells were fixed with 2% paraformaldehyde for
5min and permeabilized with cold 50% acetone/50% ethanol solution
for 4min at room temperature. Cells were then washed in PBS and
blocked in 0.5% BSA and 2% gelatin solution for 30min at 37 °C. After
1h incubation at room temperature with rabbit anti-p-NF-κB p65 anti-
body (1:100 dilution in blocking solution), cells were washed with PBS
for 30min under stirring conditions. Subsequently, cells were incubated
with Alexa 488-conjugated anti-rabbit secondary antibody (1:200 di-
lution in PBS). Non-specific antibodies were removed by washing twice
in PBS and once in distilled water. Fluorescent signals were visualized
using a Leica TCS SP8 AOBS confocal scanning microscope (Leica,
Mannheim, Germany). The observations were performed from at least
two experiments using a Leica HC PL Apo CS2×63 oil immersion ob-
jective.

2.11. Data analysis and figure preparation

Where not otherwise specified, data are expressed as mean ±
standard error from at least three independent experiments, after mean
centering as a normalizing strategy across experiments. Plots were
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drawn with LibreOffice Calc, and panels were assembled with
LibreOffice Impress and further adapted with Gimp 2.8.

3. Results

3.1. Biochemical characterization and antioxidant activity of POE

The water-ethanol extraction method is able to recover polyphenols
and carbohydrates from minced P. oceanica dried leaves. In the present
study, POE was found to contain 3.6 ± 0.3mg/mL gallic acid
equivalents of polyphenols and 7.0 ± 2mg/mL glucose equivalents of
carbohydrates. Polyphenols and carbohydrates antioxidant activity was
further evaluated by DPPH and FRAP assays. Particularly POE exhibited
radical scavenging and antioxidant activities of 11.0 ± 0.7mg/mL and
0.9 ± 0.2mg/mL ascorbic acid equivalents, respectively (Table 1).
DMSO vehicle showed no effect on antioxidant assays nor on evaluation
of polyphenolic and carbohydrate content (data not showed).

3.2. Effect of POE on macrophage viability

The effect of POE on RAW264.7 cell viability was assessed using
MTT assay. As shown in Fig. 2, POE maintains high cell viability at
1:100, 1:250 and 1:500 dilutions in culture medium. Given such results
and considering that DMSO vehicle had no effects on cell viability at
1:500 dilution (data not showed), all experiments hereafter were per-
formed using 1:500 POE dilution (2.88 μg/mL dried weight of extract),
previously proved to be safe to cells and effective (Leri et al., 2018). In
order to investigate the anti-inflammatory property of POE,
RAW264.7 cells were co-treated for 18h with POE and LPS (1 μg/mL), a
widely used pro-inflammatory stimulus which is known to significantly
reduce cell viability (Zhuang and Wogan, 1997). Our results showed
that POE was able to totally prevent the decrease in cell viability in-
duced by LPS (Fig. 2). Moreover, a little increase in RAW264.7 cell
viability was observed in POE-treated cells.

3.3. POE inhibits oxidative stress induced by LPS

Oxidative stress and inflammation are processes closely linked by an
excessive production of oxygen-derived free radicals – i.e. ROS – and
NO, which in state of inflammation is highly produced by iNOS con-
tributing to the oxidative stress in cells and tissues (Mittal et al., 2014;
Sharma et al., 2007). In this study, we investigated whether POE was
able to modulate the inflammatory-related oxidative stress by reducing
both intracellular ROS levels and NO production in RAW264.7 mac-
rophages. We observed that POE alone had no effect on ROS and NO
generation, which were almost undetectable in both untreated and
POE-treated cells (Fig. 3). Differently, LPS stimulation induced an in-
crease up to 10 times of ROS intracellular levels (Fig. 3A) and, similarly,
an increase of 9 times of NO release in culture medium (Fig. 3B)
compared to untreated cells. In addition, POE treatment was found to
significantly reduce both the intracellular ROS levels and the amount of
NO released during LPS stimulation of about 2 times compared to LPS-
stimulated cells.

These results suggest that POE inhibits oxidative stress in
RAW264.7 macrophages activated by LPS evidencing an anti-in-
flammatory role associated with antioxidant properties.

3.4. POE reduces iNOS and COX-2 expression in LPS-stimulated
macrophages

In order to confirm the anti-inflammatory role of POE, we examined
the expression of iNOS and COX-2, both enzymes responsible for the
production of pro-inflammatory mediators (Sharma et al., 2007;
Ricciotti and FitzGerald, 2011).

Fig. 4 shows the expression levels of iNOS and COX-2 following 18h
treatments (Xu et al., 2017). Particularly, LPS induced a considerable
increase of both iNOS and COX-2 levels (approximately 20 and 90
times, respectively, compared to untreated cells), whereas POE had no
effect on the expression of both enzymes. POE treatment drastically
inhibited (approximately 4 times) iNOS levels in activated cells
(Fig. 4A), thus reinforcing previous results on the reduced production of
NO under the same condition (Fig. 3B). In addition, we observed that
POE was able to attenuate COX-2 expression levels by almost 2 times
during LPS stimulation (Fig. 4B).

Taken together, such results confirm that POE mitigates the in-
flammatory process by affecting the expression of both iNOS and COX-2
enzymes.

3.5. POE prevents the activation of NF-κB signaling pathway induced by
LPS

Given the well-recognized function of NF-κB in the regulation of
inflammatory process, we further investigated whether POE exerts its
anti-inflammatory role by regulating NF-κB signaling pathway in LPS-
activated macrophages. Particularly, we focused on the NF-κB p65
phosphorylated (p-NF-κB) and IκBα, as members of NF-κB pathway. In
unstimulated cells, IκBα binds to NF-κB and maintain it in the cyto-
plasm. Upon arrival of specific stimuli, IκBα undergoes to degradation
allowing p-NF-κB to move to the nucleus, where it in turn regulates the
expression of pro-inflammatory genes (Dorrington and Fraser, 2019).

Firstly, we analysed the levels of p-NF-κB and IκBα after 45min of

Table 1
Polyphenols and carbohydrates content in POE and its antioxidant properties. All values are reported as means± standard deviations from at least three independent
extractions and are expressed in mg/mL of extract after resuspension.

Polyphenols Carbohydrates Antioxidant Radical Scavenging

Method Folin-Ciocalteau Phenol/Sulfuric acid Ferrozine® DPPH
Reference control Gallic acid Glucose Ascorbic acid Ascorbic acid
POE 3.6 ± 0.3 7.0 ± 2 0.9 ± 0.2 11.0 ± 0.7

Fig. 2. The effect of POE on RAW264.7 cell viability. MTT assay on cells un-
treated (−) or exposed to different POE dilutions in the absence (−) or in the
presence (+) of LPS (1 μg/mL) for 18 h. Data were reported as mean ±
standard error. #: p-value< 0.05, ###: p-value< 0.001 vs. the untreated
cells; ***: p-value<0.001 vs. the LPS-stimulated cells. Tukey's test, (n = 3).
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treatment, considering that LPS stimulation always leads to a rapid NF-
κB response (Hobbs et al., 2018). Our results showed that POE main-
tained low basal levels of p-NF-κB and high basal levels of IκBα as in
unstimulated cells (Fig. 5A and B). This baseline inverse correlation
between p-NF-κB and IκBα levels was completely reversed in LPS-ac-
tivated cells, resulting in an almost 5 times increase of p-NF-κB (Fig. 5A)
and in a reduction of 4 times of IκBα (Fig. 5B), compared to untreated
cells. When cells were concomitantly exposed to POE and LPS, POE
counteracts the LPS effect on the expression of both p-NF-κB and IκBα.
Particularly, data represented in Fig. 5A and B evidence a 2 fold de-
crease in p-NF-κB and a 2 fold increase in IκBα compared to LPS-sti-
mulated cells.

Such results highlight the ability of POE to inhibit the degradation
of IκBα-induced by LPS and consequently to prevent NF-κB activation.

Furthermore, we verified the role of POE on LPS-induced NF-κB
activation by using confocal microscopy. Particularly, we focused our
analysis on p-NF-κB nuclear translocation from cytoplasm to cell nu-
cleus. As represented in Fig. 5C, p-NF-κB was not detected in the nuclei
of untreated cells since NF-κB was distributed in the cytoplasm. Fol-
lowing LPS stimulation, we observed that p-NF-κB rapidly translocated
into nuclei, as shown by the strong NF-κB nuclear staining (Fig. 5C).
POE treatment almost completely inhibited the accumulation of p-NF-
κB in the nuclei on LPS-activated cells. Since deregulated NF-κB acti-
vation is a hallmark of the inflammatory process, the ability of POE to

Fig. 3. Effect of POE on LPS-induced oxidative stress in RAW264.7 macrophages. Cells were untreated (−) or treated (+) with POE (1:500 dilution) or with LPS
(1 μg/mL) for 18 h. (A) DCF fluorescence intensity of cells was measured as indicator of intracellular ROS amount. (B) The nitrite production, as indicator of NO
generation, was determined in cell supernatants using Griess reagent. Data are presented as mean ± standard error. ###: p-value< 0.001 vs. the untreated cells;
***: p-value<0.001 vs. the LPS-stimulated cells. Tukey's test, (n = 3).

Fig. 4. Effect of POE on LPS-induced iNOS and COX-2 protein expression in RAW264.7 macrophages. Cells were untreated (−) or treated (+) with POE (1:500
dilution) or with LPS (1 μg/mL) for 18 h. The protein expression of iNOS (A) and COX-2 (B) was detected by Western blot analysis. Quantification of signals was
determined by densitometry analysis. Error bars represent standard errors. ###: p-value<0.001 vs. the untreated cells; **: p-value< 0.01, ***: p-value< 0.001 vs.
the LPS-stimulated cells. Tukey's test, (n=3).
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target the NF-κB signaling pathway further confirms its anti-in-
flammatory activity.

3.6. POE acts on NF-κB activation through modulation of ERK1/2 and Akt
signaling pathways

In order to investigate upstream signaling cascades involved in the
progression of inflammation, we examined the phosphorylation of
ERK1/2 (p-ERK1/2) and Akt (p-Akt) after 45min treatments, both
implicated in the release of pro-inflammatory mediators through reg-
ulation of NF-κB pathway (Ngabire et al., 2018; Abekura et al., 2019).

As represented in Fig. 6, POE had no effect on ERK1/2 and Akt
phosphorylation in the absence of LPS stimulus on macrophages. When
cells were stimulated by LPS, p-ERK1/2 and p-Akt levels were increased
by approximately 10 and 4 times, respectively, compared to untreated
cells. On the contrary, the concurrent use of POE and LPS determined a
decrease in both p-ERK1/2 and p-Akt of about 3 and 2 times respec-
tively, compared to LPS-stimulated cells (Fig. 6).

Together with previously described results on the activation of NF-
κB pathway, these data demonstrate the ability of POE to regulate the
inflammation process through modulation of ERK1/2 and Akt signaling
pathways.

4. Discussion

Inflammation is a complex biological response to certain harmful
stimuli. The failure of a rapid resolution can evolve into a prolonged
and chronic inflammation that could determine the onset of various
diseases, from inflammatory diseases to cancer development (Chen
et al., 2018).

Despite the use of NSAIDs is widespread due to their efficacy in
reducing pain and inflammation, adverse effects, especially associated
to a prolonged use, should not to be underestimated. The inhibition of
COX isoforms by NSAIDs is the main cause of complications in treated
patients (Warner et al., 1999). Therefore, the modern challenge for
human health is to develop novel therapeutic approaches based on

beneficial natural bioactive compounds working against inflammation
with molecular mechanisms alternative to NSAIDs.

Our previous works focused on the bioactivities of P. oceanica, a
marine plant to date poorly investigated in terms of its human health
benefits (Barletta et al., 2015; Leri et al., 2018). In the current study, we
explored the anti-inflammatory activity of P. oceanica extract on
RAW264.7 macrophage cells stimulated with LPS. From the previously
performed UPLC analysis, P. oceanica phytocomplex contained a large
quantity of polyphenols, however a minor amount of compounds re-
mained unknown and/or uncharacterized (Fig. 1). In this study, the
total polyphenolic content in P. oceanica extract was further quantified
as well as its total carbohydrate content. As known, polyphenols are
secondary metabolites of plants involved in several biological activities
and cellular protection against damaging agents (Shahidi and Yeo,
2018). Furthermore, some biological activities have been attributed to
polysaccharides (Ben Salem et al., 2017).

Once activated by inflammatory stimulus, macrophages produce a
considerable amount of mediators for the defense against damage
agents and for the healing process. However, a not-controlled produc-
tion of these molecules is involved in the so-called histolesivity, re-
presenting the “dark” side of inflammation associated with suffering
cells and tissues. Consequently, recent therapeutic strategies focused on
the regulation of inflammatory mediators have been proposed (Li et al.,
2019; Liu et al., 2017).

In this study, we highlighted the non-toxic efficacy of POE on
macrophages, previously demonstrated in the fibrosarcoma cell line
(Barletta et al., 2015; Leri et al., 2018). It is well-known that LPS sti-
mulation decreases the viability of macrophages by releasing in-
flammatory molecules, which may act as cytotoxic agents (Zhuang and
Wogan, 1997). The ability of the POE to inhibit the LPS-induced cell
toxicity may be attributed to polyphenols of the extract that protect
cells from damage by preventing synthesis and release of these mole-
cules. Various investigations have recognized the anti-inflammation
and antioxidative properties of polyphenols (Hussain et al., 2016),
however also carbohydrates, in particular polysaccharides, have shown
to exert biological activities, including anti-oxidative (Ben Salem et al.,

Fig. 5. Effect of POE on LPS-induced NF-κB signaling pathway activation in RAW264.7 macrophages. Cells were untreated (−) or treated (+) with POE (1:500
dilution) or with LPS (1 μg/mL) for 45 min. The protein expression of p-NF-κB (A) and IκBα (B) was determined by Western blot analysis. Quantification of signals
was measured by densitometry analysis. Error bars represent standard errors. #: p-value< 0.05, ##: p-value< 0.01 vs. the untreated cells; *: p-value< 0.05 vs. the
LPS-stimulated cells. Tukey's test, (n=3). (C) Representative images of immunofluorescence staining of p-NF-κB (green) translocation into the nuclei (red). Scale
bar= 9 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2017). Therefore, the ability of POE to impair ROS-mediated oxidative
stress may be ascribed to both polyphenolic and carbohydrate com-
pounds. In addition, considering data obtained from antioxidant assays,
we may assume that POE acts as antioxidant phytocomplex by
scavenging a wide range of ROS. Moreover, it is well-known that
polyphenols may act against inflammation exploiting several molecular
mechanisms, including the modulation of pivotal inflammation-asso-
ciated enzymes expression – i.e. iNOS and COX-2 – (Upadhyay and
Dixit, 2015), thus compromising the synthesis of metabolites noxious
for cells and tissues. As this regards, POE affected NO production
through the inhibition of iNOS expression, contributing to the oxidative
stress reduction. Similarly, POE decreased the LPS-induced high levels
of COX-2, thus exhibiting an anti-inflammatory role associated with
antioxidant effects. Both iNOS and COX-2 expression and the produc-
tion of many other inflammatory mediators depend on the activation of
the nuclear transcription factor NF-κB (Jeong and Lee, 2018; Hwang
et al., 2019). In this study, POE showed a regulatory role on the NF-κB
signaling pathway. Our results notably evidenced that POE anti-in-
flammatory activity occurs through the retention of NF-κB in the cy-
toplasm, bound in its inactive form by IκBα. Therefore, this results
confirmed that POE prevents NF-κB activation by interfering with NF-
κB p65 phosphorylation and by reverting the LPS-induced reduction of
IkBα levels. Many different molecular mechanisms on the anti-in-
flammatory role of polyphenols have been reported, including their
interaction with ERK1/2 and Akt signaling pathways (Yahfoufi et al.,
2018) known as upstream activators of NF-κB (Ngabire et al., 2018). In
this study, POE clearly inhibited the phosphorylation - i.e. activation -
of ERK1/2 and Akt during LPS stimulation. This event is closely cor-
related with the reduction of NF-κB activation and thus with the down-
regulation of pro-inflammatory mediators gene expression. Conse-
quently, we believed that POE might regulate inflammation by pre-
venting NF-κB activation through the modulation of ERK1/2 and Akt
signaling pathways. Our insights on P. oceanica molecular mechanism
of action suggest its potential use as a safe and effective phytocomplex
working upstream in the inflammatory process up to affect pro-

inflammatory gene expression. Therefore, we support the importance of
P. oceanica for studying alternative strategies in tackling inflammation
in order to reduce the usage of conventional drugs and, accordingly,
their side effects.

In conclusion, this work encourages further investigations aimed at
confirming the anti-inflammatory activity of POE in peripheral blood
mononuclear cells and, more importantly, to establish its anti-in-
flammatory effect in vivo. These results provide important data on the
potential use of P. oceanica for the development of novel health-pro-
moting products in the co-treatment of inflammation especially in re-
lation to chronic diseases. Nevertheless, our knowledge of POE ability
to both compromise tumor cell migration and regulate inflammation
will be exploited to study new approaches against malignancies, since
inflammation is an important tumor microenvironment factor involved
in cancer development and progression.
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3.3.2.1. Efficacy of P. oceanica extract against inflammatory pain in vivo 

The substantial efficacy of the in vitro anti-inflammatory role of POE encouraged further 

investigations to explore the POE effects against inflammatory pain in vivo.  

In collaboration with Prof. Carla Ghelardini and Dr. Lorenzo Di Cesare Mannelli 

(Department of Neuroscience, Psychology, Drug Research and Child Health - 

NEUROFARBA -, University of Florence, Italy), some experimental tests were 

performed in different models of acute inflammatory pain in vivo in CD-1 mice (Figure 

24). POE was administered acutely per os (oral administration) in a dose range from 10 

mg kg-1 to 100 mg kg-1. 

It was obtained that POE was able to counteract inflammation-induced hypersensitivity 

following intraplantar injection of carrageenan, increasing pain threshold and reducing 

paw oedema in a dose-dependent manner. At the major doses (30 and 100 mg kg-1) POE 

was also able to reduce inflammatory pain induced by the direct intraplantar injection into 

the paw of IL-1. Pain threshold was measured by the von Frey test and paw pressure test 

over time; at the same time, oedema was assessed by measuring joint diameter. 

Other evidence revealed that POE had control over the nocifensive response evoked by 

intraplantar injection of formalin. Nocifensive behaviour was recorded as time taken to 

lift, favour, lick, shake, and jerk the injected paw. 

POE was also found to alleviate inflammatory pain even in naïve animals characterized 

by a physiological pain threshold; in particular, in animals orally administered with POE, 

an increase in physiological pain threshold, assessed as a response to a hot stimulus by 

the hot plate test, was observed. 

The protective profile of POE was also analysed ex vivo in the soft tissue of the paw of 

carrageenan-treated animals, collected after POE administration concurrently with the 

peak of pain-relieving efficacy. Specifically, it was observed that oral administration of 

POE resulted in a reduction in tissue inflammatory and oxidative mediators.  

In particular, the tissue activity of myeloperoxidase (MPO), a primary marker of 

inflammatory responses and neutrophil recruitment, and the tissue concentration of 

proinflammatory cytokines, such as IL-1β and TNF-α, were examined. Indeed, these 
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animals orally administered with POE the activity of MPO and tissue concentrations of 
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Abstract: Posidonia oceanica (L.) Delile is traditionally used for its beneficial properties. Recently,
promising antioxidant and anti-inflammatory biological properties emerged through studying the
in vitro activity of the ethanolic leaves extract (POE). The present study aims to investigate the
anti-inflammatory and analgesic role of POE in mice. Inflammatory pain was modeled in CD-1 mice
by the intraplantar injection of carrageenan, interleukin IL-1β and formalin. Pain threshold was
measured by von Frey and paw pressure tests. Nociceptive pain was studied by the hot-plate test.
POE (10–100 mg kg−1) was administered per os. The paw soft tissue of carrageenan-treated animals
was analyzed to measure anti-inflammatory and antioxidant effects. POE exerted a dose-dependent,
acute anti-inflammatory effect able to counteract carrageenan-induced pain and paw oedema. Similar
anti-hyperalgesic and anti-allodynic results were obtained when inflammation was induced by IL-1β.
In the formalin test, the pre-treatment with POE significantly reduced the nocifensive behavior.
Moreover, POE was able to evoke an analgesic effect in naïve animals. Ex vivo, POE reduced the
myeloperoxidase activity as well as TNF-α and IL-1β levels; further antioxidant properties were
highlighted as a reduction in NO concentration. POE is the candidate for a new valid strategy against
inflammation and pain.

Keywords: P. oceanica; inflammation; pain; CD-1 mice

1. Introduction

Posidonia oceanica (L.) Delile is a marine vascular plant belonging to the Posidoniaceae
family and the only endemic species of the Mediterranean Sea. It is a seagrass that blooms
underwater forming vast meadows of tens of thousands of square kilometers of great
ecological importance and is essential for the entire marine ecosystem [1].

According to tradition, P. oceanica provided benefits for human health. The first
information on the P. oceanica healing properties comes from ancient Egypt, where it was
assumed to be effective against sore throats and skin problems [2]. Other documents
describe its traditional use to treat inflammation and irritation, but also acne, lower limbs
pain and colitis [3].

A more recent tradition of the villagers of the west Anatolian coast concerns the use
of P. oceanica leaves decoction as a natural remedy for diabetes and hypertension [4]. An
in vivo preclinical study claimed that oral administration of an ethanolic extract from P.
oceanica leaves in alloxan-induced diabetic rats lowered blood sugar, restored antioxidant
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enzyme activity and reduced the lipid peroxidation process, supporting the antidiabetic
and vasoprotective roles of P. oceanica [4].

Recently, the hydroalcoholic extract from P. oceanica leaves, called POE, has been the
focus of a series of bioactivity studies. A first UPLC characterization analysis, conducted
by some of our authors [5], showed that the hydrophilic fraction of POE consisted of
88% phenolic compounds. The polyphenolic profile was specifically represented by about
85% (+) catechins, while the remaining 5% by a mixture of gallic acid (0.4%), ferulic acid
(1.7%), epicatechin (1.4%) and chlorogenic acid (0.6%). The small remaining fraction (11%)
was represented by minor peaks, indicating the presence of further compounds, which,
although detectable as phenols, are un-known/uncharacterized (Figure 1) [5].
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percentage composition of each phenolic compound in POE is reported below each chemical structure.
An additional 11% of POE composition remains unknown and/or uncharacterized.

Although the individual phenolic compounds identified have been tested in some
experimental models of in vitro bioactivity [5], POE has been shown to be particularly
effective as a phytocomplex. Indeed, POE has proved to be capable of inhibiting the
migration of cancer cells, such as human fibrosarcoma HT1080 cells [5,6] and human
neuroblastoma SH-SY5Y cells [7]. The total absence of cellular toxicity in POE activities
has been attributed to its ability to modulate the activation of the autophagic process [6].

In relation to the traditional and recognized antidiabetic role of P. oceanica, POE has
also proven to be an effective in vitro inhibitor of the protein glycation process, strength-
ening its potential use in the management of diabetic pathophysiology and associated
complications [8].

In addition, some authors of this work have previously provided the first experimental
support for the potential therapeutic application of POE against various inflammatory-
associated disorders [9]. Indeed, POE was found to be able to effectively inhibit the
LPS-induced inflammatory process in RAW264.7 murine macrophages, blocking the sig-
naling cascades upstream of NF-κB, the crucial transcription factor for pro-inflammatory
mediators’ production.

Inflammation is a pathophysiological condition characteristic of many of the most
life-threatening diseases in humans, encompassing pain as a main symptom.

Conventional non-steroidal anti-inflammatory drugs (NSAIDs) are commonly pre-
scribed to relieve pain and reduce inflammation. However, prolonged clinical use of
NSAIDs is strongly discouraged due to their common, even serious, side effects [10].
Novel, safe, pharmacological approaches are necessary for treating, in particular, chronic
inflammatory diseases. The use of herbal medicines is still today one effective strategy
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in the management of diseases and in relieving pain, as they are an important source of
natural compounds with different bioactive properties [11].

The anti-inflammatory role of POE described above could be recognized as an in-
novative strategic weapon to fight the progression of these pathologies. Furthermore,
the cell-safe POE profile [5–7,9] makes this phytocomplex an excellent candidate for the
study of alternative natural strategies against inflammation in order to reduce the use of
conventional drugs and, consequently, their side effects.

In light of these considerations, this work aims to investigate the effect of oral admin-
istration of POE on pain and inflammation in different models of acute inflammatory pain
in CD-1 mice.

2. Results and Discussion
2.1. Biochemical Characterization and Antioxidant Activity of POE

The hydroalcoholic extraction method was able to recover polyphenols and carbohy-
drates from minced P. oceanica dried leaves.

Here, POE was found to contain 0.7 ± 0.02 mg/mL gallic acid equivalents of polyphe-
nols and 10 ± 2.3 mg/mL glucose equivalents of carbohydrates. The antioxidant activity of
POE was further evaluated by DPPH and FRAP assays. Particularly, POE exhibited radical
scavenging and antioxidant activities of 1.2 ± 0.04 and 0.24 ± 0.05 mg/mL ascorbic acid
equivalents, respectively.

The data were in agreement with those previously obtained [5].

2.2. The Effect of POE Against Inflammatory Pain

Inflammation is a physiological response to various stimuli (physical, chemical and
biological or a combination) characterized by the recruitment and activation of immune
cells, which rapidly manage the resolution and healing of damaged tissues [12].

Inflammation leads to the alteration of the pain threshold, inducing a pathological
hypersensitivity, which represents the first passage from physiological nociception to per-
sistent pain [13]. An uncontrolled immune response can make inflammation a pathological
condition, so it is not surprising that inflammation and pain are key features of most human
ailments.

In light of the recent discovery on the relevant in vitro anti-inflammatory effects of
POE [9], the potential of POE to relieve pain in different models of acute inflammatory
pain in vivo was investigated for the first time in this study.

Inflammatory pain was induced in mice by local injection of pro-inflammatory agents.
The carrageenan model has been extensively used to study acute pain and inflamma-
tion [14,15]; in this work, carrageenan was intraplantarly administered to evoke a dramatic
acute reaction characterized by pain and edema in mice.

In Figure 2a, pain threshold measurement by von Frey test is reported. Non-noxious
mechanical paw stimulation (allodynia-like measure) allowed us to observe a decreased
withdrawal response in carrageenan-treated animals that maintained a plateau between
2 and 3 h after treatment. Administration of POE (10–100 mg kg−1) in a dose-dependent
manner increased the pain threshold; the higher dose was significantly effective between
15 and 45 min after treatment, completely blocking carrageenan-induced hypersensitivity.

POE efficacy was confirmed by paw pressure test, the extract was able to counter-
act carrageenan-dependent pain even when evoked by a noxious mechanical stimulus
(hyperalgesia-like response), as illustrated in Figure 2b. POE 30 and 100 mg kg−1 also re-
duced the joint’s diameter made edematous by carrageenan (Figure 2c); POE 100 mg kg−1

was fully effective even 60 min after administration.
The carrageenan-induced acute and local inflammation consists of two phases. The

early phase (0–1 h) is related to the production of histamine, serotonin and bradykinin, as
first mediators, while the second phase has been linked to the production of prostaglandins
and various cytokines such as IL-1β, IL-6, IL-10 and TNF-α [16].
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Figure 2. POE effects against carrageenan-induced pain and paw oedema. Two hours after the
intraplantar injection of carrageenan (car), POE was per os administered. Pain threshold was
measured by (a) von Frey test and (b) paw pressure test over time; (c) at the same time points,
oedema was evaluated by measuring the joint’s diameter. Results are reported as mean ± S.E.M. of
10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆˆ p < 0.01 vs.
car + vehicle.
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Accordingly, POE (30 and 100 mg kg−1) was also effective in decreasing pain induced
by the direct injection into the paw of IL-1β; efficacy was measured by both von Frey
(Figure 3a) and paw pressure (Figure 3b) tests.
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Figure 3. POE effects against IL-1β-induced pain. IL-1β was intraplantarly injected; 2 h later, POE
was per os administered. Pain threshold was measured by (a) von Frey test and (b) paw pressure test
over time. Results are reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental
sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 and ˆˆ p < 0.01 vs. IL-1β + vehicle.

Finally, the pain-relieving properties of POE were investigated in the formalin-induced
sensitization model. Formalin shows a biphasic pain-related behavior, with an early, short-
lasting first phase (0–7 min) caused by a primary afferent discharge produced by the
stimulus, followed by a quiescent period and then a second, prolonged phase (15–60 min)
of tonic pain related to inflammation and sensitization [17,18]. The nociceptive response
was measured as the time spent in lifting, favoring, licking, shaking and flinching of the
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injected paw. POE 100 mg kg−1 was effective in both phases, the lower 30 mg kg−1 dose
was able to significantly counteract the second prolonged phase (Figure 4).
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Figure 4. POE effects against formalin-induced pain. Formalin (form) was intraplantarly injected
on time 0; in the following 60 min, the time spent lifting, favoring, licking, shaking and flinching
the injected paw was recorded as nocifensive behavior. POE was p.o. administered 20 min before
formalin. Control animals (vehicle + vehicle) showed 0 min as nociceptive response. Results are
reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental sessions. ˆˆ p < 0.01 vs.
form + vehicle.

In the writhing test, a model of visceral irritation [19] induced by the intraperitoneal
injection of acetic acid able to stimulate nociceptive neurons by the release of several medi-
ators in the peritoneal fluid [20], POE was not able to reduce the abdominal constrictions
induced by the acetic acid intraperitoneal injection (Supplementary Table S1), revealing the
lack of activity against irritative stimuli.

Based on the interesting findings collected in the hypersensitivity models mentioned
above, the analgesic properties of POE were also explored in naïve animals characterized
by a physiological pain threshold. Through the hot-plate test (Figure 5), it was found that
POE (30 and 100 mg kg−1) was able to increase the physiological pain threshold evaluated
as a response to a hot stimulus.

Overall, these results showed that POE had the dual characteristic of counteracting
inflammation-induced hypersensitivity (hyperalgesia and allodynia) as well as enhancing
the normal pain threshold by analgesic effects. To note the potency and efficacy of POE both
in relieving pain and reducing paw edema is comparable to those of the widely clinically
employed NSAID ibuprofen [21,22]. As discussed in a previous work as well [5], POE
effectively exerts its bioactivities in the form of a phytocomplex. Thus, it is possible that its
beneficial property against inflammatory pain, shown here, is due to the synergistic action
of its constituents rather than that of individual bioactive compounds.
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Figure 5. Analgesic effect of POE in naïve animals. The property to enhance the physiological
pain threshold was evaluated in naïve mice by the hot-plate test. POE was p.o. administered;
the time spent on a hot surface before showing nocifensive responses was recorded. Results are
reported as mean ± S.E.M. of 10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs.
vehicle + vehicle.

2.3. Effect of POE on the Inflammatory and Oxidative Mediators

The protective profile of POE was analyzed ex vivo in the paw soft tissue of carrageenan-
treated animals by collecting the tissue 30 min after POE administration concurrent with
the peak of pain-relieving efficacy.

The effect of POE in the tissue activity of myeloperoxidase (MPO), a primary indicator
of inflammatory responses and neutrophil recruitment [23], and the tissue concentration
of proinflammatory cytokines, i.e., IL-1β and TNF-α, were then evaluated. These soluble
factors are able to initiate peripheral sensitization; together with reactive oxygen species
(ROS) and free radicals, they activate their receptors and nociceptors terminals to decrease
the pain threshold, causing hyperalgesia and inflammatory pain [24,25].

As illustrated in Figure 6a, carrageenan induced an increase in the tissue MPO activity
at 80.3 ± 10.7 µU/mg compared to 23 ± 2.9 µU/mg of the vehicle; POE showed a significant
inhibitory effect on the MPO activity by 50%. This result showed that POE was able to
control pain in parallel with a significant decrease in tissue damage parameters.

The TNF-α concentration also increased sharply from 45.1 ± 7.8 pmol/mL of vehicle
treated to 223.2 ± 20.5 pmol/mL of the carrageenan group; this increase was inhibited
by 37% after POE injection (Figure 6b); similarly, POE reduced the increase in IL-1β that
occurred in the control group (256.3 ± 36.1 pmol/mL) by 42% compared to the carrageenan-
treated group (845.4 ± 125.1 pmol/mL), as shown in Figure 6c.

Figure 7 shows the effects of POE against carrageenan-induced redox imbalance. The
inflammatory stimulus doubled the NO levels compared to the control and tripled the lipid
peroxidation. As shown in Figure 7a, POE completely reduced NO levels. Contrarily, POE
was found to be ineffective against lipid changes (Figure 7b).

This finding was perfectly consistent with the POE in vitro ability to suppress the
expression of major inflammation-associated enzymes, including inducible nitric oxide
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synthase (iNOS), compromising the production of metabolites harmful to cells and tissues,
such as NO, and in general the production of ROS [9].

Oxidative and nitrosative stress in tissue is a key parameter in carrageenan paw
inflammation [26]. NO is a crucial mediator in the first and second phase of carrageenan-
induced rat paw inflammation, which contributes to edema progression and hyperalgesia
augmentation [27,28].
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Figure 6. Ex vivo analysis of anti-inflammatory POE effects. Paw damage was induced by car-
rageenan (car, i.pl.); 2 h after car injection, POE was p.o. administered against carrageenan-induced
pain and paw oedema. Two hours after the intraplantar injection of carrageenan (car), POE was p.o.
administered. Thirty min later, paw tissue was collected for dosing (a) myeloperoxidase activity,
(b) TNF-α and (c) IL-1β concentrations. Results are reported as mean ± S.E.M. of 10 mice analyzed
in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 vs. car + vehicle.
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Figure 7. Ex vivo analysis of antioxidant POE effects. Paw damage was induced by carrageenan (car,
i.pl.); 2 h after car injection, POE was p.o. administered against carrageenan-induced pain and paw
oedema. Two hours after the intraplantar injection of carrageenan (car), POE was per os administered.
Thirty min later, paw tissue was collected for dosing (a) NO levels were evaluated via nitrite and
nitrate measurement according to the Griess reaction; (b) the peroxidation of lipids was quantified
by the thiobarbituric-acid-reactive substances (TBARS) assay. Results are reported as mean ± S.E.M.
of 10 mice analyzed in 2 different experimental sessions. ** p < 0.01 vs. vehicle + vehicle; ˆ p < 0.05 vs.
car + vehicle.

Macrophages and neutrophils are the potential origins of NO during inflammation,
so the attenuation in the recruitment of neutrophils into the paw tissue (as assessed by
myeloperoxidase activity measurements) may be responsible for POE suppression of NO
increase induced by carrageenan. According to the literature [29], carrageenan also induced
an increase in lipid peroxidation that could not be modified by POE probably because
acute treatment was not ideal for reducing tissue damage.

3. Materials and Methods
3.1. Animals

CD-1 mice (Envigo, Varese, Italy) weighing 20–25 g at the beginning of the experimen-
tal procedure were used. Animals were housed in the Centro Stabulazione Animali da
Laboratorio (University of Florence) and used at least 1 week after their arrival.

Ten mice were housed per cage (size 26 × 41 cm); animals were fed a standard
laboratory diet and tap water ad libitum and kept at 23 ± 1 ◦C with a 12 h light/dark cycle
(light at 7 a.m.).

All animal manipulations were carried out according to the Directive 2010/63/EU of
the European Parliament and of the European Union Council (22 September 2010) on the
protection of animals used for scientific purposes.
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The ethical policy of the University of Florence complies with the Guide for the Care
and Use of Laboratory Animals of the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996; University of Florence assurance number: A5278-01).

Formal approval to conduct the experiments described was obtained from the Italian
Ministry of Health (No. 498/2017) and from the Animal Subjects Review Board of the
University of Florence. Experiments involving animals have been reported according to
ARRIVE guidelines [30].

All efforts were made to minimize animal suffering and to reduce the number of
animals used.

3.2. P. oceanica Extract (POE) Preparation

The leaves of P. oceanica were extracted as previously described [5]. Briefly, 1 g of P.
oceanica dried leaves were minced and suspended overnight in 10 mL of EtOH/H2O (70:30
v/v) at 37 ◦C under stirring and subsequently at 65 ◦C for 3 h.

Hydrophobic compounds were removed from the hydroalcoholic extraction by re-
peated shaking in n-hexane (1:1), whereas the recovered hydrophilic fraction was dispensed
in 1 mL aliquots and then dried. A single batch of P. oceanica extract was dissolved in
0.5 mL of EtOH/H2O (70:30 v/v) before use and is hereafter referred to as POE.

Freshly dissolved POE was characterized for its total polyphenol (TP) and carbohy-
drate (TC) content and for its antioxidant and free-radical scavenging activities. Briefly, the
Folin-Ciocalteau’s and phenol/sulfuric acid methods were used to determine the TP and
TC values of POE, respectively [5,6]. Gallic acid (0.5 mg/mL) and D-glucose (1 mg/mL)
were used as reference to determine TP and TC values, respectively.

The antioxidant and free-radical scavenging activities of POE were established using
ferric reducing/antioxidant power assays (FRAP) and DPPH, respectively [5,6]. Ascorbic
acid (0.1 mg/mL) was used as a reference to evaluate both activities.

3.3. POE Administration

POE extract was suspended in 1% carboxymethylcellulose sodium salt (CMC; Sigma-
Aldrich, Milan, Italy) and acutely administered per os (p.o.) in a dose ranging from 10 to
100 mg kg−1. Control animals were treated with vehicle.

3.4. Carrageenan-Induced Pain and Paw Oedema in Mice

The acute inflammatory response was induced by an intraplantar injection of car-
rageenan (Sigma-Aldrich, Milan, Italy) in the right hind paw (car: 300 µg/80 µL, i.pl.) or
vehicle (V: sterile 0.9% saline, 80 µL, i.pl.) [31]. Two hours later, POE extract was suspended
in 1% carboxymethylcellulose sodium salt (CMC) and orally administered.

Pain threshold was measured before (time 0) and after (15, 30, 45 and 60 min) POE
treatment. Concomitantly, to evaluate the oedema, the paw thickness was measured using
a digital caliper and expressed as mm [32]. In a separate experimental setting, animals
were sacrificed 30 min after POE administration, the soft tissue of the paw was collected
and frozen for evaluating anti-inflammatory and antioxidant properties.

3.5. Formalin-Induced Pain

Mice received formalin (1.25% in saline, 30 µL) in the dorsal surface of one side of
the hind paw. Each mouse, randomly assigned to one of the experimental groups, was
placed in a plexiglass cage and allowed to move freely. A mirror was placed at a 45◦ angle
under the cage to allow full view of the hind limbs. Lifting, favoring, licking, shaking and
flinching of the injected paw were recorded as nocifensive behavior [33]. The total time of
the nociceptive response was measured up to 60 min after formalin injection and expressed
in minutes (mean ± S.E.M.). Mice received vehicle (1% CMC) or different doses of POE
20 min before formalin injection.
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3.6. IL-1β-Induced Pain

Interleukin-1β (IL-1β) (R&D Systems Inc., Minneapolis, MN, USA) was i.pl. injected
in the right hind paw (IL-1β 0.05 U/80 µL); control animals received sterile 0.9% saline,
80 µL, i.pl.) [34]. Two hours later, POE extract was suspended in 1% carboxymethylcellulose
sodium salt (CMC) and orally administered. The mechanical allodynia and hyperalgesia
was measured before (time 0) and after (15, 30, 45 and 60 min) POE treatment by the von
Frey test and paw pressure test, respectively.

3.7. Von Frey Test

The animals were placed in 20 × 20 cm Plexiglas boxes equipped with a metallic
meshy floor, 20 cm above the bench. A habituation of 15 min was allowed before the
test. An electronic von Frey hair unit (Ugo Basile, Varese, Italy) was used: the withdrawal
threshold was evaluated by applying force ranging from 0 to 5 g with a 0.2 g accuracy.
Punctuate stimulus was delivered to the mid-plantar area of each anterior paw from below
the meshy floor through a plastic tip and the withdrawal threshold was automatically
displayed on the screen.

The paw sensitivity threshold was defined as the minimum pressure required to elicit
a robust and immediate withdrawal reflex of the paw. Voluntary movements associated
with locomotion were not taken as a withdrawal response. Stimuli were applied on each
anterior paw with an interval of 5 s. The measure was repeated 5 times, and the final value
was obtained by averaging the 5 measures [35,36].

3.8. Paw Pressure Test

Mechanical hyperalgesia was determined by measuring the latency in seconds to
withdraw the paw away from a constant mechanical pressure exerted onto the dorsal
surface [37]. A 15 g calibrated glass cylindrical rod (diameter = 10 mm) chamfered to a
conical point (diameter = 3 mm) was used to exert the mechanical force. The weight was
suspended vertically between two rings attached to a stand and was free to move vertically.
A single measure was made per animal. A cutoff time of 40 s was used.

3.9. Hot-Plate Test

Analgesia was assessed using the hot plate test. With minimal animal–handler inter-
action, mice were taken from home-cages and placed onto the surface of the hot plate (Ugo
Basile, Varese, Italy) maintained at a constant temperature of 49 ◦C ± 1 ◦C. Ambulation
was restricted by a cylindrical Plexiglas chamber (diameter, 10 cm; height, 15 cm), with
open top. A timer controlled by a foot peddle began timing response latency from the
moment the mouse was placed onto the hot plate. Pain-related behavior (licking of the
hind paw) was observed, and the time (seconds) of the first sign was recorded. The cutoff
time of the latency of paw lifting or licking was set at 40 s [38].

3.10. Abdominal Constriction Test

Mice were injected i.p. with a 0.6% solution of acetic acid (10 mL kg−1), according to
Koster et al. [39]. The number of stretching movements was counted for 10 min, starting
5 min after acetic acid injection. POE was injected 20 min before acetic acid.

3.11. Myeloperoxidase (MPO) Activity Assay

Tissue samples were homogenized in a solution containing 0.5% hexa-decyl-trimethyl-
ammonium for 1 min. After three freeze-thawing cycles, samples were sonicated for 30 s,
centrifuged for 30 min at 10,000× g. One hundred microliter of supernatant with 2.9 mL
of solution containing O-dianisidine, buffer phosphate (pH 6) and H2O2 were mixed and
after 5 min, 100 mL of chloridric acid solution (1.2 M) was added. Samples’ absorbance
was read spectrophotometrically at a 400 nm wavelength [40].
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3.12. Tumor Necrosis Factor (TNF)-α and Interleukin (IL)-1β Assessment

The hind paw tissue levels of IL-1β, IL-6 and TNF-α were measured using the ELISA
kits (Rat IL-1β, IL-6 and TNF-α, Biolegend, CA, USA) based on the manufacture’s guideline.
In summary, the frozen hind paw tissue samples were homogenated in RIPA buffer. After
centrifugation, the supernatants were incubated in the wells and after washing, diluted
streptavidin-HRP-conjugated anti-rat IL-1β, IL-6 or TNF-α were added. Finally, after
adding stop solution, the absorbance was read at 450 nm using an ELISA reader. The
concentration of the cytokines was expressed as pg/mL of tissue.

3.13. Nitric Oxide (NO) Assay

NO swiftly oxidized to nitrite and nitrate subsequent to its creation. The level of total
NO was evaluated via nitrite and nitrate measurement according to the Griess reaction [40].
In this colorimetric method, the final product absorbance can be determined at a wavelength
of 540 nm in a microplate reader.

3.14. Lipid Peroxidation (Thiobarbituric Acid-Reactive Substances (TBARS) Assay)

The TBARS determination was carried out in paw tissue homogenate in PBS at the
final concentration of 10% w/v. Then, FeCl3 (20 µM, Sigma-Aldrich, St. Louis, MO, USA)
and ascorbic acid (100 µM, Sigma-Aldrich) were added to obtain the Fenton reaction.

At the end of incubation, the mixture was added to 4 mL reaction mixture consisting of
36 mM thiobarbituric acid (Sigma-Aldrich) solubilized in 10% CH3COOH, 0.2% SDS, and
pH was adjusted to 4.0 with NaOH. The mixture was heated for 60 min at 100 ◦C, and the
reaction was stopped by placing the vials in an ice bath for 10 min. After centrifugation (at
1600× g at 4 ◦C for 10 min) the absorbance of the supernatant was measured at 532 nm and
550 nm (PerkinElmer spectrometer, Milan, Italy), and TBARS were quantified in µmoL/mg
of total proteins using 1,1,3,3-tetramethoxypropane as the standard [41].

3.15. Statistical Analysis

Behavioral measurements were performed on 10 mice for each treatment carried out
in 2 different experimental sets. All assessments were made by researchers blinded to
animal treatments. Results were expressed as mean ± (S.E.M.) with one-way analysis of
variance. A Bonferroni’s significant difference procedure was used as a post hoc compari-
son. p-values < 0.05 or < 0.01 were considered significant. Data were analyzed using the
Origin 9 software (OriginLab, Northampton, MA, USA).

4. Conclusions

Recent evidence has revealed that POE works as a mixture of compounds capable
of synergistically evoking an effective and totally safe in vitro response for cells against
inflammation.

This study represents the first attempt to provide pharmacological evidence for POE
ability to relieve inflammatory pain in in vivo animal models alongside with a decrease
in inflammatory and oxidative markers. In particular, POE was found to be effective in
a dose-dependent manner after a single oral administration in different models of acute
inflammatory pain.

Faced with the relentless demand for new alternative natural analgesic and anti-
inflammatory agents, the cell-safe POE profile, described in numerous in vitro studies,
together with its analgesic and anti-inflammatory properties, makes this phytocomplex
an excellent candidate for continuing the investigation of the potential use of POE in the
management of painful inflammatory disease in order to reduce the use of conventional
drugs and, consequently, their side effects.

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-339
7/19/2/48/s1, Table S1: Effect of acute administration of POE on acetic-acid-induced abdominal
constrictions in mice: writhing test.

https://www.mdpi.com/1660-3397/19/2/48/s1
https://www.mdpi.com/1660-3397/19/2/48/s1
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3.4. From tradition to science: the antidiabetic role of P. 

oceanica 

Healing with herbal remedies is as old as humanity itself. The main source of knowledge 

on the medicinal use of plants is the result of decades of fighting diseases that have led 

humans to search for drugs in nature [126]. Contemporary science has recognized the 

active principle of medicinal plants and has included in modern pharmacotherapy a wide 

range of plant-derived drugs, known by ancient civilizations and used over the millennia 

[127]. 

Currently, research on marine ethno-medicine is relatively small compared to 

observations on terrestrial ethnobotany. However, traditional uses of marine organisms 

are documented in the literature. 

The use of the P. oceanica seagrass as a medicinal plant dates back to Mediterranean 

civilizations that exploited its medicinal values to treat various human health ailments, as 

described in §1.5. 

In particular, according to a more recent tradition, the villagers of the western Anatolian 

coast used the decoction of P. oceanica leaves as a natural remedy for diabetes and 

hypertension and also as a vitalizer. 

Parallel to its use in traditional medicine, in 2008 Gokce et al. conducted an in vivo study 

to investigate the antidiabetic and vasoprotective effects of P. oceanica leaves extract. 

The continuous oral administration of POE to alloxan-induced diabetic rats was found to 

reduce blood sugar, restore the function of antioxidant enzymes, and reduce the process 

of lipid peroxidation. However, POE caused no change in antioxidant status while 

possessing hypoglycemic and vasoprotective activities, thus reinforcing the hypothesis 

that the verified antidiabetic role of POE may be independent of its antioxidant effects 

[55]. 

Diabetes is an extremely common and growing disease worldwide with great impact on 

human health. To date, managing diabetes with minimized side effects is still a 

complicated medical challenge. Patients often require the use of natural products with 

antidiabetic activity due to their safety and non-toxicity profile in the face of the unwanted 

side effects of both insulin and other hypoglycemic drugs [128].  

Persistent hyperglycemia or uncontrolled diabetes has the potential to cause serious 

complications. An inevitable consequence of a long-lasting hyperglycemic state is an 

increased accumulation of advanced glycation end products (AGEs), a heterogeneous 
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group of products obtained from the non-enzymatic Maillard reaction between circulating 

macromolecules and free-reducing sugars. In addition to being a key indicator of diabetic 

complications onset, AGEs are also the main cause of almost all diabetes-related 

problems  (Figure 24) [129]. 

 

 

Figure 24. Relationship between advanced glycation end products (AGEs) and human diseases. AGEs 

commonly act through mechanisms of oxidative stress, neovascularization, inflammation or cross-linking 

with the extracellular matrix (ECM). 

 

The use of AGE inhibitors is an essential strategy to prevent and/or alleviate 

pathophysiological conditions related to diabetes. Several glycation inhibitors have been 

studied over the years. Aminoguanidine is an excellent anti-glycation agent which 

however has never been approved for clinical use due to its cytotoxicity. Other safe drugs 

that have been approved by the FDA (USA) are however not effective enough in 

inhibiting the formation of AGEs under chronic hyperglycemia [130]. 

Hence, taking into account the importance of glycation in diabetes pathophysiology, 

research is continuously aimed at identifying new anti-glycation agents. 

Considering the antidiabetic role of P. oceanica in traditional medicine, supported by 

preclinical in vivo studies described above, my research focused on investigating the 

hydroalcoholic extract of P. oceanica leaves (POE) as a potential agent against the protein 

glycation process (Figure 25).  

In this study the advanced glycation end products from HSA and glucose, named aAGEs, 

were obtained through a thermal glycation process over time (§4.13.1). Since the 

glycation products have their own intrinsic fluorescence, by measuring this fluorescence 

(§4.13.2) it was found that the aAGEs were produced in a time-dependent manner. 
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In addition, the glycation of protein determined a net decrease of the positive charges in 

the AGEs, reasonably attributable to the involvement of positively charged residues 

(arginine and lysine) in the condensation with carbohydrates [131]. Since the loss of 

positive charges is the main factor affecting electrophoretic migration towards the anode, 

the formation of aAGEs was verified by native polyacrylamide gel electrophoresis (N-

PAGE) under native conditions (§4.13.2).  

Specifically, it was found that aAGEs obtained in a longer time migrate faster than those 

obtained in shorter times. These results were in perfect agreement with those obtained 

from the intrinsic fluorescence measurement of AGEs.  

The ability of POE to inhibit protein glycation was then verified by adding POE during 

the in vitro thermal glycation process (§4.13.3).  

The glycation products obtained in the presence of POE (aAGE+POE) exhibited both a 

marked reduction in intrinsic fluorescence emission and a reduced electrophoretic 

migration towards the anode, suggesting that POE exerted an effective anti-glycation 

effect in vitro. The results for aAGE+POE were comparable to those of aAGEs obtained 

in the presence of aminoguanidine (aAGE+AG), which further supported the efficacy of 

POE in inhibiting protein glycation.  

However, to rule out that the anti-glycation activity of POE was attributable to its known 

antioxidant activity, aAGEs were also prepared in the presence of ascorbic acid (ASC) 

equivalents of POE. The difference in the intrinsic fluorescent signal between 

aAGE+POE and aAGE+ASC, and the different behaviour of the two samples in the 

electrophoretic migration confirmed that POE exerted its anti-glycation role apart from 

its antioxidant activity. However, the antioxidant role of POE is essential for effective 

action against protein glycation. Since the formation of AGEs is favoured by oxidative 

reactions, antioxidants play a key role in the mechanisms of glycation inhibition.  

Overall, this first investigation into the inhibitory role of POE on protein glycation, 

together with its recognized antidiabetic role, has led to new insights into the potential of 

POE in the management of diabetes and associated complications. The detailed analysis 

of the achieved results can be found in the published paper [132] attached below. 
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Figure 25. Graphic abstract summarizing the results obtained from my research activity on the P. 

oceanica anti-glycation role. These results have already been published in 2020 in the international 

peer-reviewed scientific Journal of Ethnopharmacology [132]. 
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A B S T R A C T

Ethnopharmacological relevance: The marine plant Posidonia oceanica (L.) Delile is traditionally used by villagers
of the west coast of Anatolia as a remedy for diabetes and hypertension.
Aim of the study: The aim of this study was to explore the role of the P. oceanica hydroalcoholic leaves extract
(POE) against human serum albumin glycation.
Material and methods: Advanced glycation end products (AGEs) were obtained with the albumin-glucose in vitro
assay. The AGEs intrinsic fluorescence intensity and the electrophoretic migration under native conditions al-
lowed us to verify the effective glycation of albumin. The presence of POE during glycation process was intended
to evaluate its anti-glycation role.
Results: POE exhibited a strong in vitro anti-glycation ability which occurred independently from its known
antioxidant property.
Conclusions: Overall, the antidiabetic, antioxidant, anti-inflammatory and anti-glycation properties of POE could
be exploited as an effective tool against diabetes and related complications.

1. Introduction

Diabetes and its complications are the most significant cause of
mortality in the world and the number of diabetic patients is con-
tinuously growing. During hyperglycemia, advanced glycation end
products (AGEs), an heterogeneous non-enzymatic products of Maillard
reaction between circulating proteins and free reducing sugars, accel-
erate the risk of developing diabetes-related complications. In fact,
protein glycation causes aberrant molecular conformation, impaired
enzymatic activity, reduced degradation capacity and interference in
receptor recognition (Singh et al., 2014). Human serum and membrane
basal proteins are subjected to non-enzymatic glycation in vivo. Human
serum albumin (HSA; pI = 4.7, MW 66.4 kDa) is highly susceptible to
non-enzymatic glycation due to its high concentration (about 35–50 g/
L) and a long half-life of about 20 days (Rondeau and Bourdon, 2011).
In addition to being a fundamental marker of diabetic complications
onset, endogenously formed AGEs are also identified as the core reason
for almost all diabetes-related problems (Singh et al., 2014). Discovery

of AGE inhibitors is an essential strategy for preventing and/or alle-
viating diabetes-related pathophysiological conditions.

Over the years, several glycation inhibitors have been studied with
generally disappointing results. Indeed, aminoguanidine is an excellent
anti-glycation agent, but it has not been approved for clinical use due to
its cytotoxicity. Some safe drugs have been approved by the FDA (USA),
however, they are not efficient enough in inhibiting the AGEs formation
under chronic hyperglycemia (Rasheed et al., 2018).

Hence, taking into account the importance of glycation in the dia-
betes pathophysiology, it is necessary to identify novel agents against
protein glycation to prevent and/or treat diabetic complications. In this
regard, the almost endless and unique chemical diversity of marine
organisms has encouraged researchers to explore the marine environ-
ment as an excellent source of novel and powerful natural anti-glyca-
tion agents (Lauritano and Ianora, 2016).

The marine vascular plant Posidonia oceanica (L.) Delile is the only
endemic species of the Mediterranean Sea belonging to Posidoniaceae
family. It is a marine angiosperm that flowers underwater forming vast
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meadows covering tens of thousands of square kilometers considered an
important marine habitat. The decoction of the leaves has been cited to
be used as a remedy for diabetes and hypertension by villagers living by
the sea coast of Western Anatolia. The antidiabetic and vasoprotective
effects of P. oceanica extract have been supported also by in vivo pre-
clinical studies on alloxan-induced diabetic rats (Gokce and
Haznedaroglub, 2008). Based on this knowledge and aiming to search
for novel natural AGE inhibitors, we have undertaken a more in-depth
study on the anti-glycation role of P. oceanica leaves hydroalcoholic
extract (POE), previously investigated and characterized by our group
(Vasarri et al., 2020). In this short communication we demonstrate for
the first time the interesting in vitro POE anti-glycation activity.

2. Material and methods

2.1. Materials and reagents

Human Serum Albumin (HSA), D-glucose (GLC), aminoguanidine
(AG), ascorbic acid (ASC) and all other chemicals were purchased from
Sigma Aldrich-Merck. Electrophoresis reagents and Coomassie Brilliant
Blue G were provided by Bio-Rad (Hercules, CA, USA). Disposable
plastics were from Sarstedt (Nümbrecht, Germany). P. oceanica leaves
were collected in July by the authorized personnel of the
Interuniversity Center of Marine Biology and Applied Ecology “G.
Bacci” in the protected marine area of Meloria at a depth of about
15 m at 43° 35′ 13′′ N and 010° 10′ 21′′ E geographical coordinates.

2.2. P. oceanica leaves extraction

The hydroalcoholic extract of P. oceanica leaves was obtained ac-
cording to the previously described method (Barletta et al., 2015). The
P. oceanica dry extract was dissolved in DMSO prior to use, and here-
inafter named POE.

The total polyphenols and carbohydrates content and antioxidant
and radical scavenging activities of POE were determined according to
previously described methods (Vasarri et al., 2020).

2.3. Preparation of albumin-AGE

Albumin-AGE is obtained in vitro by incubating HSA (1 mg/mL)
with GLC (500 mM) in phosphate-buffered saline (PBS: pH 7.4, 1.37 M
NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4) at 60 °C for 24h,
48h and 72h, under stirring (300 rpm) using Thermo-Shaker TS-100
(Biosan, Riga, LV), and hereafter named aAGE. HSA solution without
GLC was prepared as control and incubated under the same conditions.
The aAGE formation was verified by measuring typical AGEs fluores-
cence at λex/λem 335/385 nm (Séro et al., 2013) using a Biotek Synergy
1H plate reader.

2.4. Inhibition of aAGE formation

The anti-glycation effect was evaluated by incubating HSA with GLC
in the presence of POE (0.2 mg of dry extract) for 72h. The positive
control of inhibition of aAGE formation was also performed in the
presence of AG (10 mM), a known synthetic anti-glycation agent. The
contribution of POE antioxidant activity on the inhibition of glycation
process was assessed in the presence of ASC equivalents. DMSO at
concentrations resembling those derived from POE was used as nega-
tive control of inhibition of aAGE formation. The percentage of aAGE
intrinsic fluorescence intensity was calculated as follows (1):

aAGE (%) = (HSA + GLC + inhibitor1) – (HSA + inhibitor1)/
(HSA + GLC) – (HSA) x 100

1Inhibitor: POE, AG or ASC (1)

2.5. Native polyacrylamide gel electrophoresis (N-PAGE)

The aAGE formation was analyzed by 12% N-PAGE under native
condition [Tris-glycine buffer: 25 mM Tris and 192 mM Glycine, pH
8.3]. The samples were diluted 1:1 with Sample Buffer [62.5 mM Tris-
HCl pH 6.8, 25% (w/v) glycerol and 0.5% bromophenol blue] without
reducing agents. AAGE samples (1.5 μg) were separated on N-PAGE for
100 min at 200V. Proteins bands were stained by colloidal Coomassie
Brilliant Blue G dye, following manufacturer's instructions.

3. Results and discussion

Diabetes is an extremely common disease worldwide and its com-
plications strongly impact on human health. Since endogenous forma-
tion of AGEs are crucial for the onset of almost all diabetic complica-
tions (Singh et al., 2014), scientific research has focused on the
identification of novel effective and non-toxic agents with anti-glyca-
tion properties to prevent and/or alleviate diabetes-related pathophy-
siological conditions. Given the traditional antidiabetic usage of P.
oceanica, supported by in vivo preclinical studies (Gokce and
Haznedaroglub, 2008), here we investigated POE as a potential agent
against HSA glycation. The polyphenolic profile of POE has been pre-
viously characterized by UPLC analysis, evidencing a large amount of
cathechins and a minor amount of other polyphenols (gallic acid,
chlorogenic acid, epicatechin and ferulic acid) (Barletta et al., 2015). In
addition, POE was found to contain 0.18 mg of polyphenols (gallic acid
equivalents) and 0.35 mg of carbohydrates (glucose equivalents) per
mg of dry extract, with an antioxidant and radical scavenging activity of
45 μg and 0.6 mg of ASC equivalents, respectively (Vasarri et al., 2020).
DMSO vehicle did not interfere with all performed assays. These values
perfectly agree with our previous reports (Barletta et al., 2015; Leri
et al., 2018), confirming the robustness of our hydroalcoholic extrac-
tion method.

Albumin, which represents about 50% of plasma proteins, is highly
exposed to glycation process especially under hyperglycemia (Rondeau
and Bourdon, 2011). In this work, we performed the in vitro aAGE
formation by incubating HSA (1 mg/mL) with GLC (500 mM) from 0h
to 72 h at 60 °C. In order to evaluate the aAGE formation, its intrinsic
fluorescence intensity was measured. As depicted in Fig. 1A, aAGE
showed a marked incubation time-dependent fluorescence emission
augmentation with 3, 10 and 16 times increase at 24h, 48h and 72h
incubation, respectively, compared to non-glycated albumin (aAGE at
0h). These data suggest that an albumin conformational change oc-
curred by means of glucose-induced glycation, confirming the effective
production of aAGE. The aAGE formation was also assessed by in-
cubating HSA with GLC at the same concentrations for 8 weeks at 37 °C
with the aim of making the glycation process as physiological as pos-
sible. However, the HSA glycation at 37 °C for a longer time gave re-
sulted almost identical to that performed at 60 °C for shorter times (data
not shown). Therefore, for subsequent anti-glycation experiments,
aAGE were prepared following the experimental conditions of thermal
glycation at 60 °C.

During the glycation process, there is a clear decrease in cationic
charges in AGEs, reasonably ascribable to the involvement of positively
charged residues (arginine and lysine) in condensation with carbohy-
drates (Rondeau and Bourdon, 2011). Hence, the aAGE formation can
also be verified through N-PAGE, since the loss of positive charges is the
main factor influencing the electrophoretic migration toward the
anode. As depicted in Fig. 1B, a faster migration of aAGE was observed
compared to that of non-glycated albumin. Specifically, aAGE migra-
tion gradually increased from 24h-formed aAGE to 72h-formed ones.
This result agrees perfectly with the increase in the fluorescence in-
tensity emitted by aAGE obtained at the various time points and sug-
gests that aAGE are extensively produced at 72h.

In order to investigate the POE anti-glycation role, HSA was in-
cubated with GLC for 72h in the presence of POE (0.2 mg of dry
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extract), corresponding to 0.2 mM of polyphenols (gallic acid equiva-
lents) and to an antioxidant activity of ASC equivalents (50 μM).

Specifically, POE clearly reduced the aAGE production, as evi-
denced by the 60% decrease in the aAGE fluorescence intensity
(Fig. 2A). Its anti-glycation role was further confirmed by the net re-
duction of the electrophoretic migration of aAGE + POE compared to
aAGE in the N-PAGE (Fig. 2B). POE proved not to influence fluores-
cence determination and alone was unable to induce HSA glycation
(data not shown). As an inhibition control, HSA glycation was per-
formed in the presence of AG, causing an almost 90% reduction in
aAGE fluorescence intensity (Fig. 2A) and a notably reduced electro-
phoretic migration of aAGE + AG compared to that of aAGE (Fig. 2B).
The migration performance of aAGE + AG was extremely similar to
that of non-glycated albumin, supporting the strong AG anti-glycation
role. Furthermore, the similarity of the aAGE + POE and aAGE + AG
migration profile suggests an noticeable role of POE in inhibiting the
aAGE formation.

In order to exclude that the observed POE anti-glycation ability was
due to its known antioxidant activity, the aAGE formation was ex-
amined in the presence of ASC equivalents (50 μM) of POE. The
aAGE + ASC fluorescence intensity was only 15% lower than that of
aAGE, while it was approximately 50% higher than that of
aAGE + POE (Fig. 2A). Based on these findings, POE anti-glycation role
cannot be attributed exclusively to its antioxidant activity. The higher

electrophoretic migration capacity of aAGE + ASC compared to
aAGE + POE confirms that the POE anti-glycation effect occurs apart
from its antioxidant activity (Fig. 2B).

However, the POE antioxidant activity is essential for efficient ac-
tion against albumin glycation. Since the formation of AGEs is favored
by oxidative reactions (Nowotny et al., 2015), antioxidants play a key
role in glycation inhibition mechanisms (Bonnefont-Rousselot, 2001).
Moreover, under diabetic conditions, AGEs themselves are a critical
source of ROS and oxidative stress. The possibility of acting both
against the aAGE formation and the ROS-mediated oxidative stress
(Vasarri et al., 2020) could make POE effective in preventing the onset
of diabetes complications.

In conclusion, our preliminary results shed light on the anti-glyca-
tion role of POE, known to be free of toxicity for cells, with a similar
efficacy as AG. In diabetic patients, AGEs cause both oxidative stress
and inflammatory reactions implicated in the development of various
diabetes-related complications. Therefore, the recognized traditional
antidiabetic role of POE, together with its anti-glycation, antioxidant
and anti-inflammatory properties could positively impact on the pre-
vention and/or treatment of diabetes and related pathophysiological
conditions. These promising in vitro results encourage us for further
investigations aimed at exploring the mechanism of action through
which POE acts against albumin and other several proteins glycation.
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Fig. 1. aAGE preparation with HSA-GLC reaction system model. (A)
Relative fluorescence intensity (λex/λem 335/385 nm) of aAGE obtained at
different time points. Data are reported as percentage values compared to non-
glycated albumin (aAGE at 0h). Data are the mean of at least three independent
experiments. Error bars represent standard errors. (B) Representative image of
N-PAGE on the electrophoretic migration of aAGE obtained at different times.

Fig. 2. anti-glycation assay. (A) Relative aAGE fluorescence intensity (λex/
λem 335/385 nm) following 72h HSA-GLC glycation with POE. Non-glycated
HSA was used as control. AG and ASC equivalents of POE were used as addi-
tional inhibition controls. Data are reported as percentage ratio compared to
HSA. Data are the mean of at least three independent experiments. Error bars
represent standard errors. (B) Representative image of N-PAGE on the anti-
glycation assay.

M. Vasarri, et al. Journal of Ethnopharmacology 259 (2020) 112960

3



Funding

This work was fully supported by grant of University of Florence
(Fondi di Ateneo, 2018 to D.D.I).

Declaration of competing interest

The authors declare no conflict of interest.

References

Barletta, E., Ramazzotti, M., Fratianni, F., Pessani, D., Degl'Innocenti, D., 2015.
Hydrophilic extract from Posidonia oceanica inhibits activity and expression of ge-
latinases and prevents HT1080 human fibrosarcoma cell line invasion. Cell Adhes.
Migrat. 9, 422–431. https://doi.org/10.1080/19336918.2015.1008330.

Bonnefont-Rousselot, D., 2001. Antioxidant and anti-AGE therapeutics: evaluation and
perspectives. J. Soc. Biol. 195, 391–398. https://doi.org/10.1051/jbio/
2001195040391.

Gokce, G., Haznedaroglub, M.Z., 2008. Evaluation of antidiabetic, antioxidant and va-
soprotective effects of Posidonia oceanica extract. J. Ethnopharmacol. 115, 122–130.
https://doi.org/10.1016/j.jep.2007.09.016.

Lauritano, C., Ianora, A., 2016. Marine organisms with anti-diabetes properties. Mar.
Drugs 14, 220. https://doi.org/10.3390/md14120220.

Leri, M., Ramazzotti, M., Vasarri, M., Peri, S., Barletta, E., Pretti, C., Degl'Innocenti, D.,
2018. Bioactive compounds from Posidonia oceanica (L.) delile impair malignant cell
migration through autophagy modulation. Mar. Drugs 16, 137. https://doi.org/10.
3390/md16040137.

Nowotny, K., Jung, T., Höhn, A., Weber, D., Grune, T., 2015. Advanced glycation end
products and oxidative stress in type 2 diabetes mellitus. Biomolecules 5, 194–222.
https://doi.org/10.3390/biom5010194.

Rasheed, S., Sánchez, S.S., Yousuf, S., Honoré, S.M., Choudhary, M.I., 2018. Drug re-
purposing: in-vitro anti-glycation properties of 18 common drugs. PloS One 13,
e0190509. https://doi.org/10.1371/journal.pone.0190509.

Rondeau, P., Bourdon, E., 2011. The glycation of albumin: structural and functional
impacts. Biochimie 93, 645–658. https://doi.org/10.1016/j.biochi.2010.12.003.

Séro, L., Sanguinet, L., Blanchard, P., Dang, B.T., Morel, S., Richomme, P., Séraphin, D.,
Derbré, S., 2013. Tuning a 96-well microtiter plate fluorescence-based assay to
identify AGE inhibitors in crude plant extracts. Molecules 18, 14320–14339. https://
doi.org/10.3390/molecules181114320.

Singh, V.P., Bali, A., Singh, N., Jaggi, A.S., 2014. Advanced glycation end products and
diabetic complications. Korean J. Physiol. Pharmacol. 18, 1–14. https://doi.org/10.
4196/kjpp.2014.18.1.1.

Vasarri, M., Leri, M., Barletta, E., Ramazzotti, M., Marzocchini, R., Degl'Innocenti, D.,
2020. Anti-inflammatory properties of the marine plant Posidonia oceanica (L.)
Delile. 247, 112252. https://doi.org/10.1016/j.jep.2019.112252.

M. Vasarri, et al. Journal of Ethnopharmacology 259 (2020) 112960

4

https://doi.org/10.1080/19336918.2015.1008330
https://doi.org/10.1051/jbio/2001195040391
https://doi.org/10.1051/jbio/2001195040391
https://doi.org/10.1016/j.jep.2007.09.016
https://doi.org/10.3390/md14120220
https://doi.org/10.3390/md16040137
https://doi.org/10.3390/md16040137
https://doi.org/10.3390/biom5010194
https://doi.org/10.1371/journal.pone.0190509
https://doi.org/10.1016/j.biochi.2010.12.003
https://doi.org/10.3390/molecules181114320
https://doi.org/10.3390/molecules181114320
https://doi.org/10.4196/kjpp.2014.18.1.1
https://doi.org/10.4196/kjpp.2014.18.1.1
https://doi.org/10.1016/j.jep.2019.112252


                                                                                                                       Materials and Methods    
 

 
48 

 

4. MATERIALS AND METHODS 

4.1. Materials and reagents 

3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4”-disulfonic acid sodium salt (Ferrozine®), 

-diphenyl--picrylhydrazyl (DPPH), Folin-Ciocalteau’s phenol reagent, gallic acid, 

ascorbic acid, D-glucose, aminoguanidine, gelatin, 1-(4,5-dimethylthiazol-2-yl)-3,5-

diphenyl formazan (MTT), 2′,7′-dichlorofluorescin diacetate (DCFH-DA), 

lipopolysaccharide (LPS), Griess reagent, Bovine Serum Albumin (BSA) and Human 

Serum Albumin (HSA), Dulbecco’s Modified Eagle’s Medium (DMEM),  Ham’s F-12 

nutrient mixture, Fetal Bovine Serum (FBS), L-glutamine, penicillin and streptomycin 

and all other chemicals and solvents were all purchased from Sigma Aldrich-Merck (St. 

Louis, MO, USA). Electrophoresis reagents and Coomassie Brilliant Blue G were 

purchased from Bio-Rad (Hercules, CA, USA). Disposable plastics were from Sarstedt 

(Nümbrecht, Germany). All the primary antibodies used in Western blotting and 

immunofluorescence experiments are listed in Table 4. 

Primary antibody Target Dilution Host Source 

SQTSM1/p62 SQTSM1/p62 protein  1:1000 Rabbit Abcam 

LC3A/B Microtubule-associated protein light chain 3 (A/B)  1:1000 Rabbit Cell Signaling 

P-AKT1 P-AKT1 serine/threonine kinase (Ser473) 1:5000  Rabbit Abcam 

AKT1/2 AKT1/2 serine/threonine kinase  1:5000 Rabbit Abcam 

p44/42 MAPK(ERK1/2) Mitogen-activated protein kinases p44/42 (ERK 1/2) 1:2000  Mouse Cell Signaling 

P-p44/42 MAPK(ERK 

1/2) 

Mitogen-activated protein kinases p44/42 (ERK 1/2) 

(Thr202/Thr204) 
1:1000 Rabbit Cell Signaling 

Beclin-1 Beclin-1 protein 1:1000  Rabbit Cell Signaling 

S6 Ribosomial protein S6 1:1000  Rabbit Cell Signaling 

P-S6 Ribosomial protein S6 (Ser235/236) 1:2000  Rabbit Cell Signaling 

IGF-IR total IGF-I receptor β protein 1:100 Mouse Cell Signaling 

-Tubulin -Tubulin protein 1:1000  Mouse Cell Signaling 

-Actin -Actin protein 1:1000  Mouse Santa Cruz 

iNOS iNOS protein 1:1000 Rabbit Cell Signaling 

COX-2 total COX-2 protein 1:1000 Rabbit Cell Signaling 

p-NF-B p65 NF-κB p65 phosphorylated at Ser536 1:1000 Rabbit Cell Signaling 

NF-B p65 total NF-κB p65/RelA protein 1 :1000 Rabbit Cell Signaling 

B total IκBα protein 1:1000 Mouse Cell Signaling 

 

Table 4. Primary antibodies used in Western blotting experiments 
 
 

Secondary antibodies as goat anti-rabbit IgG HRP-linked, goat anti-mouse IgG HRP-

linked, Alexa 488-conjugated antirabbit IgG and Alexa 488-conjugated anti-mouse IgG 

were purchased from Molecular ProbesTM (Invitrogen, USA).  
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4.2. Preparation of P. oceanica leaves extract 

The leaves of P. oceanica (L.) Delile were collected in the protected area of Meloria by 

authorized personnel of the CIBM (Livorno, Tuscany, Italy) at a depth of about 15 m at 

the following geographical coordinates: 43° 35′ 13″ N and 010° 10′ 21″ E (Figure 26). 

 

 

Figure 26. P. oceanica leaves collected by CIBM personnel.  

 

After the leaves were removed from the epiphytes and carefully washed with bi-distilled 

water, the extraction of hydrophilic compounds was performed according to the method 

developed in the laboratory of Prof. Degl'Innocenti and described by Barletta et al. (2015) 

[80]. Hence, 1 gram of P. oceanica dried leaves were minced and suspended overnight in 

10 mL of EtOH/H2O (70:30 v/v) at 37 °C under stirring and subsequently at 65 °C for 3h. 

The hydroalcoholic extract was then separated from the debris by centrifugation at 

2000xg and the recovered supernatant was mixed with n-hexane in a 1:1 ratio (Figure 

27).  

 

 
Figure 27. Mixing of hydroalcoholic extract of P. oceanica with n-hexane for the removal of 

hydrophobic compounds by means of the separating funnel.  
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After repeated shaking in the separating funnel, the hydrophobic phase of the extract was 

removed, while the hydrophilic phase of the extract was recovered and dispensed in 1 mL 

aliquots, then dried by a UnivapoTM vacuum concentrator. Each aliquot of P. oceanica 

leaves extract was then dissolved in 0.5 mL of 70% ethanol or DMSO before use, and 

hereinafter referred to as POE. 

 

4.3. Determination of total polyphenols and carbohydrates 

content in POE  

The total content of polyphenols (TP) and carbohydrate (TC) in POE was determined 

using the Folin-Ciocalteau’s and phenol-sulfuric acid colorimetric methods, respectively 

[133,134]. Gallic acid (0.5 mg/mL) and D-glucose (1 mg/mL) were used as a reference 

in the range of 0-10 μg and 0-50 g, respectively, to determine TP and TC values. Then, 

TP and TC were expressed as mg of gallic acid and D-glucose equivalents, respectively, 

per mL of extract after resuspension. The specific values of TP and TC referred to each 

hydroalcoholic extraction carried out are reported in Table 3.  

 

4.4. Evaluation of antioxidant and radical scavenging activities 

of POE 

The antioxidant and radical scavenging activities of POE were investigated using the 

FRAP (ferric-reducing/antioxidant power) assay and DPPH (α,α-Diphenyl-β-

picrylhydrazyl) assay, respectively [135,136]. Ascorbic acid (0.1 mg/mL) was used as a 

reference in the range of 0-4 μg to evaluate both activities. The antioxidant and radical 

scavenging activities of POE were expressed as mg of ascorbic acid equivalents per mL 

of extract after resuspension. Specific values referred to each hydroalcoholic extraction 

carried out are reported in Table 3. 

 

4.5. Cell lines and culture conditions 

Human fibrosarcoma HT1080 cells (ATCC® CCL-121™), human neuroblastoma SH-

SY5Y cells (ATCC® CRL-2266™) and murine RAW264.7 macrophages (ATCC® TIB-

71™) were used to perform the cell-based in vitro experiments described in the following 

paragraphs. All cell lines were grown in complete culture media, i.e. DMEM for HT1080 

cells and RAW264.7 macrophages, while a 1:1 mixture of Ham’s F12 and DMEM for 
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SH-SY5Y cells, each supplemented with 2 mM L-glutamine, 100 g/mL streptomycin, 

100 U/mL penicillin and 10% FBS, at 37 °C in a 5% CO2-humidified atmosphere.  

Once a confluence of 70-80% was reached, both HT1080 and SH-SY5Y cells were 

detached by trypsinization (0.025% trypsin - 0.5 mM EDTA) and propagated after 

suitable dilution. Instead, RAW264.7 macrophages were harvested by scraping with cell 

lifter and re-seeded at appropriate cell density. 

The specific cell culture conditions are described in detail in the "Materials and methods" 

section of the articles attached to the thesis. 

 

 

Figure 28. The different cell lines used. (A) Human fibrosarcoma HT1080 cells; (B) human 

neuroblastoma SH-SY5Y cells; (C) murine macrophages RAW264.7. The images were acquired by 10X 

magnification optical microscope. 

 

4.6. Cell viability assay  

The viability of HT1080, SH-SY5Y cells and RAW264.7 macrophages was determined 

using the MTT activity colorimetric assay. Cells were seeded in 96- or 24-well plates at 

different densities, depending on cell line, and incubated in complete medium overnight. 

Then, cells were treated with different POE dilutions ranging from 1:100 to 1:1000 under 

different experimental conditions, described in detail in the specific section “Materials 

and Methods” of the articles attached to the thesis. Untreated cells and cells treated with 

vehicle solutions were used as controls. After appropriate cell treatment, culture media 

were removed and 100 µL/well of MTT solution (0.5 mg/mL) was added and incubated 

in the dark at 37 °C for 1h. After removing supernatant, the insoluble formazan product 

was dissolved in 80 μL/well of lysis buffer [20% (w/v) sodium dodecyl sulfate (SDS) in 
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50% (v/v) N, N-dimethylformamide] or in 200 μL dimethyl sulfoxide (DMSO). The 

absorbance values were measured using the iMARK microplate reader (Bio-Rad, USA) 

at 595 nm. Data were expressed as a percentage of untreated control cells. 

 

4.7. Wound Healing Assay 

Cell migration was analysed using the scratch wound healing assay. This analysis was 

performed on both HT1080 and SHSY5Y cells. Cells were seeded at different densities 

depending on the cell line and incubated in a complete medium until confluence. 

Subsequently, a vertical wound was performed through the cell monolayers using a sterile 

200 µL plastic tip (Figure 29). Each well was washed with PBS to remove cell debris. 

Then, cells were treated with POE at different dilutions from 1:500 to 1:1000 and under 

different experimental conditions, described in detail in the "Materials and methods" 

section of the specific documents attached to the thesis. Untreated cells were used as a 

control. The cell-free area was observed under a phase contrast microscope and images 

were acquired at time points between 0h and 24h using a Nikon TS-100 microscope 

equipped with a digital acquisition system (Nikon Digital Sight DS Fi -1, Nikon, Minato-

ku, Tokyo). 

 

Figure 29. In vitro wound healing assay. 

 

4.8. Gelatin Zymography 

Gelatin zymography was performed to detect matrix metalloproteinase-2/9 (MMP-

2/MMP-9) activity in conditioned media. HT1080 cells suitably seeded in 24-well plates 

were incubated in complete medium overnight. Subsequently, the cells were treated with 

two different POE dilutions (1:500 and 1:1000) in thermally inactivated FBS medium 

(HI-FBS medium) for 16h. Untreated cells were used as a control. Then, the culture media 

were collected and centrifuged at 9,700xg for 1 min at 4 °C to remove cell debris. Then, 

2.5 µL aliquots of conditioned medium from control cells or POE-treated cells were 

electrophoresed in 8% polyacrylamide gel containing 1 mg/mL gelatin under non-

reducing conditions. After electrophoretic separation, gels were washed twice in 2.5% 
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Triton X-100 for 1h to remove SDS and then incubated at 37 °C for 24h in reaction buffer 

(50 mM Tris-HCl pH 7.4, 0.2 M NaCl, 5 mM CaCl2, 1 M ZnCl). Gels were stained with 

0.05% Coomassie Brillant G-250 dissolved in 1.6% phosphoric acid, 8% ammonium 

sulfate and 20% methanol and decoloured in 1% acetic acid. Gelatinase activities 

appeared as bands of light against a blue background. The zymography images were 

acquired with a digital scanner.  

 

4.9. Analysis of Autophagic Vacuoles 

Autophagy activation was investigated in HT1080 cells by fluorescence microscopy 

using the Cyto-ID® Autophagy Detection Kit (Enzo Life Sciences, Shanghai, China). 

Indeed, Cyto-ID® dye selectively labels autophagic vacuoles in living cells. Cells were 

adequately seeded in a 24-well plate for 24h containing sterilized coverslips, then treated 

at different times with different POE dilutions (1:500 and 1:1000). Next, cells were 

washed twice with PBS and then with 100 µL of an assay buffer supplied with the 

detection kit. Cells treated with rapamycin (0.5 M) and chloroquine (10 M) were used 

as positive and negative controls, respectively. Then, cells were incubated for 30 min at 

37 °C with 100 µL of Double Detection Reagent protected from light. Finally, cells were 

fixed with 2% paraformaldehyde for 20 min and washed three times with the assay buffer. 

Coverslips were placed on microscope slides using Fluoromount™ aqueous mounting 

medium (Sigma Aldrich-Merck). The fluorescent signals were visualized using a Leica 

TCS SP5 confocal scanning microscope (Leica, Mannheim, Germany) equipped with a 

HeNe/Ar laser source to allow for fluorescence measurements at 488 nm. Cell 

observations were performed using a Leica Plan 7 Apo X63 oil immersion objective, 

suitable with optics for DIC acquisition. Cells from three independent experiments and 

three different fields (approximately 20 cells/field) per experiment were analysed. 

Fluorescence intensity was analysed with ImageJ software (Image version 1.51j8, 

National Institutes of Health Bethesda, Bethesda, MD, USA) and expressed as a 

percentage increase over untreated cells. 

 

4.10. SDS-PAGE and Western blot assay 

Western blot experiments were performed on total lysates of HT1080 cells and 

RAW264.7 macrophages suitably seeded and treated with POE under the different 

experimental conditions. After appropriate treatments, cells were washed with PBS and 
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lysed in 80 μL of Laemmli buffer [62.5 mM Tris-HCl pH 6.8, 10% (w/v) SDS, 25% (w/v) 

glycerol] without bromophenol. Total cell lysates were collected and boiled at 95 °C for 

5 min and then centrifuged at 12,000xg for 5 min at 4 °C. Total protein concentration of 

lysates was measured by the BCA Protein Assay Kit. An equal amount of protein from 

each sample, added with β-mercaptoethanol and bromophenol blue, was separated on 

12% polyacrylamide SDS gel by electrophoresis and transferred to PVDF membranes 

(0.45 μm). Subsequently, membranes were saturated using a blocking solution [5% (w/v) 

BSA in 0.1% (v/v) PBS-Tween®-20] and then incubated overnight at 4 °C with primary 

antibodies suitably diluted in blocking buffer. After washing three times in a 0.1% (v/v) 

PBS-Tween®-20 solution, membranes were incubated for 1h at room temperature with 

specific secondary antibodies in blocking buffer. Finally, membranes were washed three 

times in 0.5% (v/v) PBS-Tween®-20 and the protein bands were detected using the Clarity 

Western ECL solution and chemiluminescent signals were acquired using the imaging 

system AmershamTM 600 Imager (GE Healthcare Life Science, Pittsburgh, PA, USA). 

Densitometric analysis was conducted using Quantity One software (version 4.6.6, Bio-

Rad). 

 

4.11. Immunofluorescence assay 

Immunofluorescence experiments were performed on both HT1080 cells and RAW264.7 

macrophages. Cells were seeded in 24-well plates containing sterilized slides for 24h and 

then treated appropriately. RAW264.7 cells were also incubated with Hoescht 33342 for 

30 min at room temperature to label the nuclei. Both cell lines were then fixed with 2% 

paraformaldehyde for 5 min and permeabilized with a cold 1:1 acetone/ethanol solution 

for 4 min at room temperature. Then, cells were washed in PBS and blocked in a BSA 

(0.5%) and gelatin (2%) solution for 30 min at 37 °C. After 1h incubation at room 

temperature with specific primary antibodies, cells were washed with PBS for 30 min 

under stirring conditions. Subsequently, cells were incubated with the appropriate Alexa-

488 conjugated secondary antibodies (diluted 1: 200 in PBS) for 1h at 37 °C in the dark. 

Non-specific antibodies were removed by washing twice in PBS and once in distilled 

water. Fluorescent signals were visualized using both a Leica TCS SP5 scanning confocal 

microscope (Leica, Mannheim, Germany) equipped with a HeNe/Ar laser source for 

fluorescence measurements and a Leica TCS SP8 AOBS scanning confocal microscope 

(Leica, Mannheim, Germany). In the first case the observations were performed using a 
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Leica Plan 7 Apo X63 oil immersion objective, suited with optics for DIC acquisition, 

while in the second case using a Leica HC PL Apo CS2 × 63 oil immersion objective. 

 

4.12. Detection of intracellular ROS and nitric oxide nitric 

oxide production 

4.12.1. Measurement of intracellular ROS levels 

High concentrations of reactive oxygen species (ROS) promote oxidative stress causing 

associated cell damage to the histolesivity of inflammation. In addition, activated 

macrophages release a considerable amount of nitric oxide (NO) as pro-inflammatory 

mediator largely produced by inducible nitric oxide synthase (iNOS). In the study of the 

antioxidant and anti-inflammatory role of P. oceanica extract, intracellular ROS levels 

and NO production were evaluated in RAW264.7 murine macrophages exposed to a pro-

inflammatory stimulus and treated with POE. Therefore, to determine the intracellular 

ROS level, RAW264.7 cells were seeded in a 24-well plate (5x105 cells/well) for 24h and 

subsequently exposed to the pro-inflammatory stimulus of LPS (1 mg/mL) and treated 

with POE (1:500). Untreated cells or cells treated only with POE or cells exposed only to 

LPS were used as controls. After appropriate cell treatments, the ROS specific DCFH-

DA fluorescence probe (10 μM) was added to each well and left in the dark for 1.5h at 37 

°C. Then, culture medium was removed and cells were lysed with 200 μL/well of RIPA 

lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 100 mM NaF, 2 mM EGTA, 1% TritonTM 

X-100; pH 7.5) and 100 μL of each cell lysate was transferred to a 96-well black plate. 

DCF fluorescence intensity was recorded at excitation and emission wavelengths of 

485/538 nm, respectively, using a fluorescence microplate reader (Fluoroskan AscentTM 

FL Microplate Fluorometer, Thermo Fisher Scientific, USA). Data were normalized with 

respect to total cell proteins and expressed as a percentage with respect to untreated 

control cells. 

4.12.2. Griess reaction assay 

Nitric oxide (NO) production was determined by measuring nitrite levels in culture media 

according to the Griess reaction. RAW264.7 murine macrophages were seeded at a 

density of 4x104 cells/well in a 96-well plate for 24h. Briefly, 50 μL of cell culture 

medium from each treatment was collected and mixed with equal volume of Griess 

reagent and then incubated at room temperature for 15 min. The absorbance of 540 nm 

was recorded with the iMARK microplate reader. The concentration of nitrite in the 
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sample was determined using sodium nitrite as a reference in the range 0-50 μM. Data 

were normalized for cell viability and expressed as a percentage of untreated control cells. 

 

4.13. Advanced glycation end products of albumin (aAGEs)  

4.13.1. The in vitro formation of aAGEs 

In order to investigate the potential role of P. oceanica leaves extract as an anti-glycation 

agent, thermal albumin glycation was used as a method of choice for the in vitro formation 

of advanced glycation end products (AGEs). In this regard, the albumin-AGEs were 

obtained in vitro by incubating HSA (1 mg/mL) with D-glucose (GLC; 500 mM) in 

phosphate buffered saline (PBS: pH 7.4, 1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 

18 mM KH2PO4) at 60 °C for 24h, 48h and 72h, under stirring (300 rpm) using Thermo-

Shaker TS-100 (Biosan, Riga, LV), and hereinafter referred to as aAGEs. A GLC-free 

HSA solution was prepared as a control and incubated under the same conditions.  

4.13.2. Detection of aAGEs by means of fluorescent measurements and 

polyacrylamide gel electrophoresis under native conditions (N-PAGE) 

The formation of aAGEs was verified both by measuring the typical AGE fluorescence 

[137] at an excitation and emission wavelength of 335 and 385 nm, respectively, and by 

resolving aAGEs samples by polyacrylamide gel electrophoresis (12%) under native 

conditions (N-PAGE). In fact, the aAGE samples (1.5 μg), diluted 1:1 with sample buffer 

[62.5 mM Tris-HCl pH 6.8, 25% (w/v) glycerol and 0.5% bromophenol blue] without 

reducing agents, were separated on N-PAGE (Tris-glycine buffer: Tris 25 mM and 

glycine 192 mM, pH 8.3) for 100 min at 200 V. The protein bands were stained with 

Coomassie Brilliant Blue G-250 colloidal dye, following the manufacturer's instructions. 

4.13.3. Inhibition of aAGEs formation 

The anti-glycation effect of POE was evaluated by incubating HSA (1 mg/mL) with D-

glucose (GLC; 500 mM) in the presence of POE (0.2 mg dry extract) for 72h. 

Aminoguanidine (AG; 10 mM), a known synthetic anti-glycation agent was added to the 

HSA and GLC solution as a positive control for the inhibition of aAGE formation.  

The contribution of POE antioxidant activity on the inhibition of glycation process was 

also evaluated by adding the equivalents of ascorbic acid (ASC) to the HSA and GLC 

solution. DMSO at concentrations similar to those derived from POE was used as a 

negative control for the inhibition of aAGE formation.  
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The percentage of intrinsic fluorescence intensity of aAGE was calculated as follows (1): 

 

aAGE (%) = (HSA + GLC + inhibitor1) −
HSA + inhibitor1

HSA + GLC
− (HSA) x 100  

1: POE, AG or ASC
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5. CONCLUSIONS AND FUTURE 

PERSPECTIVES 

For a long time P. oceanica has attracted the attention of researchers for its importance 

in the ecological field, however the research group of Prof. Degl'Innocenti was one of the 

first to look at this plant from another perspective. The study of Barletta et al. (2015) shed 

light on the ability of P. oceanica crude extract (POE), rather than its individual 

constituents, to inhibit human fibrosarcoma HT1080 cell migration by reducing the 

expression and activity of MMP-2/9 without affecting cell viability. For the first time, the 

P. oceanica phytocomplex has been proposed to the entire scientific community as a 

reservoir of potentially exploitable molecules in the science of human health.  

Over the years, marine environment has become the focus of drug discovery research on 

natural products due to its relatively unexplored biodiversity compared to terrestrial 

environments. The uncommon and unique structural and chemical characteristics of 

marine-derived compounds can be exploited for the molecular modelling and chemical 

synthesis of new drugs with greater efficacy and specificity for various therapies. 

Therefore, the possibility of working with a mixture of effective and cell-safe compounds 

of marine origin caught my attention and prompted me to explore more deeply the 

molecular mechanisms and targeted signalling pathways underlying their activity, thus 

opening up new research perspectives on the potential benefits of P. oceanica for human 

health. 

One of the goal of my research was to explore the mechanism of action by which P. 

oceanica phytocomplex controlled the migratory behaviour of HT1080 cancer cells. 

Evaluating the contribution of autophagy on the POE-induced cell migration inhibition, 

it was found that POE bioactivity was highly correlated with the increase of an autophagic 

transient that had no detectable effects on cell viability. This was further proved also on 

SH-SY5Y human neuroblastoma cells.  

To date, many malignancies lack resolving therapies and the only ones available do not 

spare the patient serious side effects. Very often the mechanism of action of anticancer 

drugs is based on the differential cellular toxicity and the sensitivity of actively growing 

cancer cells compared to normal cells. Therefore, the development of novel cancer 

therapeutics is the main challenge to improve patient survival by overcoming the high 

toxicity linked to anticancer drugs. In this regard, the use of a mixture of non-toxic 
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compounds as alternative anticancer strategies could prove to be an exceptional approach 

both to have greater bioactive effectiveness, exploiting the synergistic action of several 

compounds, and to limit the adverse effects associated with toxicity of anticancer drugs. 

The proven inhibitory role of POE on cancer cell migration thus suggests that P. oceanica 

phytocomplex could be a source of potent and cell-safe molecules useful in the 

management of malignancies, but also of other chronic pathophysiological conditions in 

which gelatinolytic progression is the hallmark. However, further experimental in vivo 

investigations are needed to verify the efficacy of POE as an antimetastatic agent in 

animal models.  

In the context of innovative strategies, the use of nano-delivery systems has already 

brought great benefits to cancer therapeutics, as it can increase drug efficacy and reduce 

systemic toxicity during cancer treatment compared to use of "free" drugs.  

My research examined the antimigratory role of POE on SH-SY5Y neuroblastoma cells, 

once loaded into chitosan nanoparticles or Soluplus polymeric micelles. Both 

nanoformulations proved to be good candidates for increasing the aqueous solubility of 

POE, and nanomicelles in particular for the bio-enhancement of POE activity. Overall, 

this study shows that the development of nanomicelles suitable for the administration of 

natural compounds offers an advanced approach to improve the bioavailability and/or 

optimize the solubility and stability of single natural compounds or phytocomplexes, and 

to enhance the traditional application of P. oceanica in cancer and other chronic disease.   

In light of a tradition handed down in Anatolia on the antidiabetic role of P. oceanica, 

confirmed by an in vivo study in animal models, my research also investigated POE as an 

antioxidant, anti-inflammatory and inhibitor of protein glycation. Oxidative stress and 

inflammation are characterizing factors of diabetic pathophysiology, just as protein 

glycation is a crucial event responsible for the onset of diabetes-related complications 

under chronic hyperglycemia. 

For the first time, my research established the ability of POE to inhibit inflammation in 

LPS-induced RAW264.7 cells, related to its antioxidant power. In this regard, in vivo 

studies on animal models are already underway to strengthen my research on the anti-

inflammatory role of POE. The importance of these findings reflects the goal of one of 

the modern challenges for human well-being, i.e. the development of new natural health-

promoting strategies based on alternative mechanisms of action against inflammation to 

those of non-steroidal anti-inflammatory drugs (NSAIDs), in order to overcome the 

toxicity problems associated with the prolonged use of these conventional drugs. 
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My research also showed that POE was capable of inhibiting the formation of advanced 

glycation end products (AGEs) in vitro. However, this first investigation on the anti-

glycation role of POE needs to be deepened to understand the molecular mechanism or 

interactions underlying the POE-induced inhibition of the protein glycation process, and 

above all to establish this role also in in vivo animal models.  

Overall, my research greatly contributes to providing a more complete picture of POE 

mechanisms of action potentially exploitable in the management of diabetes and 

associated complications, and other inflammatory chronic diseases, including cancer. 

Inflammation is a relevant factor in the tumor microenvironment and is involved in cancer 

progression; the anti-inflammatory role of POE, together with its proven ability to impair 

cancer cell migration, could also prove to be an effective and innovative weapon against 

cancer progression. 

In conclusion, the research carried out in the three years of the PhD has certainly 

contributed to spreading in the scientific community a new awareness on the importance 

of P. oceanica as a reservoir of effective and cell-safe molecules potentially useful in the 

science of human health, opening up new perspectives of experimental investigation. 
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Posidonia oceanica in a new eco-sustainable perspective linking environment and 

human health: a final note 

 

“P. oceanica tells a story of 120 million years of authoritarian presence in the entire 

marine ecosystem, but also of close relationships with humans.  

Unfortunately, persistent pollution and incessant climate change, as well as 

anthropogenic pressures, cause the progressive regression of the P. oceanica meadows, 

threatening the well-being of the entire marine ecosystem. 

However, the ongoing global change has made it known that current economic 

development and over-exploitation of resources do not necessarily imply an increase in 

human well-being and that the value of natural capital cannot be further neglected in 

environmental management decisions. 

Awareness of the complex interactions between humans and the marine environment is 

an essential challenge to fully understand that humans can enjoy important benefits from 

environmental protection and to spread a culture of prevention to protect human and 

environmental wellness. 

In this regard, the novelties brought by my scientific research on the potential benefits of 

P. oceanica for human health should be the key argument to encourage even further 

studies on the ecological macro-roles of P. oceanica from new eco-innovative 

perspectives. 

Finding the right balance between protecting P. oceanica in the seas and exploiting it for 

the human well-being undoubtedly represents a global challenge”. 
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