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Introduction 

 

In the recent years there is a growing industrial interest in the recovery and 

reuse of waste from production processes in the food industry. Industrial and 

agro-industrial by-products and waste can be recovered and valorised, 

transforming them into new materials and products with high added value. 

Industrial and agro-industrial waste are enhanced through their reuse in the 

preparation of innovative materials and components. 

In fact, to date the deficiency of natural resources, climate change, food loss 

and waste are decreasing the availability of food and raw materials. Decline 

of natural resources worldwide, degradation in land, water and biodiversity, 

poses questions about the ability to meet food and material demands for the 

next future. Consequently, finding the balance between the increasing 

demand for resources and sustainable supply is the challenge of the present 

and the future. 

Food supply chains start with agricultural phase, continue with 

manufacturing, retail and end with consumption. Throughout this cycle, food 

is lost or wasted because of a variety of reasons, i.e., technical, economic or 

social problems.  

In the twentieth century, the prevalent policy was to increase food production 

but not to improve the efficiency of the food production system. Food loss or 

waste were not considered a problem. Only in the 21th century, the increased 

demand for food, the depletion of natural resources, the restrict energy 

demands and the minimize of economic costs have led to this problem.  
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Food processing industries generate an impressive amount of waste, 

consisting especially of the organic residues of processed raw materials. Most 

of these materials, defined waste, could represent an added value. The same 

term “waste” indicates a wide variety of products coming out of the 

production system. In fact, lately, the new term “waste by-products”, 

indicating products that can be reused, is gaining popularity. The possibility 

to recover by-products from production processes is very wide and varied 

and depends on the type of process under consideration. For example, 

vegetable by-products and plant residues, due to their content of polyphenols, 

glucosinolates, proteins, pectin, phytochemicals and plant enzymes, may be 

used to generate innovative products such as dietary fibres, food flavours or 

food supplements. 

Thus, in recent years, the concept of circular economy has become more and 

more established. Circular economy is a term that defines an economic 

system designed to be able to regenerate itself, therefore guaranteeing its eco-

sustainability. The principal aim is the waste reduction and the reuse of 

resources.  

Wineries constitute one of the most important agro-industrial sectors world-

wide. Grapes are one of the most cultivated fruits worldwide, with the 

production of more than 60 million metric tons per year. Vitis vinifera is the 

most commonly cultivated species for wine production, and according to the 

FAO, around 80% of its production represents 78 million tons that has been 

used in the wine sector. Winemaking process generates an ample variety of 

solid and liquid by-products, including vine shoots, grape marc or grape 

pomace, wine lees, spent filter cakes, vinasses, and winery wastewater that 
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must be treated, disposed of or reused properly, in order to avoid negative 

environmental impact. Large quantities of scraps are composed of rejected or 

inedible plant tissues with a high amount of water content and organic matter. 

Therefore, special attention has been given to more advantageous and 

sustainable options by both the scientific community and the producers, 

aiming at maximum utilization of all raw materials and by-products derived 

from the wine industry, ultimately reducing to a minimum the disposal of 

waste streams. 

Since ancient times and particularly in Mediterranean countries, wine has 

been closely associated with the diet, and its regular consumption has been 

associated with health benefits. Epidemiological and clinical studies around 

the world, over the past twenty years, have pointed out that the moderate 

intake of alcoholic beverages produces positive effects on antioxidant 

capacity, lipid profile and the coagulation system. Several studies have 

focused their attention on the components of red wine (mainly polyphenols 

and especially resveratrol) since the so-called “French paradox” was first 

described. Although the chemical constituents of grapes and wine may vary, 

similar beneficial effects have been observed in different varieties of red wine 

related to their higher polyphenolic content. Among food industry wastes, 

grape wastes are partially used in cosmeceutical and nutraceutical fields. 

However, little is known about the potential use of grape seeds. In fact, if the 

use of pulp and skin of grapes is already widely spread, the properties of 

grape seeds are not well characterized yet. Grapevine (Vitis vinifera L.) is a 

plant rich of bioactive compounds that are principally distributed in berry 

skin, stem, leaves and seeds, rather than in the pulp of the berry. Among the 
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substances accumulated in grapes, the most important and biologically 

interesting ones are surely polyphenols. About 70% of the polyphenols 

contained in grapes are present in the grape seed.  

Polyphenols are the most abundant secondary metabolites present in the plant 

kingdom. They represent a large and diverse group of molecules including 

two main families, the flavonoids and the non-flavonoids. Plant polyphenols 

belong to different groups: phenolic acids, phenolic diterpenes, volatile oils, 

flavonoids and stilbenes. All of them are characterized by multiples of phenol 

units.  
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Figure 1.1 Structures of polyphenols. Polyphenols are classified by the number of 

phenol rings in flavonoids and non-flavonoids. The figure shows basic skeleton structure 

of polyphenols. Image from: [1] 

 

Polyphenols are known for their anti-inflammatory, antimicrobial and 

antioxidant activities and are of interest in nutraceutical and cosmetic fields 

[1-3]. Moreover, some of them can also have cytotoxic effects and therefore 

they can be studied to develop new molecules with pharmacological activity.  

Polyphenols present in higher quantities in grapes are mainly flavonoids 

(anthocyanins, flavanols and flavonols), stilbenes and phenolic acids [4]. 

Anthocyanins and flavonols are mainly found in the skin [5] whereas 

flavanols and hydroxycinnamic derivatives (among the most common ones 

we find coumaric acid, caffeic acid and ferulic acid) have been found in 

higher quantities in grape seeds [6]. 

Anthocyanins are the main polyphenols in red grapes, whereas flavan-3-ols 

are more abundant in the white variety [7]. 

Anthocyanins belong to the flavonoid family. These molecules consist of a 

benzene molecule fused with a pyran molecule, linked with a phenyl group 

that can be in turn linked to several substituents. 

Anthocyanins are polyhydroxylated polyaromatic compounds capable of 

reacting with oxidants such as molecular oxygen and free radicals thus 

reducing the damage that these molecules can cause to cells and tissues [8].  

Flavan-3-ols are derivatives of flavans that possess a 2-phenyl-3,4-dihydro-

2H-chromen-3-ol skeleton. These compounds include catechin, epicatechin 

gallate, epigallocatechin, epigallocatechin gallate, and proanthocyanidins [9]. 
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However, the effects of polyphenols are often limited by their poor 

bioavailability [10]. Moreover, in vivo studies the dosage of single molecules 

of polyphenols did not have the expected effect. This can be due to the limited 

absorption but also to the lack of a synergistic action among the various 

molecules composing an extract [11]. 

For this reason, bioactive phytochemicals taken through diet represent a 

promising opportunity for the development of more effective strategies for 

the prevention or treatment of cancers that can be utilized as complementary 

to traditional medicine.  

For thousands of years, different cultures have used phytochemicals for 

treatment of various diseases, nevertheless their active ingredients or 

mechanisms of action often are not well characterized. Grape seed extract are 

hopeful bioactive molecules that have demonstrated anticarcinogenic effects 

in vitro and in vivo analysis and exhibit no toxicity in vitro [12,13].  

Phytochemicals can act also as protective agent against oxidative stress. 

Flavonoids are in particular described as the molecules with a strong 

bioactivity in brain functions with positive effects on synaptic plasticity and 

neuronal activity. Among the bioactive phytochemicals, Ginkgo biloba is one 

of the most used worldwide [14]. Ginkgo biloba fallen leaves are treated as 

waste to be incinerated, polluting the air, soil and rivers. In addition, the 

leaves have become a problem for local businesses and governments in the 

plantation area to dispose of [15]. Therefore, its recovery to produce 

nutraceutical extracts may be a solution to this problem. Ginkgo biloba has 

been widely used in the treatment of cardiovascular and cerebrovascular 

diseases, liver cirrhosis and acute and chronic renal disease. More recently, a 
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standardized extract of Ginkgo biloba, EGb 761, has been found to have 

neuroprotective effects in several central nervous system and 

neurodegenerative diseases [14]. EGb 761 (EGb) is a standardised extract of 

Ginkgo biloba leaves that contains a well-defined concentration of flavone 

glycosides and terpene lactones (24% and 6%, respectively). In fact, EGb 

contains 6% terpenoids (in which 3.1% are ginkgolides A, B, C, and J and 

2.9% is bilobalide), 24% flavonoid glycosides, and 5% to 10% organic acids 

[16]. The flavonoids act as free radical scavenging, whereas terpenes lactones 

protect mitochondrial membranes from free radical damage [17]. EGb has 

been described to have antioxidant properties playing an important role as a 

free radical scavenger [18]. It has been demonstrated that the antioxidant 

activity, as a “radical scavenger”, is due to its superoxide dismutase-like 

activity that enables it to scavenge hydroxyl radicals [19]. Ginkgo biloba also 

has the capacity to regulate the oxidative stress. The levels of glutathione, 

malondialdehyde, superoxide dismutase and nitric oxide, increased after a 

treatment with EGb [20]. These properties determine beneficial effects in 

neurodegenerative diseases as Alzheimer [21,22] or Parkinson [23]. However, 

the mechanism of the action of EGb protection against oxidative stress-

induced apoptosis remains to be fully elucidated. 

In fact, oxidative stress is one of the main causes of neural damage. EGb 761 

exerts neuroprotective action mainly acting as free radical–scavenger. In fact, 

EGb 761 is able to reduce the endogenous and the induced levels of ROS [24]. 

This activity is linked to the chemical structure of the flavonoids that allow 

to not only to react and directly scavenge, the hydroxyl radicals but also to 

inhibit the formation of new hydroxyl radicals [25]. 
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It is well known that oxidative stress determines the activation of the 

apoptotic processes, thus playing a crucial role in most of neurological 

diseases. 

 

The evidence mentioned above prompted us to explore the protective effect 

of EGb 761 against oxidative stress-induced apoptosis in neuroblastoma 

cells.  
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Aim 

 

The main aim of this study was to analyse the anti-cancer potential of grape 

seeds global semipolar extracts of two Italian grape varieties Aglianico (red) 

and Falanghina (white) in cancer cell lines. Many studies have shown that 

extracts from different cultivar can have different efficacy. It is believed that 

this difference is due to a different chemical composition.  

The use of natural extracts represents a new resource for the treatment of 

cancer, which can be used alongside the already established chemotherapy, 

radiotherapy and surgery. 

One of the major advantages of natural products is represented by the low 

intensity of side effects, which are usually milder than those associated to the 

use of chemotherapeutics. 

Initially, we tested the efficacy of the two grape seed extracts on 

mesothelioma cell lines. Malignant mesothelioma is a rather rare and 

aggressive cancer of the mesothelium, the epithelium lining vital organs such 

as the lungs and heart and body cavities such as the peritoneal cavity. The 

worldwide incidence is 2.2 cases per million population [26].  

We used three mesothelioma cell lines, MSTO-221H and NCI-H2452, 

sensitive to standard chemotherapeutic treatment, and IST-Mes2, insensitive 

to chemotherapeutic treatment. 

Usually, phytochemicals anticancer activities are exerted by inducing 

programmed cell death (apoptosis). Apoptosis can be executed through the 

intrinsic or the extrinsic pathway. The extrinsic pathway is activated by the 

bond of death receptors and their ligand, as the receptor FAS and his ligand 
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FASL. The intrinsic pathway is regulated by B-cell lymphoma-2 (BCL-2) 

family proteins. BAX (Bcl-2- associated X protein) impairs mitochondrial 

membranes determining cytochrome c release, and this activity is inhibited 

by binding of BCL-2 to BAX. Unbalance between BCL-2 and BAX favours 

BAX activity, determining the onset of apoptosis. Therefore, we decided to 

analyse gene and protein expression of regulatory genes of these pathways.  

Once the most promising and effective extract was chosen, we analysed the 

transcriptional pathways modulated following treatment. 

Afterward, we wanted to understand if the anticancer effects were restricted 

to mesothelioma only or also to other tumours. 

Therefore, the effect of grape seed extract was tested in breast cancer. Breast 

cancer is the most common tumour in women, and one of the three most 

common cancers worldwide [27] and its morbidity shows an increasing trend 

year by year [28].  

We used a cell line of breast cancer, MDA-MB-231, frequently used as late-

stage breast cancer model. This cell line is ER, PR, and E-cadherin negative 

and expresses mutated p53 [29]. 

Subsequently, we tested the biological effects of grape seed extract on 

medulloblastoma cells. Medulloblastoma is the most common paediatric 

brain tumour and is currently treated by surgery, radiotherapy, and 

chemotherapy [30]. Although this multi-modal treatment is the most effective, 

the aggressive nature of this therapy results in a number of serious 

neurocognitive side effects. We used two different cell lines, DAOY HTB-

186 and D283 Med HTB-185, which have a higher degree of stemness than 

the former. 
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The industrial characterization of the PhD pushed us to try to understand how 

to industrialize the process of production of the extract, to understand the 

common points with the industrial processes already widely developed for 

the production of other derivatives from grape seeds, and the economic 

feasibility of the project. Following this route, we have analysed the 

biological effects of grape seed oil, a commercial product derived from grape 

seeds. 

In the second chapter of this thesis, I have analysed the antioxidant potential 

of flavonoids present in a standardized Ginkgo biloba extract. In fact, 

oxidative stress occurs in the cell when the antioxidant defence in unable to 

balance the rate of the reactive oxygen species generated [31].  

When present in excess, oxidants elevate the intracellular levels of reactive 

oxygen species (ROS) and damage cell membrane, proteins and DNA.  

We chose to analyze Ginkgo biloba protective effects in neurons that are 

particularly prone to production of ROS and highly susceptible to redox 

stress, because of their high lipid and metal ion content combined with their 

high metabolic rate and relatively low concentrations of antioxidants [32]. 

Neuronal cell death induced by oxidative stress is especially dangerous 

because adult neurons are post-mitotic cells with limited capacity to 

proliferate or be replaced. Therefore, in neuronal cells, reduction of oxidative 

stress could inhibit apoptosis potentially preventing neurodegeneration. 

I have analyzed the protective effect of EGb 761 on oxidative stress-induced 

apoptosis in SK-N-BE cells with the aim to unravel the molecular pathway 

in which EGb 761 acts as antioxidant. SK-N-BE is a human neuroblastoma 
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cell line, commonly used as cellular model for research studies aimed to 

analyze the role of oxidative stress in neurodegeneration [33-35].  
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Chapter 1 
 

Polyphenols from grape seed extract 
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Materials and Methods 

 

2.1. Cell culture 

Human malignant mesothelioma cell lines MSTO-221H (MSTO) and NCI- 

H2452 (NCI) were grown in RPMI supplemented with 10% FBS, glutamine 

(2 mM), sodium pyruvate and antibiotics (0.02 IU/mL-1 penicillin and 0.02 

mg/mL-1 streptomycin). Human mesothelioma cells Ist-Mes2 (Mes2) were 

cultured in DMEM, supplemented with 10% FBS, glutamine (2mM), 1% 

nonessential amino acids, and antibiotics (0.02 IU/mL-1 penicillin and 0.02 

mg/mL-1 streptomycin). 

Human mesothelium cell lines, Met5-A, were grown in RPMI supplemented 

with 10% FBS, glutamine (2 mM), sodium pyruvate and antibiotics (0.02 

IU/mL-1 penicillin and 0.02 mg/mL-1 streptomycin).   

Human breast adenocarcinoma cell line MDA-MB-231(MDA) were 

maintained in RPMI 1640 medium supplemented with 10% FBS.  

The human mammary epithelial cell line, MCF10A cells, were cultured in 

DMEM/Ham's F-12 supplemented with 100 ng/ml cholera toxin, 20 ng/ml 

epidermal growth factor, 0.01 mg/ml insulin, 500 ng/ml hydrocortisone, and 

10% FBS. 

Human medulloblastoma cell lines, DAOY HTB-186 (DAOY) and D283 

Med HTB-185 (DAOY) were routinely maintained in complete growth 

medium Eagle’s Minimum Essential Medium supplemented with 10% FBS 

with 2 mM glutamine and 100 U penicillin/0.1 mg/mL streptomycin.  
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2.2. Plant material  

Two Vitis vinifera cultivars were used in this study: Aglianico del Taburno, , 

and Falanghina del Beneventano. Berries were collected from a nine-year-

old vineyard (145 m a.s.l., Castelvenere, Benevento Province, Southern Italy) 

during the 2015 growing season. The whole berries were frozen immediately 

in liquid nitrogen. Three independent pools (biological replicates) of about 

100 berries were used for the analyses. 

 

2.3. Extract preparation 

To obtain peel and seed semipolar extracts from Aglianico and Falanghina, 

each tissue was first isolated, minced with liquid nitrogen and then 

lyophilized. The powder was homogenized with methanol/chloroform (1:4) 

using TissueLyser (Qiagen). Aqueous phases was then recovered after a 5′ 

centrifugation (12,000 rpm) and lyophilized again. The powder was then 

dissolved in DMSO (Sigma) at a concentration of 500 mg/ml and stored at 

−20° C. The extracts were designed as follows: Aglianico grape peel, AGP; 

Aglianico grape seed, AGS; Falanghina grape peel, FGP; Falanghina grape 

seed, FGS. 

 

2.4. Cell proliferation assay 

To evaluate the effects of peel and seed semipolar extracts from Aglianico 

and Falanghina on cell proliferation, approximately 1 × 104 cells were plated 

in 48-well plates and treated with different concentrations of either peel (up 

to 1000 μg/ml) or seed (up to 500 μg/ml) extracts for 24, 48 or 24+24h 

(24+24). In the case of the 24+24 treatment, cells were treated twice: after 
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overnight incubation and again after 24 h. Then, cells were fixed with 3.7% 

formaldehyde for 10min, washed with PBS, and stained with 0.5% crystal 

violet for 10 min. A microplate reader (Cytation3, ASHI) was then used to 

measure the absorbance of each well at 595 nm. All the experiments were 

performed in triplicate. Through these experiments, we selected the optimal 

concentration (350 μg/ml) and extract source (seed) to be used in subsequent 

experiments. 

 

2.5. Colony forming assay 

For colony assay, cells were seeded in six-well plates at a density of 500 

cells/well and incubated at 37°C in a 5% CO2 humidified incubator. The 

culture medium was replaced every three days and cells were grown for 

14days. Then, cells were treated with 350μg/ml of Falanghina (FGS) or 

Aglianico (AGS) seed extracts for 24 h and grown for additional 14 days 

using media without seed extracts. Colonies were finally stained with crystal 

violet and counted. Representative plates were photographed using phase 

contrast microscope (Leica, Milan, Italy). All the experiments were 

performed in triplicate. 

 

2.6. Wound healing assays 

Approximately 1.5 × 105 cells were plated in six-well plates. After overnight 

incubation, cells were treated with 350 μg/ml of FGS or AGS extracts for 24, 

48 and 24 + 24 h. Wounds were created in confluent cells using a 200 μL 

pipette tip. To analyse cell migration, at least 10 representative images for 

each scratch were taken in different scratched area of cells at different time 
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points of incubation. Images were focused on the centre of the wound field, 

photographed and measured using ImageJ software. The influence of FGS 

and AGS on wound closure was compared to scratched cells at time zero 

hours. All the experiments were performed in triplicate. 

 

2.7. Apoptosis detection by flow cytometry analysis 

Approximately 7.5 × 105 cells were plated in 100 mm plates. After overnight 

incubation, cells were treated with 350 μg/ml of FGS or AGS extracts for 

either 24, 48 or 24 + 24 h and stained with propidium iodide and annexin V 

(Annexin V FITC assay, BD Biosciences, Franklin Lakes, NJ), according to 

the manufacturer’s guidelines. Flow cytometry was performed using a 

FACS-canTM flow cytometry system (Becton Dickinson, San Jose, CA). All 

the experiments were performed in triplicate. 

 

2.8. RNA extraction and expression analysis of apoptotic pathway genes in 

MM cells 

RNA was extracted using Trizol (Life Technologies) following 

manufacturer’s instructions. For RT-q-PCR assays, 200 ng of total RNA from 

each sample were retro-transcribed using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystem). RT-q-PCR reactions were performed 

by means of a 7900 HT Real Time PCR (Applied Biosystem). Gene specific 

primers for the selected genes: BAX: (Forward 5′-TTTGC 

TTCAGGGTTTCATCCA-3′, Reverse 5′- CTCCATGTTACTGTCCAGTT 

CGT-3′); (BCL-2: Forward 5′-GTTCCCTTTCCTTCCATCC-3′, Reverse 5′-

TAGCCAGTCCAGAGGTGAG-3′); FAS: (Forward 5′-CCCTCCTACCT-
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CTGGTTCTTACG-3′, Reverse 5′TCAGTCACTTGGGCATTAACACTT-

T-3′); FASL: (Forward 5′-CCTGAAAAAAAGGAGCTGAGGAA-3′, 

Reverse 5′-GGCATGGACCTTGAGTTGGA-3′); GAPDH: (Forward 5′-

CAAGGCTGTGGGCAAGGT-3′, Reverse 5′-GGAAGGCCATGCCAGT-

GA-3′); MDM2 (Forward: 5’-AAGGTGGGAGTGATCAAAAGGA-3’; 

Reverse: 5’-TAGAAACCAAATGTGAAGATGAAGGT-3’); JUN 

(Forward: 5’-TTTTGCAAGCCTTTCCTGCG-3’, Reverse: 5’-

TCTTCTCTGCGTGGCT-CTC-3’); DHCR24 (Forward 5’-GCTGGACT-

CTCCCCGTGTT-3’; Reverse: 5’-TGCCTGTGCCCATGATCA-3’) 

DHCR7 (Forward: 5’-CGCAGGACTTTAGCCGGT-3’,Rev: 5’-TGGCT-

TTGGGAATGTTGGG-T-3’);  HMGCR (Forward: 5’-CCTTTCCAGA-

GCAAGCACATTA-3’, Reverse: 5’- TTTCCCTTACTTCATCCTGT-

GAGTT-3’); ACAT2 (Forward: 5’-TGTGGCTCCGGAAG-ATGTG-3, 

Reverse: 5’-GCCTGCTGCCAAGACATGT-3’); FASN (Forward: 5’-

CTGCTGCTGGAAGTCACCTATG-3’, Reverse: 5’-CGGAGTGAA-

TCTGGGTTGAT-G-3’); FDFT1 (Forward: 5’-GGAAGGTGATGCCCAA-

GATG-3’, Reverse: 5’-ACTGGTCTGATTGAGATACTTGTAGCA-3’); 

HMGCS1 (Forward: 5’- TGCTGTCTTCAATG-CTGTTAACTG-3’, 

Reverse: 5’-ACCAGGGC-ATACCGTCCAT-3’). 

Primers were designed at exon-exon junctions using Primer express 2.0 

(Applied Biosystems). Target expression level was performed as previously 

described [36] using GAPDH as housekeeping gene. All the experiments were 

performed in triplicate. 
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2.9. Cytochrome c release 

To determine the cytochrome c release from mitochondria to cytosol, 

cytosolic fractions were isolated after FGS and AGS extracts treatment. 1 × 

106 cells were resuspended in 100 μL of ice-cold plasma membrane 

permeabilization buffer (200 μg/ml digitonin, 80 mM KCl in PBS), and 

incubate on ice for 5 min. Lysates were centrifuged at 800 X g for 5 min at 4 

°C, and the supernatants (cytosolic fraction) were then collected. All the 

experiments were performed in triplicate. 

 

2.10. Western blot 

Protein extracts were prepared as previously described [37]. For each lane, 20 

μg of total cell lysates were separated in 4–15% Tris–glycine gels (BioRad) 

at 100 V. Proteins were then transferred to PVDF membranes, probed with 

the specific primary antibodies, followed by secondary antibodies conjugated 

with horseradish peroxidase according manufacturer’s indications. Primary 

antibodies used for Western blot include PARP (Cell Signaling, #9542), 

BCL-2 (Abcam, ab182858), BAX (Santa Cruz Biotechnology, sc-493) and 

Cytochrome c (Abcam, ab133504), MDM2 (Santa Cruz Biotechnology, sc-

965), Phospho-c-Jun (Ser243) (Cell Signaling, #32994), p53 (Cell Signaling, 

#2524). β-Actin (Cell Signaling, #3700) was used as loading control. All the 

antibodies were used at working concentration indicated by manufacturers. 

Protein bands were detected by Clarity western ECL (BioRad) and quantified 

with ImageJ software. All the experiments were performed in triplicate. 
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2.13. Statistical analysis 

Analysis to evaluate the difference between control and treatments was 

performed using Graph Pad Prism 9.0 (GraphPad Software, San Diego, CA, 

USA). For each experiment, overall significance of the differences among 

means was evaluated using the One-Way ANOVA, while differences of each 

treatment with the control was evaluated using the Dunnet’s multiple 

comparison test with Bonferroni post hoc correction. 

Statistically significant difference compared to untreated cells are: *p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. 

All metabolomics data have been statistically validated using an ANOVA 

with Tukey’s t-test analysis. 

 

2.14. Micro-Array analysis 

MSTO-211H (1,5 x 106) were treated with 350 ug/ml of AGS for 24+24 

hours then RNA was extracted using Trizol (Life Technologies) and 

following manufacturer’s instructions. Total RNA samples were quantified 

with a spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, 

Waltham, MA, United States).  

Expression profiling was performed using 100 ng RNA and the Affymetrix 

Human Clariom S Assay. 

(Affymetrix/Thermo Fisher Scientific), which interrogates over 20000 well-

annotated genes. Total RNA was converted in labelled ssDNA and used to 

hybridize microarray. All the procedures including wash and staining of array 

were performed following Affymetrix instructions.  
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After laser scanning .CEL files from array were used for data analysis. 

Primary data analysis was performed with the Transcriptome Analysis 

Console software (Thermofisher version 3.1.0.5) including the Robust 

Multiarray Average module for normalization.  

 

2.15. Pathway and network analysis by IPA. 

The list of differentially expressed genes in the MSTO cell line, containing 

gene identifiers and corresponding expression values, was uploaded into the 

IPA software (Qiagen). The “core analysis” function included in the software 

was used to interpret the differentially expressed data, which included 

biological processes, canonical pathways, upstream transcriptional 

regulators, and gene networks.  

 

2.16. Oil preparation  

The industrial process for the production of grape seeds oil includes a first 

phase of mechanical separation of grape seeds from the remaining residues 

of the wine making process. In 100 kg of grapes, 80% is represented by pulp, 

12% skin, 4% seeds and the remaining part by stems, and after wine making 

process, skin and seeds are combined. After separation the grape seeds are 

dried, at 1.5 atm, at about 60/70° C for about 2 hours. With this process the 

percentage of water in grape seeds changes from 50 to 10%. At this point the 

grape seeds pass into a hopper from which oil and a waste product, called 

flour, comes out. For 100 grams of grape seeds you get about 17 grams of oil 

and 83 grams of flour.  
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The grape seed oil is dissolved in DMSO to a final concentration of 0.9%. 

Cells are treated with the oil for 48 hours. 0.9% DMSO is added to the control 

cells.  
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Results 

 

3.1. Seed rather than peel extracts determine cancer growth inhibition 

First of all, we determined that the vehicle with which the extracts, DMSO, 

were prepared did not affect the viability of the treated cells. 

Treatments of MSTO, NCI and Mes2 cells with hydroalcoholic semi-polar 

peel extract did not affect MM cell viability, also when used at high 

concentration (1000 μg/ml) (Fig. 3.1).  

 

 

Figure 3.1 Effect of hydroalcoholic semi-polar peel extract on MSTO cells. The same 

results were obtained with NCI and Mes2 cells. The bars represent the average ± 

standard deviation (n=3). Statistically significant difference from the control: **p<0.01, 

***p<0.005, ****p<0.001. 

 

On the contrary, extracts from seeds determined cell growth inhibition in a 

concentration and time-dependent manner (Fig. 3.2 a, b). In particular, 

Falanghina grape seed extract (FGS) at 350μg/ml was able to significantly 

decrease MSTO cell viability up to 30% (ANOVA p-value <0.0001). At the 
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same concentration, Aglianico grape seed extract (AGS) decreased MSTO 

cell viability up to 40% (ANOVA p-value < 0.0001).  

 

Figure 3.2 Extracts from seeds determined cell growth inhibition in a concentration and 

time-dependent manner on MSTO cells); untreated cells:-. The bars represent the 

average ± standard deviation (n=3). Statistically significant difference from the control: 

**p<0.01, ***p<0.005, ****p<0.001. 

 

Since AGS at 350 μg/ml resulted closer to the half minimal (50%) inhibitory 

concentration (IC), we decided to use this concentration for subsequent 

experiments. Following 48 h of treatment, MSTO cell death was higher than 

that observed after 24 h. Moreover, a stronger effect was evident when the 

48 h treatment was performed by adding the extract twice, every 24 h (24 + 

24 h) (ANOVA p-value < 0.0001). (Fig. 3.2 b). Similar results were obtained 

with NCI and Mes2 cell lines (Fig. 3.3). 
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Figure 3.3 NCI and Mes2 cell viability: a, b) treatments with FGS and AGS extracts; c, 

d) time course treatment with FGS and AGS extracts (350 µg/ml); untreated cells:-.The 

bars represent the average ± standard deviation (n=3). Statistically significant 

difference from the control: **p<0.01, ***p<0.005, ****p<0.001. 

 

These experiments indicated that seed extracts were more effective than peel 

extracts. For this reason, subsequent assays were carried out only with seed 

extracts. 

 

3.2. FGS and AGS impair mesothelioma tumorigenic properties affecting cell 

proliferation and migration 

To evaluate the anticancer potential of FGS and AGS, cell migration and 

invasive ability were analysed on MSTO, NCI and Mes2 treated 

independently with the seed extracts of Falanghina and Aglianico. The 

colony formation assay indicates the cellular self-renewal ability and their 

long-term proliferative potential. Our results showed that this ability was 

strongly impaired by seed extracts of both varieties in all the cell lines 
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analysed. In fact, after colonies growth, a 48h treatment with 350 μg/ml of 

FGS or AGS almost completely inhibited colony formation in MSTO (67% 

and 90%, respectively; ANOVA p- value < 0.0004) as well as in NCI (51% 

and 84%, respectively; ANOVA p-value < 0.0001 and in Mes2 cells (48% 

and 88%, respectively; ANOVA p-value < 0.0003) (Fig. 3.4). 

 

 

Figure 3.4 Colony formation assay after FGS and AGS treatment (350 µg/ml); 

untreated cells :-. Representative plate images after crystal violet staining are shown. 

Histograms report average of colony number. The bars represent the average ± 

standard deviation (n=3). Statistically significant difference from the control: **p<0.01, 

***p<0.005. 

 

To measure the cell migration capability in vitro, we also performed a wound 

healing assay treating scratched cells with FGS or AGS extracts. MSTO cell 

migration was significantly inhibited by both extracts in a time-dependent 

manner reaching a gap of about 120% (FGS; ANOVA p-value < 0.0001) or 

170% (AGS; ANOVA p-value < 0.0001) compared to the wound gap in the 

untreated cells. In particular, the wound gap was maximum after 24 + 24 h 

treatment with 350 μg/ml FGS or AGS extracts (ANOVA p-value < 0.0001) 
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(Fig. 3.5). On the contrary, in the untreated cells the wound gap was closed 

at the end of the treatment.  

 

 

Figure 3.5 Wound healing assay. The wound closure rate was measured by detecting the 

closure distance at three different time intervals on MSTO cells untreated (-) or treated 

with 350 µg/ml of seed extracts. Representative micrographs at phase contrast 

microscope are shown. (h) Quantification of open wound area. 

The indicators represent the average ± standard deviation (n=3). Statistically significant 

difference from the control: **p<0.01, ***p<0.005, ****p<0.001. 

 

Similar results were obtained with NCI and Mes2 cells (Fig. 3.6). 
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Figure 3.6 Wound healing assay on NCI (a) and Mes2 (c). The wound closure rate was 

measured by detecting the closure distance at three different time intervals on untreated 

cells (-) or cells treated with 350 µg/ml of extracts; representative micrographs of the 

cell migration from three independent experiments are shown. b) and d) Quantification 

of open wound area. The indicators represent the average ± standard deviation (n=3). 

Statistically significant difference from the control: ***p<0.005,  ****p<0.001. 

 

Taken together, these results revealed that grape seed extracts from both 

varieties determined a comparable inhibition in cell growth and migration. 
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3.3. FGS and AGS induce apoptosis in mesothelioma cell lines 

To confirm whether the loss of viability was due to apoptosis, we analysed 

cell cycle perturbation and the downstream signalling triggered by grape seed 

extracts. MSTO treatment with FGS determined a growing apoptotic 

induction during time. It reached about 20% at 24 + 24 h treatment (Fig. 3.7 

a, b). AGS treatments on MSTO cell lines resulted in apoptotic increase of 

about 35% after 24 + 24 h treatment (Fig. 3.7 c, d) (ANOVA p-value < 

0.0051). 

 

 

Fig 3.7 MSTO apoptosis analysis by Annexin V-FITC/PI after treatments with 350 

µg/ml of FGS (a) and AGS (c) extracts at three different time intervals; untreated cells :-

.Q2 and Q4: early and late apoptotic cells; Q1: necrotic fraction; Q3: live cells. 

Histograms reporting a data summary of the apoptotic index after FGS (b) or AGS (d) 

treatment represented in (a) and (c). Bars represent the average ± standard deviation 

(n=3). Statistically significant difference from the control: *p<0.05, **p<0.01, 
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***p<0.005, ****p<0.001. 

 

The, NCI and Mes2 cell lines showed only slight modifications in apoptosis 

compared to MSTO. Interestingly, Mes2 cells that did not undergo apoptosis 

after combined drug treatment with piroxicam and cisplatin [37], resulted 

more sensitive to both extracts (Fig. 3.8), suggesting that grape seed extracts 

act as broad regulators of apoptotic induction. 

 

Figure 3.8 NCI (a, c) and Mes2 (e, g) cells were exposed to 350 mg/ml of FGS or AGS 

for the indicated time and analyzed by flow cytometry analysis (Annexin V-FITC/PI). 

Histograms reporting a data summary of the apoptotic index for NCI (b, d) or Mes2 (f, 
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h). The bars represent the average ± standard deviation (n=3). Statistically significant 

difference from the control: *p<0.05,**p<0.01, ***p<0.005, ****p<0.001. 

 

3.4. FGS and AGS activate specific pathways involved in apoptosis 

To better investigate the molecular mechanism involved in the apoptotic cell 

death following FGS and AGS treatments, we focused our attention on the 

apoptotic pathway involved. We first analysed the expression levels of BCL-

2 and BAX after FGS and AGS treatments at 24, 48 and 24 + 24 h by q-PCR. 

As reported in Fig. 3.9, the BAX/BCL-2 ratio suggested a time-dependent 

apoptotic induction in all MM cell lines analysed. The highest BAX/BCL-2 

ratio was observed at 24 + 24 h treatment.  

 

 

Figure 3.9 Quantitative analysis of mRNA expression levels of Bax and Bcl-2 in MM 

cell lines. The bars represent the average ± standard deviation (n=3). Statistically 

significant difference from the control: *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. 
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Then, we investigated if grape seed extracts could activate the extrinsic 

pathway by measuring expression levels of Fas and FasL, two markers of 

extrinsic apoptosis induction. Our results provided evidence that Fas was not 

modulated by FGS and AGS in the cell lines analysed. Furthermore, we were 

not able to detect any expression of FasL (data not shown). These findings 

indicated that intrinsic but not extrinsic apoptotic pathway is triggered by 

FGS and AGS treatments. 

 

3.5. FGS and AGS extracts induce protein expression of cleaved PARP and 

BAX and cytochrome c release 

To gain more insight into the molecular mechanism involved in the apoptotic 

cell death, we also investigated the effect of FGS and AGS extracts on PARP 

cleavage as well as on BAX and BCL-2 protein expression. PARP protein is 

very important for cellular function and survival, and it is a well-known 

caspase enzyme substrate [38]. Immunoblots clearly showed that, in MSTO 

cell line, both seed extracts induced PARP cleavage and increased ratio of 

BAX/ BCL-2 (Fig. 3.10), confirming that both extracts are able to induce 

apoptosis. 
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Figure 3.10 Analysis of cleaved PARP, BAX, BCL-2 and of cytochrome c (cytosolic 

fraction) on MSTO cells treated with FGS (a) or AGS (b) (350 µg/ml); untreated cells:-. 

-Actin protein expression was used as loading control. Histograms report the relative 

expression level. Statistically significant difference from the control: *p<0.05, 

**p<0.01, ***p<0.005, ****p<0.001. 

 

Similar results were obtained with NCI and Mes2 cells (Fig. 3.11). 

 



  

 37 

 

Figure 3.11 Analysis of cleaved PARP, BAX, BCL-2 and of cytochrome c (cytosolic 

fraction) on NCI (a, b) and Mes2 (c, d) cells untreated (-) or treated (350 µg/ml) with 

FGS or AGS at three different time intervals. -Actin protein expression was used as 

loading control. Histograms report the relative expression level. Statistically significant 

difference from the control: *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. 

 

To further investigate the mechanism of grape extracts-mediated apoptosis, 

we examined the cytochrome c release from mitochondria. Indeed, the 

apoptotic cell death through the intrinsic mitochondrial pathway is known to 

induce mitochondrial membrane permeabilization and the subsequent 

cytochrome c release. As shown in Fig 3.10, treatment with grape seed 

extracts induced cytochrome c release in MSTO cell lines. Similar results 

were also obtained in NCI and Mes2 cells (Fig. 3.11). All these findings, 

together with earlier observations, suggest that FGS and AGS may directly 
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induce mitochondrial membrane damage and, as consequence, cellular 

apoptosis.  

 

3.6. Metabolomics and transcriptomic analysis of grape peel and seed 

samples 

Cell treatments with seed extracts were very effective, whereas those with 

peel extracts did not affect cell viability. 

To better investigate on the metabolite content of Aglianico and Falanghina 

seeds a metabolomic analysis and a transcriptomic analysis was performed. 

Analysis of metabolite content [39] identified a total list of 100 negatively and 

241 positively charged ions specifically present or over-/down-represented 

in seed over peel metabolomes of Aglianico, Falanghina, or in both varieties. 

The number of compounds that were consistently over- and down-

accumulated in seed vs peel tissues was 108 and 154 in Aglianico and 76 and 

130 in Falanghina are reported in Table 1.  

 

Table 1. Number of statistically significant (p-value ≤ 0.05) over- and down-accumulated 

metabolites in Aglianico and Falanghina peel and seed extracts.  

     

 AGS/AGP FGS/FGP AGS/FGS AGP/FGP 

Over-accumulated 108 76 69 39 

Down-accumulated 154 130 123 198 

 

 

Subsequent analysis indicated that Aglianico and Falanghina seed 

metabolomes resulted highly enriched in several secondary compounds, 
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particularly phenylpropanoid precursors and proanthocyanidin. The results 

can be visualized in the heatmap (Fig. 3.12) [39]. 

 

 

Figure 3.12 Metabolites have been classified in higher- (a) and lower-represented (b), 

according to the detected values. Red squares of different shades represent the relative 

values for each metabolite, expressed as fold on the level of the internal standard. Data 

are present as average ± standard deviation. Gray squares indicate no detectable 

expression of the corresponding metabolite. 

 

According to metabolomic analysis gene expression analysis [39] confirmed 

an increased expression in seeds of genes involved in the phenylpropanoids 

and flavonoids biosynthesis.  
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3.7. Microarray analysis 

Microarray results allowed to identify the major molecular pathways 

involved in the response to AGS treatment. Surprisingly, AGS treatment 

deregulates the cholesterol biosynthesis pathway, and instead, as we 

expected, it deregulates a pathway involved in apoptosis, which includes the 

MDM2, JUN, and p53 genes. 

 

 

Figure 3.13 Top Canonical Pathway results from IPA  

 

Enriched canonical pathways detected using IPA. A total of 67 enriched 

canonical pathways were identified by applying the ‐log (P‐value) are shown 

in Fig. 3.15. The ‘superpathway of cholesterol biosynthesis’ was the highest 

ranking signalling pathway with a ‐log (P‐value) of 2.5. Taking Z‐score >2 

as the threshold of significant activation.  

In addition, the IPA analysis showed that genes deregulated within the class 

"Diseases and Disorders" are categorized as belonging to cancer, cell death, 

proliferation and cell viability.  

A deeper bioinformatic analysis of cholesterol biosynthesis genes and of 

those involved in apoptosis, allowed to build a functional network including 
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a subset of genes in common or having a connection between the two 

pathways.  

 

Figure 3.14 Integrated Network. Biosynthesis and apoptosis pathway genes united in a 

single network linking them together. 

 

Specifically, the cholesterol biosynthesis genes chosen were: DHCR24, 

DHCR7, HMGCR1, ACAT2, FDFT1, HMGCS1, and FASN. All these genes 

encode proteins involved in the long pathway leading to cholesterol or fatty 

acid biosynthesis.  

DHCR24 and DHCR7, encode for enzymes involved in the last stages of 

cholesterol formation. DHCR24 is also capable to reduce the activity of p53, 

directly by reducing its activation, but also indirectly, by increasing the 

interaction between MDM2 and p53, thus leading to the ubiquitination of the 

latter.  
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The expression of these genes connecting the two signalling pathways was 

biologically validated in all three mesothelioma cell lines by q-PCR. Gene 

expression analysis confirmed that is downregulated after the treatment with 

grape seed extract (Fig. 3.15) 

 

 

 

Figure 3.15 Quantitative analysis of mRNA expression levels of genes of cholesterol 

synthesis in MM cell lines. The bars represent the average ± standard deviation (n = 3). 

Statistically significant difference from the control: *p < 0.05, **p < 0.01, ****p < 

0.001. 

 

Among the genes responsible for apoptosis activation, we selected MDM2, 

JUN and p53. Validation by q-PCR confirmed the results of transcriptomic 

analysis. In fact, MDM2 and JUN are downregulated, while p53 is 

upregulated (Fig. 3.16) 
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Figure 3.16 Quantitative analysis of mRNA expression levels of genes of apoptotic 

pathway in MM cell lines. The bars represent the average ± standard deviation (n = 3). 

Statistically significant difference from the control: *p < 0.05, **p < 0.01, ****p < 

0.001. 

 

The modulation of gene expression found in the MSTO cell line was also 

confirmed in the other two mesothelioma lines tested, NCI and Mes2.  

 

3.8. AGS and grape seed oil determine growth inhibition in mesothelioma 

and breast cancer cells. 

During the stage carried out in the company, I have studied the grape seed oil 

production process in order to compare this process with the extraction 

protocol set up in our laboratory and analysed the resulting product by 

comparing the biological activity of the oil with the extract. 

For this purpose, MSTO cells were treated with 0.9% grape seed oil in DMSO 

for 48 hours. The results obtained have shown that grape seed oil is capable 

of reducing the viability of mesothelioma cells, but less than Aglianico 

extract (Fig. 3.17). 
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Figure 3.17 Bioactivity of grape seed extracts and grape seed oil on human 

mesothelioma cells, MSTO, and human mesothelium cells, Met5-A. The bars represent 

the average ± standard deviation (n = 3). Statistically significant difference from the 

control: *p < 0.05, **p < 0.01. 

 

At this point we tried to understand if the biological activity of Aglianico 

semipolar extracts and grape seed oil was due to the activation of particular 

pathways specifically activated in mesothelioma cells or if they could be 

activated in other tumours as well. Both treatments were therefore initially 

tested using a breast cancer cell line (MDA-MB-23). In addition, it was 

verified that the extract had no effect on non-tumour cell counterparts (MCF-

10A). 

As showed in Fig. 3.18 both AGS and grape seed oil, are able to reduce cell 

viability, also in different tumour cell line. However, the treatment with grape 

seed oil is less effective than AGS treatment in reducing viability.  
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Figure 3.18 Bioactivity of grape seed extracts and grape seed oil on human breast cells, 

MDA, and mammary epithelial cells, MCF10A. The bars represent the average ± 

standard deviation (n = 3). Statistically significant difference from the control: *p < 

0.05, **p < 0.01. 

 

3.9. AGS and grape seed oil bioactivity on mesothelioma and breast cancer 

cells. 

To determine if the reduction in viability was due to apoptosis, we analysed 

cell cycle perturbation and the downstream signalling triggered by grape seed 

extracts and grape seed oil. As shown in the Figure 3.19 MSTO treatment 

with oil does not determined apoptotic induction, as detected for AGS. 

 

 

Figure 3.19 MSTO apoptosis analysis by Annexin V-FITC/PI after treatments with AGS 

or grape seed oil; untreated cells:-.Q2 and Q4: early and late apoptotic cells; Q1: 
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necrotic fraction; Q3: live cells. Histograms reporting a data summary of the cell 

population (b) and apoptotic index after treatment represented in (c). Bars represent the 

average ± standard deviation (n = 3). Statistically significant difference from the 

control: **p < 0.01, ***p < 0.005, ****p < 0.001. 

 

Also, in MDA cells treated with AGS the apoptotic process is activated, 

meanwhile the treatment with the oil does not determine apoptotic induction 

(Fig. 3.20). 

 

 

Figure 3.20 MDA apoptosis analysis by Annexin V-FITC/PI after treatments with AGS 

or grape seed oil; untreated cells:-. Q2 and Q4: early and late apoptotic cells; Q1: 

necrotic fraction; Q3: live cells. Histograms reporting a data summary of the cell 

population (b) and apoptotic index after treatment represented in (c). Bars represent the 

average ± standard deviation (n = 3). Statistically significant difference from the 

control: ***p < 0.005, ****p < 0.001. 

 

Therefore, we also compared gene expression of genes after oil treatment and 

after AGS treatment in MSTO cells. As shown in Fig. 3.21, oil treatment 

modulates gene expression in the same direction as AGS treatment but with 

lower efficacy. 
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Figure 3.21 Quantitative analysis of mRNA expression levels of genes of cholesterol 

synthesis and apoptotic pathway in MSTO cell lines. The bars represent the average ± 

standard deviation (n = 3). Statistically significant difference from the control: ***p < 

0.005, ****p < 0.001. 

 

At this point we analysed the expression of genes present in the integrated 

network in MDA cells after treatment with AGS or Oil. While the modulation 

of genes responsible for the apoptotic pathway is the same that we found in 

mesothelioma cells, in breast cancer cells the cholesterol biosynthesis 

pathway did not result modulated. 
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Figure 3.22 Quantitative analysis of mRNA expression levels of genes of cholesterol 

synthesis and apoptotic pathway in MSTO cell lines. The bars represent the average ± 

standard deviation (n = 3). Statistically significant difference from the control: ***p < 

0.005, ****p < 0.001. 

 

3.10. AGS bioactivity on medulloblastoma cells 

To find out if the extract could be also active in other cancers, we have tested 

the effect of the extract on two medulloblastoma cell lines. The analysis of 

two cell lines, DAOY and D283, has shown that, also in this case, AGS is 

able to reduce viability and to induce apoptosis. 
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Figure 3.23 Bioactivity of grape seed extracts and grape seed oil on human 

medulloblastoma cells, DAOY (a) and D283 (b). Apoptotic cells after AGS treatment in 

DAOY (c) and D283 (d). The bars represent the average ± standard deviation (n = 3). 

Statistically significant difference from the control:*p<0.05, **p<0,01 ***p < 0.005, 

****p < 0.001. 

 

Subsequently, we analysed also in these cells the expression of genes present 

in the functional network previously identified. The analysis by q-PCR 

showed that in all cell lines, the genes that regulate apoptosis have the same 

modulation found in mesothelioma cells. Cholesterol biosynthesis, however, 

does not seem to be modulated in the same way, in fact, while it is 

downregulated in DAOY cells, as well as in mesothelioma cells, it does not 

occur in breast and D283 cancer cells. This allows us to hypothesize that the 
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inhibition of cholesterol biosynthesis is a pathway specifically activated only 

in some tumours.  

 

 

Figure 3.24 Quantitative analysis of mRNA expression levels of genes of cholesterol 

synthesis and apoptotic pathway in medulloblastoma cell lines. The bars represent the 

average ± standard deviation (n = 3). Statistically significant difference from the 

control:*p<0.05, **p<0,01 ***p < 0.005, ****p < 0.001. 

 

3.11. Protein expression analysis  

Modulation of apoptosis by genes present in the pathway has been confirmed 

also by protein expression analysis by means of western blot. As shown in 

Fig. 3.25 MDM2 protein expression is decreased, as is the expression of 

phosphorylated c-JUN protein, the active form of c-JUN protein. 

Furthermore, p53 protein expression was found to be increased in all tumor 

lines tested. 
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Figure 3.25 Protein expression levels of MDM2, phosho c-JUN and p53 after AGS 

treatment analysed by Western blot analysis. Histograms report the expression of 

MDM2, phosho c-JUN and p53 normalized expression. β-Actin was used as loading 

control. The bars represent the average ± standard deviation (n = 3). Statistically 

significant difference from the control:*p<0.05, **p<0,01 ***p < 0.005, ****p < 

0.001. 

 

Finally, the molecular apoptotic pathway activated after AGS treatment in 

the other tumoral lines was investigated by q-PCR. Fig. 3.26 indicates that in 

MDA cells, there is modulation of BAX and BCL2 genes similarly to that 

found mesothelioma cell lines. Surprisingly, in medulloblastoma cells, BAX 

and BCL2 genes are not modulated in the same direction, but the expression 

of death receptor gene FAS, is modulated. 
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Figure 3.26 Quantitative analysis of mRNA expression levels of Bax, Bcl-2, Fas, p21 

and p53 after AGS treatment. The bars represent ± the average ± SD of independent 

experiments (n = 3). Statistically significant difference compared to untreated 

cells:*p<0.05, **p<0,01 ***p < 0.005, ****p < 0.001. 
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Discussion 

 

The development of alternative and more effective therapies in malignant 

mesothelioma is deemed urgent since to date the standard therapeutic 

modalities, including chemotherapy, surgery and radiotherapy have yielded 

un- satisfactory outcomes. The main objective of our research was to evaluate 

the anticancer efficacy of semi-polar extracts from peel and seed tissues of 

two Italian grape varieties, Aglianico and Falanghina, and to determine the 

mechanisms of action using different human mesothelioma cell lines. Our 

results suggest that Aglianico and Falanghina peel extracts do not exert 

proapoptotic effects on MM cells. This agrees with previous studies reporting 

only chemopreventive or adjuvant effect of peel extracts, mainly for the 

presence of resveratrol [40]. Additional studies are needed to validate if our 

peel extracts could act as adjuvant on MM cells when combined to 

chemotherapeutics. Our data also point out seeds as potential source of 

phytochemicals with anticancer activities in MM. Indeed, they were able to 

induce apoptosis in different MM cell lines, including those insensitive to 

standard chemotherapeutic treatments [37]. Semi-polar seed extracts from 

both Aglianico (AGS) and Falanghina (FGS) affected tumorigenic properties 

of human mesothelioma cells in a time- and dose-dependent manner, with 

Aglianico showing the strongest effect. Colony formation assay showed that 

FGS and AGS reduced the capacity of mesothelioma cells to form colonies, 

indicating that these extracts impair cellular self-renewal ability and 

proliferative cell rate. In addition, as assessed by a wound-healing assay, FGS 
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and AGS displayed the capacity to significantly inhibit cell migration 

capability. 

We provided evidence that cell viability reduction after FGS and AGS 

treatments was due to apoptosis. Indeed, we found that FGS and AGS trigger 

a time–dependent increase of the BAX/BCL-2 ratio and of cytochrome c 

release in all mesothelioma cell lines analysed, with the highest threshold 

reached after the 24 + 24 h treatment. BAX and BCL-2 are two members of 

the BCL family with an opposite role in regulating mitochondrial function 

and cytochrome c release. Alterations of mitochondria homeostasis represent 

one of the main pathways involved in apoptosis. In non-apoptotic cells, BAX 

is mainly located in the cytosol, while BCL-2 is found in the mitochondrial 

membranes. Upon apoptosis induction, BAX translocates into mitochondria 

triggering permeabilization of mitochondrial outer membrane with 

cytochrome c release. The apoptotic factors are then released into the 

cytoplasm and transferred to the nucleus, where they induce apoptosis. The 

pro-survival BCL-2 acts as antiapoptotic protein by preventing mitochondrial 

outer membrane permeabilization and inhibiting the transfer of apoptosis-

inducing factors to the nucleus. BAX/BCL-2 ratio regulates the 

mitochondrial intrinsic apoptosis pathway with subsequent cytochrome c 

release in the cytoplasm. 

Several studies described the anticancer activity of grape seed standardized 

extracts against different human cancer cell lines such as breast, colon, lung 

and skin [41] due to the presence of specific metabolites residues (gallate 

esters, pyrogallol) [42-44]. Our in vitro study showed, for the first time, the 

effectiveness of complex semi-polar extracts from Aglianico and Falanghina 
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seeds, suggesting that a specific combination of active compounds 

characterizes a grape variety and influences its biological activity. Other 

studies using semipolar fractions extracted from mature red grape seeds 

showed that they affected cell viability and enhanced Flouracil toxicity of 5-

FU in Caco-2 cells [44]. Therefore, to gain a first clue about the source of this 

bioactivity, we exploited high-resolution metabolomics to investigate the 

composition of the compounds accumulated in the peel and seed extracts of 

the two grape varieties. Overall, resulted highly enriched in proanthocyanidin 

molecules, which were present at very low levels or totally undetected in the 

peel samples of both varieties. Interestingly, Aglianico seeds displayed 

higher total proanthocyanidins. This finding agrees with the stronger 

inhibitory effect of Aglianico compared to Falanghina seeds on MM cell 

lines. Transcriptional data confirmed these results indicating that 

proanthocyanidins represent the main class of compounds accumulated in 

seed extracts. 

With respect to the detected bioactivity of AGS and FGS extracts, 

metabolomics data suggest that phenylpropanoids, particularly 

proanthocyanidins, are responsible or at least greatly contribute to the 

anticancer activity; in this context, we cannot exclude that additional 

compounds may take part in this process, and future fractionation studies will 

be carried out to unravel the molecules whose accumulation is mostly 

associated to the bioactivity. 

This is the first study indicating that grape seed semi-polar extracts are 

effective in MM cells. Moreover, studies on the molecular mechanisms 

identified that apoptotic intrinsic signalling pathways is involved. Our 
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findings will provide the reference for future analyses to identify the 

metabolic fraction/s mainly responsible/s for this bioactivity, thus to produce 

more effective extracts; in addition, this study will allow planning more 

detailed in vivo experiments relevant to the treatment of MM and possibly 

for clinical applications. 

Analysis of transcriptomic pathways showed that the main pathways 

involved by AGS treatment were those of cholesterol biosynthesis. This 

result was extremely surprising, while we expected a major involvement of 

pathways related to the cell death of cancer cells. Cholesterol plays a 

fundamental role in the cellular structure, in fact it is an indispensable 

component of the cellular membrane, so its deficiency can cause serious 

dysfunction in the cells. p53 protein plays a key role in controlling the 

initiation and development of cancer by regulating cell cycle arrest, 

apoptosis, senescence, and DNA repair. MDM2 protein is a major negative 

regulator of p53 that inhibits the activity of p53 and decreases its protein 

stability [45]. The dysregulation of the p53-MDM2 pathway, involving p53 

mutations or deletions and/or MDM2 amplification and overexpression, is 

the most commonly observed molecular modification in various human 

cancers [46-48]. c-JUN, the protein encoded by the JUN gene, blocks p53 

activity, its over expression represses p53 expression and accelerates cell 

proliferation [49]. The connection between the two pathways is represented by 

the DHCR24 gene. This gene encodes for an enzyme involved in the long 

chain of cholesterol synthesis. This enzyme, 24-Dehydrocholesterol 

reductase catalyses the reduction of the delta-24 double bond of sterol 

intermediates during the final steps of cholesterol biosynthesis. Therefore, a 
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reduced expression of DHCR24 induces a consequent reduction of 

cholesterol synthesis [50]. On the other hand, the same DHCR24 protein 

blocks the activity of p53. DHCR24 acts in two different ways, in fact it is 

able to directly reduce the activation of p53 [51], preventing the acetylation of 

this protein, that in turn stabilizes and increases the activity of p53.  

At the same time DHCR24 is also capable of preventing the binding between 

p53 and MDM2. This binding promotes the elimination of p53 by 

ubiquitination. It is reported that overexpression of DHCR24 reduces p53 

levels [52]. Thus, in our case, a reduction in DHCR24, MDM2, and JUN leads 

to an over expression of the onco-suppressor p53, a very common mechanism 

of action observed in treatment with natural products against cancer [53]. What 

is very interesting is that the effect of grape seed treatment is the same even 

in Mes2 mesothelioma cells that are resistant to standard chemotherapy 

treatment due to the lack of p21.  

The extraction protocol from grape seeds developed in the laboratory allowed 

us to obtain a very small amount of extract. During the period in the company, 

I was able to study the process of industrial production of another product 

obtained from grape seeds, grape seed oil, an oil marketed and used in 

cooking. This allowed me to see what the commonalities were between the 

laboratory extraction protocol and the industrial process, and how the latter 

could be adapted to obtain a product as similar as possible to the laboratory 

extract but on an industrial scale.  

Having studied the production process, we investigated the biological effects 

of grape seed oil on cells and compared with effect of AGS. We have seen 

that oil is capable of reducing viability in both mesothelioma and breast 
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cancer cells, but that unlike AGS this reduction in viability is not due to 

induction of the apoptotic process.  

Modulation of gene expression in the integrated network is also less effective 

than treatment with AGS. These results could be due to the fact that the oil 

we used is a commercial product produced from grape seeds of different 

cultivars, as we have previously seen different cultivars such as Aglianico 

and Falanghina have different biological effects. Therefore, it would be 

appropriate for future research to use an oil produced only from Aglianico 

seeds.  

Results obtained with medulloblastoma cells have confirmed that treatment 

with AGS reduces viability and induces apoptosis also in other tumour types, 

leading us to suppose that the mechanism of action is also valid for other 

tumour types and not linked to some typical feature of a single tumour type. 

This assumption has been validated by modulation of gene expression of the 

apoptosis pathway in medulloblastoma cells. In fact, while the cholesterol 

synthesis pathway is only modulated in certain tumour types, the pathway 

leading to p53 activation is conserved in all cell lines tested. Further 

confirmation is the modulation of protein expression level in all the lines 

analysed, where there is a reduction in p53 inhibitors, MDM2 and JUN, and 

an increase in p53 itself.  

The expression of BAX, BCL2 and FAS genes in the different cell lines 

highlights even more the central role of p53. In fact, if the apoptotic process 

is triggered by different pathways in different cells, all of them converge in 

the activation of p53. 
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Chapter 2 
 

Polyphenols from Ginkgo biloba extract 
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Materials and methods 

 

4.1. Cell Culture and Chemicals 

Human neuroblastoma cell line, SK-N-BE(2) (CRL-2271, ATCC®, LGC 

Standards S.r.l., Milan Italy) were cultured at 37 °C in a 5% CO2 humidified 

incubator in either RPMI-1640 medium (Euroclone spa, 20016 Pero, MI) 

supplemented with 10% fetal bovine serum (FBS), glutamine (2 mM), 

sodium pyruvate and antibiotics (0.02 mg/mL streptomycin and 0.02 IU/mL 

penicillin). 

Ginkgo biloba L. extract EGb 761 (EGb) was a gift from Schwabe (Schwabe 

Pharma Italia Srl, Egna, Italy). EGb stock solution contained 250 mg/mL of 

extract was dissolved in dimethyl sulfoxide (DMSO). Hydrogen peroxide 

(H2O2) (Sigma-Aldrich, St. Louis, MI, USA) was used as oxygen stress 

inducer. 

 

4.2. Cell Proliferation Assay 

For each experiment, approximately 1.5 × 105 cells/well in 6-well plates were 

plated and treated as described and untreated cells were used as control. To 

identify the H2O2 concentration able to determine about 50% of viability 

decrease, SK-N-BE cells were treated with 25, 50, 75, and 100 mM of H2O2 

for 24 h. When specified cells were treated with 25 μg/mL EGb for 24 h, the 

medium was replaced before H2O2 treatment. 

To evaluate the effect of EGb on cell viability, cells were treated with 10, 25, 

and 50 μg/mL for 24 h. To estimate the protective effect of EGb cells were 

treated for 24 h with 25 μg/mL of EGb, then insulted with 75 µM of H2O2 for 
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additional 24 h. EGb was dissolved in DMSO. Untreated samples were 

exposed to 0.1% DMSO and were used as control. 

For each experiment after treatment cells were collected and counted with 

Trypan Blue solution. (T6146, Sigma-Aldrich, St. Louis, MI, USA). 

All the experiments were performed in triplicate. Data are expressed as the 

mean ± SD. 

 

4.3. Propidium Iodide and DAPI Staining Assay 

In 6-well plates approximately 1.5 × 105 cells/well were plated and treated 

with EGb and H2O2 as previously described. After treatment cells were 

stained with 10 mg/mL of Propidium Iodide (PI) (Bioshop, Burlington, ON 

L7L 6A4, Canada) and DAPI (4′,6-diamidine-2′-phenyl indole dihydro 

chloride, Roche, Mannheim, Germany). Representative images were taken 

using fluorescent microscope (DMI8, Leica, Instruments, Germany) and 

florescence was quantified using Leica Application Suite X software (Leica, 

Milan, Italy). All the experiments were performed in triplicate. Data are 

expressed as the mean ± SD. 

 

4.4. Mitochondria Membrane Potential Measurement 

Mitochondria membrane potentials (MMP) were measured by JC-10 (Sigma-

Aldrich, St. Louis, MI, USA) following the manufacturer’s instructions. Loss 

of MMP was indicated by a progressive JC-10 dislocation from mitochondria 

to the cytosol. Cells were photographed using fluorescent microscope 

(DMI8, Leica, Instruments, Germany). Red (540/570 nm) and green 

(485/534 nm) florescence was quantified by Leica Application Suite X (LAS 



  

 62 

X) (Leica, Milan, Italy). All the experiments were performed in triplicate. 

Data are expressed as the mean ± SD. 

 

4.5. RNA Extraction and q-PCR 

RNA extraction and q-PCR were essentially performed as previously 

described. Brefly, Total RNA was isolated from each sample with Trizol 

(Thermo Fisher Scientific, Waltham, MA USA), as indicated by 

manufacturer. For each sample to analyse, cDNA was than obtained starting 

from 200 ng of total RNA using High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystem, Thermo Fisher Scientific, Waltham, MA USA). The 

described selected genes using gene specific primers BAX: Forward 5′-

TTTGCTTCAGGGTTTCATCCA-3′: Reverse 5′- CTCCATGTT-

ACTGTCCAGTTCGT-3′; BCL- 2: Forward 5′-GTTCCCTTTC-

CTTCCATCC-3′; Reverse 5′-TAGCCAGTCCAGAGGTGAG-3′; p53: 

Forward 5’-TCTGTCCCTTCCCAGAAAACC-3’; Reverse 5’-CAAGAA-

GCCCAGACGGAAAC-3′; GAPDH: Forward 5′-CAAGGCT-GTGGGC-

AAGGT-3′; Reverse 5′-GGAA GGCCATGCCAGTGA-3’. 

All primers were selected using a specific software (Primer express 2.0, 

Applied Biosystems, Foster city, CA, USA) and all of them specifically 

covered the exon-exon junctions. The analysis of gene expression was done 

as described in [37] and GAPDH gene was used as internal control. q-PCRs 

were done using the 7900 HT Real Time PCR (Applied Biosystem) and for 

each experimental condition a triplicate was performed. Data obtained are 

expressed as the mean ± SD. 

 



  

 63 

4.6. Western Blot 

For each experimental condition and from each sample total, protein extracts 

were obtained, as described in [54]. For the analysis, 20 μg of each sample 

were loaded on Tris–glycine gradient gels (4% to 15% gels (Bio-Rad 

Laboratories, Inc., Hercules, CA, USA) and separated at 100 V. To probe 

proteins with specific primary antibodies antibodies, they were transferred to 

PVDF membranes (Biorad Laboratories, Inc., Hercules, CA, USA). All the 

secondary antibodies used were horseradish peroxidase conjugated. All the 

antibodies were used as indicated by manufacturer. The following primary 

antibodies were used for Western blot: PARP (Cell Signaling, #9542), BCL-

2 (Abcam, ab182858), BAX (Santa Cruz Biotechnology, sc-493), Acetyl-p53 

Lys382 (Cell Signaling, #9542). As the internal control we used β-Actin (Cell 

Signaling, #3700), which was used as the loading control. To detect protein 

levels, Clarity western ECL (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) was used. The quantization was then obtained using ImageJ software 

vJ1, an open source tool. For each experimental condition a triplicate was 

performed, and results are expressed as the mean ± SD. 

 

4.7. Statistical Analysis 

To perform calculations on sample size the on line available software 

GPower was used. Sample size was determined using as parameters: 1 − β = 

0.80, α = 5%. For each experiment, statistical analysis was done using Graph 

Pad Prism 9.0 (GraphPad Software, San Diego, CA, USA) to analyse the 

significance of the differences between control and treatments. We evaluated 

the differences among means applying the one-way ANOVA. Bonferroni’s 
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multiple comparison test with Bonferroni post hoc correction was used to 

analyse the differences of each treatment respect to the control. 

Statistically significant difference compared to DMSO treated cells are: * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Results 

 

5.1. EGb Protects SK-N-BE Cells Against Oxidative Stress Induced 

Apoptotic Cell Death 

We first determined, in a dose-response curve at 24 h, the amount of H2O2 

that had lethal effect on SK-N-BE human neuroblastoma cells. Oxidative 

stress induced cell death was around 50% when cells were treated with 75 

µM H2O2 (Fig 5.1).  

 

 

Figure 5.1 H2O2 affects SK-N-BE cell viability. Cell viability decrease after treatments 

with different concentration of H2O2. The bars represent ± the average ± SD of 

independent experiments (n = 3). Statistically significant difference compared to control 

cells: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 

 

To verify if 75 µM H2O2 was able to induce apoptosis on SK-N-BE cells, 

untreated and H2O2 treated cells, without fixation and permeabilization, were 

stained with Annexin V - FITC and PI. The analysis by fluorescence 

microscopy confirmed that H2O2, at this concentration, induced apoptosis 
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(Fig 5.2 a). Indeed, a strong increased number of stained Annexin V - FITC 

and PI cells were present when cells were treated with H2O2 (Fig. 5.2 b). 

 

Figure 5.2 Representative images of DAPI, Annexin V-FITC and PI triple fluorescence 

staining showing cellular apoptosis after H2O2 treatment. DAPI: blue; Annexin V: 

green; PI: red. Histograms reports quantification of fluorescence of DAPI, Annexin V, 

and PI. The bars represent ± the average ± SD of independent experiments (n = 3). 

Statistically significant difference compared to control cells: * p ≤ 0.05, ** p ≤ 0.01. 

 

To ascertain that EGb did not induce cell death, SK-N-BE cells were treated 

with various concentrations of EGb for 24 h. Results showed that EGb at all 

used concentrations did not reduce cell viability (Fig 5.3). 
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Figure 5.3 Effects of EGb on cell viability. Cell viability after treatments with different 

concentration of EGb. The bars represent ± the average ± SD of independent 

experiments (n = 3). Statistically significant difference compared to control cells: ** p ≤ 

0.01, *** p ≤ 0.005. 

 

To determine whether EGb played a role in protecting SK-N-BE from H2O2-

induced cell death, cells were pre-treated for 24 h with EGb (25 μg/mL) and 

then challenged with H2O2 (75 µM) for the following 24 h. Analysis of cell 

vitality revealed that the oxidant sensitivity of SK-N-BE cells was completely 

reverted by pre-treatment with EGb (Fig 5.4). 
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Figure 5.4 Cell viability after treatments with 25 mg/mL of EGb, 75 mM of H2O2 or a 

combination of them. Cells treated with DMSO were used as control. Fluorescent 

microscopic image of DAPI/PI stained cells; DAPI: blue; PI: red. Histogram reports 

quantification of fluorescence of DAPI and PI. The bars represent ± the average ± SD of 

independent experiments (n = 3). Statistically significant difference compared to control 

cells: ** p ≤ 0.01 

 

Concomitant addition of EGb and H2O2 or addition of EGb 24 h later H2O2 

treatment did not result in a reversion of lethality. Results were confirmed by 

analysis with PI and DAPI staining, as shown by fluorescence microscopy 

analysis. Indeed, a comparable number of the PI positive cells were present 

in untreated, EGb treated and EGb- H2O2 treated cells, where a higher number 

were present in presence of H2O2 alone.  
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5.2. EGb Protects SK-N-BE Cells Against Oxidative Stress Induced 

Apoptosis 

To confirm that EGb could protect cells against apoptotic cell death induced 

by oxidative stress, we first analysed the presence of poly(ADP-ribose) 

polymerase (PARP) cleavage, an hallmark of apoptosis. As expected, PARP 

cleavage increased after H2O2 treatment, although the cells were completely 

protected from oxidative stress-induced apoptosis in presence of EGb (Fig 

5.5). Then, to study the protective mechanism of EGb against oxidative 

stress-induced apoptosis, we investigated the molecular signalling pathway 

involved in the apoptotic cell death analysing p53 expression. 

 

 

Figure 5.5 EGb protects SK-N-BE from apoptosis. Western blot analysis of protein 

expression of cleaved PARP, Acetylated-p53/K382, BAX and Bcl2 in SK-N-BE cells 

after treatments (a). expression of Acetylated-p53/K382, cleaved PARP and BAX/Bcl2 
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ratio normalized expression is reported in the histograms (b). β-Actin was used as 

loading control. The bars represent ± the average ± SD of independent experiments (n = 

3). Statistically significant difference compared to control cells: * p ≤ 0.05, ** p ≤ 0.01. 

Cells treated with DMSO were used as control. 

 

The tumour suppressor protein p53, modulating cell homeostasis, has a 

determinant role in cell fate. 

Oxidative stress, leading to post-translational modifications of p53, allows it 

to regulate genes that can activate cell survival or cell death processes [25].  

Gene expression analysis, by q-PCR, revealed that p53 was not modulated 

by oxidative stress as well as by EGb (Fig 5.6). 

 

 

Figure 5.6  Quantitative analysis of mRNA expression levels of p53, BAX and Bcl-2 in 

SK-N-BE cells after treatments. Histograms report the expression of p53 and BAX/Bcl2 

ratio. The bars represent ± the average ± SD of independent experiments (n = 3). 

Statistically significant difference compared to control cells: **p ≤ 0.01. Cells treated 

with DMSO were used as control. 

 

It is known that increased p53-acetylation at lysine 382 (K382) promotes 

p53-dependent pro-apoptotic activity in cancer cells [55]. Thus, we analysed 

by western blot analysis whether these post-translational modifications of 
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p53 could account for the apoptotic reduction observed in presence of EGb. 

Results clearly demonstrate that K382 acetyl-p53 was strongly increased 

following H2O2 insult, however p53-acetylation was inhibited in presence of 

EGb (Fig 5.5). 

Oxidative stress activates the mitochondrial intrinsic pathway of apoptosis 

[56]. p53, interacting with members of the Bcl-2 family, directly participating 

to the activation of the intrinsic apoptosis pathway [56]. We focused our 

attention on the ratio between two members of the Bcl-2 family, BAX and 

BCL-2, which are markers of cell susceptibility to intrinsic apoptosis. Protein 

expression analysis evidenced an increased BAX/Bcl-2 ratio in H2O2 treated 

SK-N-BE while pre-treatment with EGb restored a normal ratio (Fig 5.5). 

These results were also confirmed by gene expression analysis, by q-PCR of 

the corresponding genes (Fig. 5.6). 

 

5.3. EGb mitigated the H2O2 induced decrease in mitochondrial membrane 

potential 

Increased BAX/Bcl-2 ratio suggested that mitochondria are involved in 

apoptosis. Indeed, it is well known that, during intrinsic apoptosis, the 

mitochondrial membrane potential (MMP) collapses, triggering other 

downstream events in the apoptotic cascade. Thus, we investigated by JC-10 

assay the change of MMP following H2O2 or EGb treatment of SK-N-BE 

cells. Results showed that untreated cells displayed intact, well-polarized 

mitochondria marked by a red punctate fluorescence. On contrary, H2O2 

treated cells showed a reduction of the red fluorescence and an increase of 

the green one, indicating loss of MPM because of the progressive JC-10 
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dislocation from mitochondria to the cytosol. On the contrary, EGb treatment 

restored the fluorescence to the values of untreated cells. (Fig 5.7). 

 

  

Figure 5.7 EGb reduces the decrease of mitochondrial membrane potential. 

Fluorescence analysis of mitochondria in control or EGb treated cells with or without 

H2O2. Histogram reports quantification of fluorescence of Red (540/570 nm) and green 

(485/534 nm). The bars represent ± the average ± SD of independent experiments (n = 
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3). Statistically significant difference compared to control cells: * p ≤ 0.05). Cells 

treated with DMSO were used as control. 

 

5.4. EGb exhibits intracellular anti-apoptotic effect 

To verify whether EGb acts as antioxidant into cells, or if it was able to 

directly scavenge H2O2 in the culture medium, SK-N-BE cells were treated 

for 24 h with EGb, then the culture medium was replaced and cells were 

challenged with H2O2. Results showed that that EGb determined antioxidant 

protection on cell viability independently by its presence in the culture 

medium. In fact, pre-treatment with EGb was per se sufficient to attenuate 

the H2O2-induced cell death in SK-N-BE cells (Fig 5.8).  

 

 

Figure 5.8 Intracellular effect of EGb. Cell viability analysis of SK-N-BE with or 

without EGb in the medium after H2O2 oxidative insult. The bars represent ± the 

average ± SD of independent experiments (n = 3). Statistically significant difference 

compared to control cells:  *** p ≤ 0.005). Cells treated with DMSO were used as 

control. 

 

Moreover, in these conditions we observed a reduced cleavage of PARP 

protein, a reduced amount of K382 acetyl-p53 and a reduced BAX/Bcl-2 ratio 



  

 74 

(Fig 5.9), confirming that EGb was able to protect SNKBE cells by apoptotic 

cell death exerting an intracellular antioxidant action. 

 

 

Figure 5.9 Protein expression analysis of cleaved PARP, Acetylated-p53/K382, BAX 

and Bcl2 in SK-N-BE cells after treatments by Western blot analysis (a). Histograms 

report the expression of Acetylated-p53/K382, cleaved PARP and BAX/Bcl2 ratio 

normalized expression (b). β-Actin was used as loading control. The bars represent ± 

the average ± SD of independent experiments (n = 3). Statistically significant difference 

compared to control cells: * p ≤ 0.05, ** p ≤ 0.01). Cells treated with DMSO were used 

as control. 
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Discussion 

The incidence of neurological disorders—the most dreaded maladies of older 

people—are expected to increase over the next few decades due to prolonged 

life expectancy [57]. To date, more than 1 in 10 individuals over 65 years are 

affected by neurodegenerative diseases and the numbers will continue to 

increase with age. Until now, no effective treatments have been described to 

cure these diseases and the costs for their management represent one of the 

leading medical and societal challenges faced by society [58]. For these 

reasons recent investigations have been focused to understanding their 

pathogenesis and to the development of novel therapeutics. Ginkgo biloba, a 

plant that has been used for thousands of years, is considered one of the more 

promising natural drugs. The extracts, obtained from Ginkgo biloba leaves, 

have been recently used also in clinical studies. 

Most of the studies on the EGb concern its neuroprotective effects, against 

ageing. Standardized Ginkgo biloba extracts (EGb) have been used for 

treatment and prevention of different neurological disorders as Alzheimer’s 

disease [21,22], Parkinson’s disease [23,59], cerebral vascular deficit, and 

dementia [24,60].  

Indeed, the brain is especially sensitive to the effects of ageing. This tissue 

being primarily composed of postmitotic cells—neurons and 

oligodendrocytes—is more vulnerable than proliferating cells to 

macromolecular damages, especially to DNA [61]. DNA damages in neurons 

accumulate from development throughout life. To escape this process, 

postmitotic neurons adopt selective mechanisms aimed to specifically repair 

genes actively transcribed [62]. 
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Oxidative stress is one of the main causes of neural damage. EGb exerts 

neuroprotective action mainly acting as free radical–scavenger In fact, EGb 

is able to reduce the endogenous and the induced levels of ROS [63]. 

Moreover, EGb can directly upregulate antioxidant enzymes such as 

superoxide dismutase and catalase [64]. This activity is linked to the chemical 

structure of the flavonoids that allow to not only react and directly scavenge 

the hydroxyl radicals, but also to inhibit the formation of new hydroxyl 

radicals [65]. It is well known that oxidative stress determines the activation 

of the apoptotic processes, thus playing a pivotal role in most of neurological 

diseases. EGb can act on multiple cellular pathways with the final goal to 

balance the existing apoptotic machinery. In fact, EGb prevents 

mitochondrial membrane damage reducing the release of cytochrome c from 

the mitochondria, upregulates the antiapoptotic protein Bcl-2-and inhibit 

PARP cleavage [66]. 

The neuroprotective effect of EGb 761 has been reported in different 

neuronal cell lines in which it acts by inhibiting oxidative stress induced 

apoptosis [67-69] or the activation of mitochondrial intrinsic apoptosis [67,68] . 

A recent in vivo study reported that EGb 761 protected from brain injury by 

suppressing neuronal apoptosis [14]. Moreover, some studies reported the 

protective effect of Ginkgo biloba extract in people affected by 

neurodegenerative diseases [70,71]. 

In this study we analysed the protective effect of EGb on oxidative stress-

induced apoptosis in SK-N-BE cells with the aim to unravel the molecular 

pathway in which EGb acts as antioxidant. Human neuroblastoma cell line 

N-type have neuronal morphology [72] and have been commonly used as 



  

 77 

model for research in neuroscience and in particular in studies related to 

oxidative stress and neurodegenerative diseases [33-35,73]. 

Our results demonstrated that the standardized extract EGb 761 significantly 

protected neuroblastoma cells from oxidative stress blocking apoptosis in a 

p53-dependent pathway. Interestingly, according to previous studies we 

found that EGB was able to inhibit p53 acetylation at lysine 382. It is known 

that p53 activity depends on the acetylation of specific lysine [74]. In addition, 

the acetylation of the C-terminal K382 lysine is crucial for p53 activation [75] 

since it results in the activation of PUMA promoter—a member of Bcl-2 

family [76]. PUMA, promoting BAX multimerization and mitochondrial 

translocation, induces apoptosis [77]. Accordingly, our results show that EGb 

protects against mitochondrial membranes depolarization with a consequent 

reduction of BAX/Bcl-2 ratio. These results were supported by reduction of 

PARP cleavage with increased viability. 

Previous studies reported that Gingko biloba extracts in cancer cells is able 

to induce apoptosis in a p53-dependent pathway by increasing the levels of 

p53 acetylation that, in turn, determines cell cycle arrest and apoptosis. On 

the contrary, our results demonstrated that the standardized extract EGb 761 

significantly protected neuroblastoma cells from oxidative stress blocking 

apoptosis in a p53-dependent pathway. These results claim the different 

activity of EGb when used as neuroprotective or as anticancer drug [78]. 
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Conclusion 

 

During this PhD period, my studies have demonstrated that hydro-alcoholic 

extracts of Aglianico and Falanghina grape seeds induce reduction of key 

tumorigenic characteristics of mesothelioma cells, such as viability, 

proliferation, and migration capacity. All the analysis performed determined 

that treatment with both extracts induces apoptosis in different mesothelioma 

cell lines via the intrinsic apoptosis pathway, by modulating proteins that 

regulate mitochondrial membrane permeability and by promoting 

cytochrome c leakage into the cytoplasm.  

More interestingly, transcriptome analysis identified that the cholesterol 

biosynthesis pathway is the pathway most affected by Aglianico extract 

treatment and that it is linked to the p53-mediated apoptosis induction 

pathway. 

AGS treatment also reduces cell viability and induces apoptosis in different 

tumour cell lines such as breast cancer and medulloblastoma cell lines. Also, 

in these cells a key role is represented by activation of the onco-suppressor 

p53 and by downregulation of its inhibitors, MDM2 and JUN. 

As a continuation of the work, it would be important to test the efficacy of 

Aglianico extract also in vivo using a mouse tumour model. If the efficacy 

will be proved that it would be appropriate to fractionate the extract to 

identify the more active fraction responsible of the biological activity. 
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Neurodegenerative disorders include a range of conditions that share 

common degenerative pathways, although they manifest clinical differences. 

Increased oxidative stress has been described in almost all neurodegenerative 

disorders. In neurons, imbalance between the accumulation of free radicals 

and antioxidant defences seems to be the link between cell death and 

progression of neurodegenerative diseases. Oxidative stress can trigger 

apoptosis in neuronal cells and excessive death of one or more populations 

of neurons, resulting in a neurodegenerative disease [79]. 

Our data suggest that EGb 761 blocking the onset of p53-dependent apoptotic 

pathway induced by oxidative stress, could be considered as antioxidant 

nutraceutical to be potentially used for the prevention and treatment of 

neurodegenerative diseases. This hypothesis could be strengthened with a 

larger number of randomized clinical trials. 

These studies unravel two possible uses of polyphenols. In fact, if grape seed 

extracts are able to induce apoptosis in cancer cells, on the other hand 

polyphenols of different origin, as those extracted from Ginkgo biloba leaves, 

are able to reduce the effects of oxidative stress and could prevent 

neurodegenerative diseases. 

Polyphenols of natural origin are many and can have very different actions. 

This is the reason why they represent a good future perspective for the 

treatment of many diseases and disorders. Moreover, they are safe and have 

a very low toxicity, so, it is easy to test their efficacy in pre-clinical and 

clinical studies.  
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A B S T R A C T

Malignant mesothelioma is a tumor that affects pleural surface and has very poor prognosis. The standard
therapeutic modalities for this cancer have yielded unsatisfactory outcomes, therefore the development of al-
ternative and effective therapies is currently an urgent requirement.

Grapevine is a plant rich of bioactive compounds, known for its therapeutic effects. Here, we describe the
anti-cancer activity of grape seeds semi-polar extracts of two Italian grape varieties (Aglianico and Falanghina)
in mesothelioma in vitro. Seed extracts from both varieties induced intrinsic apoptosis in a dose and time-de-
pendent manner in three different human mesothelioma cell lines. Global metabolic analysis of this fraction
revealed a higher accumulation of phenylpropanoid precursors and proanthocyanidins and expression of genes
involved in the aforementioned pathways.

These findings suggest that new phenolic molecules from grape seeds could be viewed as new drugs to be used
alone or in combinations with standard chemotherapeutics in mesothelioma treatment.

1. Introduction

Malignant Mesothelioma (MM) is a rare and aggressive form of
cancer associated with exposure to asbestos fibers that affects the me-
sothelium surface of the pleural cavity. The prognosis of MM is very
poor due to long latency development (30–40 years), to diagnosis at a
very late stage and to its high chemo-resistance (Crispi et al., 2010).
Previously, our group has investigated the in vitro and in vivo efficacy of
a piroxicam and cisplatin combined treatment against MM. This treat-
ment determined a marked tumor growth inhibition and an extended
survival both in mouse models (Spugnini et al., 2006) and in pets
(Spugnini et al., 2008). In addition our group revealed that combined
treatment was ineffective in specific mesothelioma cell lines (Baldi
et al., 2011).

It should be pointed out that serious limitations in cancer treatments
are due to drug toxicity and to development of tumor-resistance. For
this reason, research is needed on the identification of novel therapeutic
approaches using natural compounds showing cytotoxicity exclusively
against cancer cells. In this perspective, phytochemicals represent good

candidates to be used alone or associated with standard chemotherapy.
In fact, these molecules display an adjuvant effect resulting in tumor
growth inhibition and in chemoprotective action towards the healthy
cells (Piccolo, Menale, & Crispi, 2015).

A wide range of phytochemicals has been reported to positively
affect normal cell growth, proliferation and differentiation. Some
bioactive compounds can prevent the occurrence of cancer, reduce
cellular oxidative damage and help in the maintenance of intracellular
antioxidant defences through their free radical scavenging properties
(Vallejo, Salazar, & Grijalva, 2017). Among them, polyphenols, ter-
penes and alkaloids are the most important molecules able to reduce
tumorigenesis and revert cancer related dysfunctions (Seca & Pinto,
2018). Grapevine (Vitis vinifera L.) is a plant rich of bioactive com-
pounds already used to develop cosmeceuticals and nutraceuticals
(Gollucke, Peres, Odair, & Ribeiro, 2013). They are mainly distributed
in berry skin, stem, leaf and seed, rather than in the pulp of the berry.
As there is an increasing worldwide interest in the recovery and reuse of
residues from agro-industrial processes there is an additional interest in
these wine industry by-products. Their transformation makes it possible
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to obtain raw materials that can be reconverted into a different finished
product. In this scenario, the development of new technologies to re-
cover these residues perfectly matches with the growing interest of the
cosmeceutical and nutraceutical industry for the production of bioac-
tive compounds.

Mounting evidence indicate that grape-derived phytochemicals
have healthy and chemopreventive effects (Katiyar & Athar, 2013).
Moreover, some polyphenols exert cytotoxic effects and are of great
interest for developing new molecules with pharmacological activity
(Ferri et al., 2016). It has been reported that berry peel contains a
substantial amount of phenolic compounds, antioxidants and total an-
thocyanins that can be used in different therapeutic procedures
(Ghafoor, Park, & Choi, 2010). However, most of grape polyphenols are
present in the seeds, ranging from 60% to 70% of total extractable
compounds. In this context, a strong link has been postulated between
these bioactivities and a series of non-polar (lipids) and semi-polar
(phenolics) molecules highly accumulated in grape seeds (Bazan-
Salinas, Matias-Perez, Perez-Campos, Mayoral, & Garcia-Montalvo,
2016). Among advantageous metabolites, a very relevant role has been
assigned to proanthocyanidins, oligomeric flavonoids generated
downstream of phenolic acids, chalcones, flavanones and flavonols
(Gascuel, Diretto, Monforte, Fortes, & Granell, 2017).

Several studies describe the anticancer effects of molecules ex-
tracted from grape tissues (Kaur, Agarwal, & Agarwal, 2009). However,
none is referred to the effect on MM. Several natural compounds such as
epigallocatechin gallate, resveratrol and curcumin displayed adjuvant
effect with standard chemotherapy both in MM (Lee et al., 2014;
Martinotti, Ranzato, Parodi, Vitale, & Burlando, 2014; Serri et al.,
2017) and in other tumours (Chen, Landen, Li, Alvarez, & Tollefsbol,
2013). Recently, it has been reported that Cabernet Sauvignon seed
fractions show cytotoxicity on colon cancer cells and can synergize with
the chemotherapy drug Fluorouracil by amplifying its efficacy (Cheah,
Howarth, Bindon, Kennedy, & Bastian, 2014).

Phytochemicals anticancer activities are exerted by inducing pro-
grammed cell death (apoptosis). Dysregulation of apoptosis leads to
different human diseases, including cancer. Apoptosis can be executed
through the intrinsic or the extrinsic pathway. The intrinsic pathway is
regulated by B-cell lymphoma-2 (BCL-2) family proteins. BAX (Bcl-2-
associated X protein) impairs mitochondrial membranes determining
cytochrome c release, and this activity is inhibited by binding of BCL-2
to BAX. Unbalance between BCL-2 and BAX favors BAX activity, de-
termining the onset of apoptosis. Mitochondria play an essential role in
this pathway by releasing apoptogenic proteins into the cytoplasm. The
extrinsic pathway is activated by extracellular death ligands. Their
binding to the cognate death receptors leads to activation of apoptosis
(Ashkenazi & Dixit, 1998). Both apoptotic pathways lead to caspases
machinery activation determining the cleavage of PARP (poly(ADP-ri-
bose) polymerase) protein that is required for the late apoptotic events
(Fischer, Janicke, & Schulze-Osthoff, 2003).

In this study, we describe the anti-cancer potential of grape seeds
global semipolar extracts of two Italian grape varieties Aglianico (red)
and Falanghina (white) in MM. Grape seed extracts showed anti-cancer
activity in three different mesothelioma cell lines MSTO, two lines
(MSTO-221H and NCI-H2452) responding to the standard treatment
and one line (Ist-Mes2) does not responding to it. Their efficacy was
explored analyzing the apoptotic pathways and the reduction of cancer
properties. In addition, global metabolic profiling and targeted tran-
scriptional investigations allowed to identify the phytochemical content
of our grape extracts and highlighted the significance of the varietal
genetic makeup, respectively. Overall, our data demonstrate that our
seed extracts induce apoptosis in a dose and time-dependent manner
also in MM suggesting that new molecules could be further investigated
for novel MM treatment.

2. Materials and methods

2.1. Cell culture

Human mesothelioma cell lines MSTO-221H (MSTO) and NCI-
H2452 (NCI) were grown in RPMI supplemented with 10% FBS, glu-
tamine (2mM), sodium pyruvate and antibiotics (0.02 IU/mL-1 peni-
cillin and 0.02mg/mL-1 streptomycin). Human mesothelioma cells Ist-
Mes2 (Mes2) were cultured in DMEM, supplemented with 10% FBS,
glutamine (2mM), 1% nonessential amino acids, and antibiotics
(0.02 IU/mL-1 penicillin and 0.02mg/mL-1 streptomycin).

2.2. Plant material

Two V. vinifera cultivars were used in this study: Aglianico del
Taburno, clone Ampelos TEA 22, and Falanghina del Beneventano,
clone Ampelos EVA 1, both grafted onto rootstock 1103 Paulsen – V.
berlandieri× V. rupestris – clone ISV 1. Berries were collected from a
nine-year-old vineyard (145m a.s.l., Castelvenere, Benevento Province,
Southern Italy) during the 2015 growing season. The technological ri-
pening stage was identified and, for each variety, 30 clusters were
harvested from different positions of the vineyard and from random
positions on the plant to ensure the representation of the entire vine-
yard (Rinaldi et al., 2017). Ten berries were randomly selected from
different parts of the cluster, avoiding those with visible damages and/
or signs of pathogen infection, and pooled with berries from the other
plants of the same variety. The whole berries were frozen immediately
in liquid nitrogen. Three independent pools (biological replicates) of
about 100 berries were used for the analyses.

2.3. Extract preparation

To obtain peel and seed semipolar extracts from Aglianico and
Falanghina, each tissue was first isolated, minced with liquid nitrogen
and then lyophilized. The powder was homogenized with methanol/
cloroform (1:4) using TissueLyser (Qiagen). Aqueous phases was then
recovered after a 5′ centrifugation (12,000 rpm) and lyophilized again.
The powder was then dissolved in DMSO (Sigma) at a concentration of
500mg/ml and stored at −20° C. The extracts were designed as fol-
lows: Aglianico grape peel, AGP; Aglianico grape seed, AGS; Falanghina
grape peel, FGP; Falanghina grape seed, FGS.

2.4. Cell proliferation assay

To evaluate the effects of peel and seed semipolar extracts from
Aglianico and Falanghina on cell proliferation, approximately 1× 104

cells were plated in 48-well plates and treated with different con-
centrations of either peel (up to 1000 µg/ml) or seed (up to 500 µg/ml)
extracts for 24, 48 or 24+24 h (24+ 24). In the case of the 24+24
treatment, cells were treated twice: after overnight incubation and
again after 24 h. Then, cells were fixed with 3.7% formaldehyde for
10min, washed with PBS, and stained with 0.5% crystal violet for
10min. A microplate reader (Cytation3, ASHI) was then used to mea-
sure the absorbance of each well at 595 nm. All the experiments were
performed in triplicate. Through this experiments, we selected the op-
timal concentration (350 µg/ml) and extract source (seed) to be used in
subsequent experiments.

2.5. Colony forming assay

For colony assay, cells were seeded in six-well plates at a density of
500 cells/well and incubated at 37 °C in a 5% CO2 humidified in-
cubator. The culture medium was replaced every three days and cells
were grown for 14 days. Then, cells were treated with 350 µg/ml of
Falanghina (FGS) or Aglianico (AGS) seed extracts for 24 h and grown
for additional 14 days using media without seed extracts. Colonies were
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finally stained with crystal violet and counted. Representative plates
were photographed using phase contrast microscope (Leica, Milan,
Italy). All the experiments were performed in triplicate.

2.6. Wound healing assays

Approximately 1.5× 105 cells were plated in six-well plates. After
overnight incubation, cells were treated with 350 µg/ml of FGS or AGS
extracts for 24, 48 and 24+ 24 h. Wounds were created in confluent
cells using a 200 μL pipette tip. To analyse cell migration, at least 10
representative images for each scratch were taken in different scratched
area of cells at different time points of incubation. Images were focused
on the centre of the wound field, photographed and measured using
ImageJ software. The influence of FGS and AGS on wound closure was
compared to scratched cells at time zero hours.

All the experiments were performed in triplicate.”

2.7. Apoptosis detection by flow cytometry analysis

Approximately 7.5× 105 cells were plated in 100mm plates. After
overnight incubation, cells were treated with 350 µg/ml of FGS or AGS
extracts for either 24 48 or 24+24 h and stained with propidium io-
dide and annexin V (Annexin V FITC assay, BD Biosciences, Franklin
Lakes, NJ), according to the manufacturer’s guidelines. Flow cytometry
was performed using a FACS-can™ flow cytometry system (Becton
Dickinson, San Jose, CA). All the experiments were performed in tri-
plicate.

2.8. RNA extraction and expression analysis of apoptotic pathway genes in
MM cells

RNA was extracted using Trizol (Life Technologies) following
manufacturer’s instructions. For RT-qPCR assays, 200 ng of total RNA
from each sample were retro-transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystem). RT-qPCR reactions were
performed by means of a 7900 HT Real Time PCR (Applied Biosystem).
Gene specific primers for the selected genes (BAX: Forward 5′-TTTGC
TTCAGGGTTTCATCCA-3′, Reverse 5′- CTCCATGTTACTGTCCAGTT
CGT-3′; BCL-2: Forward 5′-GTTCCCTTTCCTTCCATCC-3′, Reverse
5′-TAGCCAGTCCAGAGGTGAG-3′; FAS: Forward 5′-CCCTCCTACCTCT
GGTTCTTACG-3′, Reverse 5′TCAGTCACTTGGGCATTAACACTTT-3′;
FASL: Forward 5′-CCTGAAAAAAAGGAGCTGAGGAA-3′, Reverse
5′-GGCATGGACCTTGAGTTGGA-3′; GAPDH: Forward 5′-CAAGGCTGT
GGGCAAGGT-3′, Reverse 5′-GGAAGGCCATGCCAGTGA-3′) were de-
signed at exon-exon junctions using Primer express 2.0 (Applied
Biosystems). Target expression level was performed as previously de-
scribed (Crispi et al., 2009) using GAPDH as housekeeping gene. All the
experiments were performed in triplicate.

2.9. Cytochrome c release

To determine the cytochrome c release from mitochondria to cy-
tosol, cytosolic fractions were isolated after FGS and AGS extracts
treatment. 1× 106 cells were resuspended in 100 µL of ice-cold plasma
membrane permeabilization buffer (200 µg/ml digitonin, 80mM KCl in
PBS), and incubate on ice for 5min. Lysates were centrifuged at 800 X g
for 5min at 4 °C, and the supernatants (cytosolic fraction) were then
collected. All the experiments were performed in triplicate.

2.10. Western blot

Protein extracts were prepared as previously described (Baldi et al.,
2011). For each lane, 20 μg of total cell lysates were separated in 4–15%
Tris–glycine gels (BioRad) at 100 V. Proteins were then transferred to
PVDF membranes, probed with the specific primary antibodies, fol-
lowed by secondary antibodies conjugated with horseradish peroxidase

according manufacturer’s indications. Primary antibodies used for
Western blot include PARP (Cell Signaling, #9542), BCL-2 (Abcam,
ab182858), BAX (Santa Cruz Biotechnology, sc-493) and Cytochrome c
(Abcam, ab133504). β-Actin (Cell Signaling, #3700) was used as
loading control. All the antibodies were used at working concentration
indicated by manufacturers. Protein bands were detected by Clarity
western ECL (BioRad) and quantified with ImageJ software. All the
experiments were performed in triplicate.

2.11. LC-HRMS of peel and seed semi-polar metabolomes

Global semi-polar extracts of Aglianico and Falanghina berry peels
and seeds were produced as previously described and analysed using an
Ultimate UHPLC system with a photodiode array detector (Dionex), and
a Q-exactive quadrupole Orbitrap mass spectrometry system
(ThermoFisher Scientific) (LC-HRMS), as reported before with slight
modifications at metabolite ionization level. More in detail, a heated
electrospray ionization (HESI) source was used, with nitrogen as sheath
and auxiliary gas (40 and 30 units, respectively). The vaporizer and
capillary temperatures were set at 280 and 300 °C, respectively. The
discharge current was set to 4.5 μA, and S-lens RF level set at 50. The
acquisition was carried in the mass range 110–1600m/z, both in po-
sitive and in negative ion mode with the following parameters: re-
solution 70,000, microscan 1, AGC target 1× e6 and maximum injec-
tion time 50. An untargeted metabolomics analysis was performed
using the software SIEVE (Thermofisher scientific) to identify, first of
all, all the compounds present in the extracts (using the “component
extraction” package); subsequently, all the differentially accumulated
ions in the designed mass chromatogram comparison (AGP/FGP, AGS/
FGS, AGS/AGP, FGS/FGP) have been unravelled using the “differential
analysis” package. Differentially accumulated (DA) metabolites were
annotated through a metabolomics public database interrogation. All
the tentative identities were then validated: (a) using literature sources,
by comparing chromatographic and MS properties of each compounds
with authentic standards, if available; (b) on the basis of the m/z ac-
curate masses, as reported in the Pubchem database for monoisotopic
masses, or in the Metabolomics Fiehn Lab Mass Spectrometry Adduct
Calculator for adduct ions. Analysis of mass fragmentation was per-
formed as reported in Metlin (http://metlin.scripps.edu/landing_page.
php?pgcontent=mainPage), or by the comparison of experimental and
theoretical mass fragmentation performed using MassFrontier 7.0
software (Thermofisher scientific). Metabolites in the final targeted list
were quantified relative to the formononetin internal standard levels.
At least three biological replicates were analyzed. Differentially accu-
mulated compounds were highlighted using a Tukey’s t-test. Heatmaps
of phenylpropanoids were carried out as previously described
(Aversano et al., 2017).

2.12. RNA extraction and expression analysis of phenylpropanoid
biosynthesis genes in grape cell tissues

Total RNA was isolated from 40mg of ground material of peel and
seed of both varieties. The SpectrumTM Plant Total RNA kit (Sigma-
Aldrich, St. Louis, MO, USA) was used following the manufacturer’s
protocol with some modifications. Quantity and quality of the isolated
RNA were measured using the NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA) and Qubit 2.0 fluorometer
(Life Technologies, Carlsbad, CA). For cDNA synthesis, 100 ng of each
RNA sample was reverse transcribed using the SuperScript III cDNA
Synthesis Kit (Life Technologies) following the manufacturer’s protocol.
Expression analysis was conducted by RT-qPCR using a SYBR Green
method on a 7900HT Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). All PCR reactions were performed in 15 μL vo-
lume, containing 330 nM of each primer, 2 μL of 5-fold diluted cDNA
and 7.5 μL of SYBR Green Mix (Applied Biosystems, Foster City, CA,
USA). The SDS 2.3 and RQ Manager 1.2 software (both Applied
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Biosystems, Foster City, CA, USA) were used for data elaboration. Genes
under investigation were: VvPAL (phenylalanine ammonia-lyase),
VvCHS1,2,3 (chalcone synthase), VvF3′H (flavonoid-3′-O-hydroxylase),
VvF3′5′H (flavonoid-3′,5′-hydroxylase), VvFLS5 (flavonol synthase),
VvDFR (dihydroflavonol-4-reductase), VvLDOX (leucoanthocyanidin
dioxygenase), VvANR (anthocyanidin reductase), VvLAR2 (leu-
coanthocyanidin reductase) and five transcriptional factors
(MybYBPA1, MybYBPA2, MybYBA1, MybYBC1-L1, MybYBC1-L3) in-
volved in phenylpropanoid and flavonoid synthesis. Primer pairs used
in the quantitative analysis were previously reported (Rinaldi et al.,
2017). The expression of each target gene in Aglianico was normalized
with the expression level of the housekeeping gene (Actin) against
Falanghina samples using the Livak method obtaining the values in
log2(FC). For each sample, three technical and three biological re-
plicates were analysed.

2.13. Statistical analysis

Analysis to evaluate the difference between control and treatments
was performed using Graph Pad Prism 6.0 (GraphPad Software, San
Diego, CA, USA). For each experiment, overall significance of the dif-
ferences among means was evaluated using the One-Way ANOVA,
while differences of each treatment with the control was evaluated
using the Dunnet’s multiple comparison test with Bonferroni post hoc
correction.

Statistically significant difference compared to untreated cells are:
*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001.

All metabolomics data have been statistically validated using an
ANOVA with Tukey’s t-test analysis.

3. Results

3.1. Seed rather than peel extracts determine cancer growth inhibition

Treatments of MSTO, NCI and Mes2 cells with hydroalcoholic semi-
polar peel extract did not affect MM cell viability, also when used at
high concentration (1000 µg/ml) (Fig. 1a and data not shown). On the
contrary, extracts from seeds determined cell growth inhibition in a
concentration- and time-dependent manner (Fig. 1b, c). In particular,
Falanghina grape seed extract (FGS) at 350 µg/ml was able to sig-
nificantly decrease MSTO cell viability up to 30% (ANOVA p-value <
0.0001). At the same concentration, Aglianico grape seed extract (AGS)
decreased MSTO cell viability up to 40% (ANOVA p-value < 0.0001).
Since AGS at 350 µg/ml resulted closer to the half minimal (50%) in-
hibitory concentration (IC), we decided to use this concentration for
subsequent experiments. Following 48 h of treatment, MSTO cell death
was higher than that observed after 24 h. Moreover, a stronger effect
was evident when the 48 h treatment was performed by adding the
extract twice, every 24 h (24+24 h) (ANOVA p-value < 0.0001).
(Fig. 1c). Similar results were obtained with NCI and Mes2 cell lines
(Fig. S1).

These experiments indicated that seed extracts were more effective
than peel extracts. For this reason, subsequent assays were carried out
only with seed extracts.

3.2. FGS and AGS impair mesothelioma tumorigenic properties affecting cell
proliferation and migration

To evaluate the anticancer potential of FGS and AGS, cell migration
and invasive ability were analysed on MSTO, NCI and Mes2 treated
independently with the seed extracts of Falanghina and Aglianico
(Fig. 1). The colony formation assay indicates the cellular self-renewal
ability and their long-term proliferative potential. Our results showed
that this ability was strongly impaired by seed extracts of both varieties
in all the cell lines analysed. In fact, after colonies growth, a 48 h
treatment with 350 µg/ml of FGS or AGS almost completely inhibited

colony formation in MSTO (67% and 90%, respectively; ANOVA p-
value < 0.0004). (Fig. 1d) as well as in NCI (51% and 84%, respec-
tively; ANOVA p-value < 0.0001 (Fig. 1e) and in Mes2 cells (48% and
88%, respectively; ANOVA p-value < 0.0003) (Fig. 1f).

To measure the cell migration capability in vitro, we also performed
a wound healing assay treating scratched cells with FGS or AGS ex-
tracts. MSTO cell migration was significantly inhibited by both extracts
in a time-dependent manner reaching a gap of about 120% (FGS;
ANOVA p-value < 0.0001) or 170% (AGS; ANOVA p-value < 0.0001)
compared to the wound gap in the untreated cells. In particular, the
wound gap was maximum after 24+24 h treatment with 350 µg/ml
FGS or AGS extracts (ANOVA p-value < 0.0001) (Fig. 1g, h). On the
contrary, in the untreated cells the wound gap was closed at the end of
the treatment. Similar results were obtained with NCI and Mes2 cells
(Fig. S2). Taken together, these results revealed that grape seed extracts
from both varieties determined a comparable inhibition in cell growth
and migration.

3.3. FGS and AGS induce apoptosis in mesothelioma cell lines

To confirm whether the loss of viability was due to apoptosis, we
analysed cell cycle perturbation and the downstream signalling trig-
gered by grape seed extracts. MSTO treatment with FGS determined a
growing apoptotic induction during time. It reached about 20% at
24+ 24 h treatment (Fig. 2a, b). AGS treatments on MSTO cell lines
resulted in apoptotic increase of about 35% after 24+ 24 h treatment
(Fig. 2c, d) (ANOVA p-value < 0.0051). The, NCI and Mes2 cell lines
showed only slight modifications in apoptosis compared to MSTO. In-
terestingly, Mes2 cells that did not undergo apoptosis after combined
drug treatment with piroxicam and cisplatin (Baldi et al., 2011), re-
sulted more sensitive to both extracts (Fig. S3), suggesting that grape
seed extracts act as broad regulators of apoptotic induction.

3.4. FGS and AGS activate specific pathways involved in apoptosis

To better investigate the molecular mechanism involved in the
apoptotic cell death following FGS and AGS treatments, we focused our
attention on the apoptotic pathway involved. We first analysed the
expression levels of BCL-2 and BAX after FGS and AGS treatments at 24,
48 and 24+ 24 h by qPCR. As reported in Fig. 3, the BAX/BCL-2 ratio
suggested a time-dependent apoptotic induction in all MM cell lines
analysed. The highest BAX/BCL-2 ratio was observed at 24+ 24 h
treatment. Then, we investigated if grape seed extracts could activate
the extrinsic pathway by measuring expression levels of Fas and FasL,
two markers of extrinsic apoptosis induction. Our results provided
evidence that Fas was not modulated by FGS and AGS in the cell lines
analysed. Furthermore, we were not able to detect any expression of
FasL (data not shown). These findings indicated that intrinsic but not
extrinsic apoptotic pathway is triggered by FGS and AGS treatments.

3.5. FGS and AGS extracts induce protein expression of cleaved PARP and
BAX and cytochrome c release

To gain more insight into the molecular mechanism involved in the
apoptotic cell death, we also investigated the effect of FGS and AGS
extracts on PARP cleavage as well as on BAX and BCL-2 protein ex-
pression. PARP protein is very important for cellular function and
survival, and it is a well-known caspase enzyme substrate (Fischer et al.,
2003). Immunoblots clearly showed that, in all the cell lines analysed,
both seed extracts induced PARP cleavage and increased ratio of BAX/
BCL-2 (Fig. 4; Fig. S4), confirming that both extracts are able to induce
apoptosis.

To further investigate the mechanism of grape extracts-mediated
apoptosis, we examined the cytochrome c release from mitochondria.
Indeed, the apoptotic cell death through the intrinsic mitochondrial
pathway is known to induce mitochondrial membrane permeabilization
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and the subsequent cytochrome c release. As shown in Fig. 4, treatment
with grape seed extracts induced cytochrome c release in MSTO cell
lines. Similar results were also obtained in NCI and Mes2 cells (Fig. S4).
All these findings, together with earlier observations, suggest that FGS
and AGS may directly induce mitochondrial membrane damage and, as

consequence, cellular apoptosis.

3.6. Metabolomics analysis of grape peel and seed samples

Cell treatments with seed extracts were very effective, whereas

Fig. 1. Bioactivity of grape peel and seed extracts on human mesothelioma cells. MSTO cell viability after treatments with Falanghina and Aglianico extracts: (a) peel
extracts; (b) seeds extracts; (c) time course treatment with FGS and AGS extracts (350 µg/ml); untreated cells :-. (d, e, f) Colony formation assay after FGS and AGS
treatment (350 µg/ml); untreated cells :-. Representative plate images after crystal violet staining are shown. Histograms report average of colony number. (g) Wound
healing assay. The wound closure rate was measured by detecting the closure distance at three different time intervals on MSTO cells untreated (-) or treated with
350 µg/ml of seed extracts. Representative micrographs at phase contrast microscope are shown. (h) Quantification of open wound area. The indicators represent the
average ± standard deviation (n= 3). Statistically significant difference from the control: **p < 0.01, ***p < 0.005, ****p < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. FGS and AGS treatments induce apoptosis in mesothelioma cells. MSTO apoptosis analysis by Annexin V-FITC/PI after treatments with 350 µg/ml of FGS (a)
and AGS (c) extracts at three different time intervals; untreated cells :-. Q2 and Q4: early and late apoptotic cells; Q1: necrotic fraction; Q3: live cells. Histograms
reporting a data summary of the apoptotic index after FGS (b) or AGS (d) treatment represented in (a) and (c). Bars represent the average ± standard deviation
(n=3). Statistically significant difference from the control: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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those with peel extracts did not affect cell viability. To understand the
metabolite content differences between seeds and peel, we performed a
global metabolomics analysis of the semi-polar fraction of peel and seed
extracts of both grape varieties. First, the total ion current (TIC) chro-
matograms were processed as described in Materials and Methods to
retrieve all the compounds detected in the mass chromatogramas
(“compound extraction” analysis); subsequently, the differentially ac-
cumulated (DA) metabolites in all comparisons (AGS/AGP, FGS/FGP,
AGS/FGS, AGP/FGP) were determined and statistically validated using
an ANOVA with Tukey’s t-test. In this way we were able to identify, in
an untargeted manner, a total list of 100 negatively and 241 positively
charged ions specifically present or over-/down-represented in seed
over peel metabolomes of Aglianico, Falanghina, or in both varieties
(Table S2). The number of compounds that were consistently over- and
down-accumulated in seed vs peel tissues was 108 and 154 in Aglianico
and 76 and 130 in Falanghina (Table S1). Overall, a higher number of
down-accumulated compounds was observed in all the comparisons
under study. In the comparison Aglianico vs Falanghina, the number of
compounds that were consistently over- and down-accumulated was,
respectively, 69 and 123 in seeds, 39 and 198 in peel (Table S1).

Principal component analysis (PCA) showed a tissue-specific se-
paration, with seed samples from both varieties placing closer in the
bottom middle-right side of the plot, although a distinct metabolic at-
titude was also observed in the peel chromatograms of the red and
white varieties (Fig. S5). Subsequently, an in-batch interrogation of
public and in house metabolomics databases was carried out to assign a
tentative identification for each metabolite, particularly for the DA
ones. Aglianico and Falanghina seed metabolomes resulted highly en-
riched in several secondary compounds, particularly phenylpropanoid
precursors and proanthocyanidin (PA) groups (19 ions): thus, a subset
of metabolites was compiled, and a further addition was achieved by
including comparison with literature data as well with in house data-
bases. The resulting group included 8 PA precursors (as phenylalanine
and coumaric acid; chalcones/flavanones like naringenin chalcone,
myricetin and quercetin; and caffeic, ellagic and gallic acids) and 53

PAs with different degree of polymerization (from monomers to un-
decamers), and conjugation with gallic acid (with 1, 2 or 3 units) (Table
S3). To better evaluate our findings, a heatmap visualization was used
(Fig. 5). In our experimental conditions, within the precursors, gallic
acid and its glucoside showed the highest levels in the seeds; in the PA
class, catechin, epicatechin, procyanidin B1 and B2, galloylated
monomers, dimers and trimers resulted the most abundant compounds
(Fig. 5a). Most of proanthocyanidins were only detected in seeds
(Fig. 5a and b). To better highlight tissue- and variety-specific meta-
bolite changes (Table S3), for each molecule the ratio between seed vs
peel extracts of each variety, as well the ratio between the varieties was
calculated. These analyses confirmed the high representation of the
whole PA pathway (most of the precursors and, especially, the final
products) in seed compared to peel samples. However, while phenyl-
propanoid precursors were markedly higher in Falanghina seeds vs
peels compared to Aglianico (with few exceptions as gallic acid agly-
cone and glucoside, equal to 32.76 and 76.69 vs 17.26 and 14.70, re-
spectively), a stronger biochemical phenotype was detected in the latter
at PA level: for instance, epicatechin (21.43 vs 2.24), procyanidin B1-
3,3′-di-O-gallate (839.46 vs 86.65), galloylated trimers (94.38 vs 13.03)
and dimers (136.74 vs 26.71). This finding was further evidenced by
directly comparing seed extracts from the two varieties (Table S3): most
of PA were more abundant in Aglianico with respect to Falanghina. At
seed level, the two varieties showed similar trends in the PA precursor
pools. Notably, an opposite trend was observed at peel level: with the
exceptions of quercetin 3-O-rhamnoside and taxifolin in the precursor,
and catechin and galloylated heptamers2 in the PA group, most of the
changes were found in Falanghina samples (Table S3).

3.7. Expression of phenylpropanoid biosynthesis genes in Aglianico and
Falanghina

The transcript abundance of 16 genes involved in the phenylpro-
panoids and flavonoids biosynthesis was investigated in peel and seeds
of our varieties by RT-qPCR. Fig. 6 reports the log2 expression changes

Fig. 3. FGS and AGS treatments trigger apoptosis by activating the intrinsic pathway. Quantitative analysis of mRNA expression levels of Bax and Bcl-2 in MM cell
lines. The bars represent the average ± standard deviation (n=3). Statistically significant difference from the control: *p < 0.05, **p < 0.01, ***p < 0.005,
****p < 0.001.
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of each target gene in Aglianico compared to Falanghina and, within
each variety, in seeds compared to peel. Overall, differences in ex-
pression between peel and seeds and between the two varieties were
statistically significant for most of genes. In particular, PAL was more
expressed in Aglianico than in Falanghina, with a greater transcript
accumulation in seeds than in peel of both varieties (3.2 FC in Aglianico
and 1.6 FC in Falanghina,). Conversely, the three chalcone synthase
(CHS) genes were generally downregulated in all comparisons, with
expression FCs reaching the lowest value (−7.3 FC) in the comparison
Aglianico vs Falanghina seeds. After naringenin synthesis, the genes
(F3′H and F3′5′H) participating to the catalysis of the hydroxylated
flavanones behaved differently: in Aglianico vs Falanghina compar-
isons, F3′H was downregulated both in peel and in seeds (−2.1 and
−1.2 FC, respectively), while F3′5′H was upregulated, predominantly
in peel, where it reached out a 11.6 FC. In seeds vs peel comparisons,
these genes showed an expression greater than 7.0 FC in all samples,
with the only exception of VvF3′5′H in AGS/AGP (−2.5 FC). The fla-
vonols synthesis gene FLS5 was overexpressed in all comparisons.
Leucoanthocyanidins and anthocyanidins synthesis genes, DFR and

LDOX, performed similarly in both varieties, with a lower expression in
the former compared to the latter. On the counterpart, an opposite
trend was found between the two genes in seeds vs peel comparisons.
Concerning the proanthocyanidins genes, ANR and LAR2 were gen-
erally more expressed in Aglianico than in Falanghina, with highest
values always detected in seeds. As far as transcription factors are
concerned, three of them (MybA1, MybC1-L1 and MybC1-L3) showed
very similar expression trends in Aglianico (up- in peel and down- in
seeds). In this variety, the same genes showed a strong downregulation
when comparisons were made between tissues.

4. Discussion

The development of alternative and more effective therapies in MM
is deemed urgent since to date the standard therapeutic modalities,
including chemotherapy, surgery and radiotherapy have yielded un-
satisfactory outcomes. The main objective of our research was to
evaluate the anticancer efficacy of semi-polar extracts from peel and
seed tissues of two Italian grape varieties, Aglianico and Falanghina,

Fig. 4. FGS and AGS increase expression level of apoptotic markers. Analysis of cleaved PARP, BAX, BCL-2 and of cytochrome c (cytosolic fraction) on MSTO cells
treated with FGS (a) or AGS (b) (350 µg/ml); untreated cells:-. β-Actin protein expression was used as loading control. Histograms report the relative expression level.
Statistically significant difference from the control: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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and to determine the mechanisms of action using different human
mesothelioma cell lines. Our results suggest that Aglianico and
Falanghina peel extracts do not exert proapoptotic effects on MM cells.
This agrees with previous studies reporting only chemopreventive or
adjuvant effect of peel extracts, mainly for the presence of resveratrol
(Wang, Lee, Chan, Chen, & Leung, 2006). Additional studies are needed
to validate if our peel extracts could act as adjuvant on MM cells when
combined to chemotherapeutics. Our data also point out seeds as po-
tential source of phytochemicals with anticancer activities in MM. In-
deed, they were able to induce apoptosis in different MM cell lines,
including those insensitive to standard chemoterapeutic treatments
(Baldi et al., 2011). Semi-polar seed extracts from both Aglianico (AGS)
and Falanghina (FGS) affected tumorigenic properties of human me-
sothelioma cells in a time- and dose-dependent manner, with Aglianico
showing the strongest effect. Colony formation assay showed that FGS
and AGS reduced the capacity of mesothelioma cells to form colonies,
indicating that these extracts impair cellular self-renewal ability and
proliferative cell rate. In addition, as assessed by a wound-healing
assay, FGS and AGS displayed the capacity to significantly inhibit cell
migration capability.

We provided evidence that cell viability reduction after FGS and
AGS treatments was due to apoptosis. Indeed, we found that FGS and
AGS trigger a time–dependent increase of the BAX/BCL-2 ratio and of
cytochrome c release in all mesothelioma cell lines analysed, with the
highest threshold reached after the 24+ 24 h treatment. BAX and BCL-
2 are two members of the BCL family with an opposite role in regulating
mitochondrial function and cytochrome c release. Alterations of mi-
tochondria homeostasis represent one of the main pathways involved in
apoptosis. In non-apoptotic cells, BAX is mainly located in the cytosol,
while BCL-2 is found in the mitochondrial membranes. Upon apoptosis
induction, BAX translocates [technical?] into mitochondria triggering
permeabilization of mitochondrial outer membrane with cytochrome c
release. The apoptotic factors are then released into the cytoplasm and

transferred to the nucleus, where they induce apoptosis. The pro-sur-
vival BCL-2 acts as antiapoptotic protein by preventing mitochondrial
outer membrane permeabilization and inhibiting the transfer of apop-
tosis-inducing factors to the nucleus. BAX/BCL-2 ratio regulates the
mitochondrial intrinsic apoptosis pathway with subsequent cytochrome
c release in the cytoplasm.

Several studies described the anticancer activity of grape seed
standardized extracts against different human cancer cell lines such as
breast, colon, lung and skin (Mantena, Baliga, & Katiyar, 2006) due to
the presence of specific metabolites residues (gallate esters, pyrogallol)
(Chou, Kaur, Thompson, Agarwal, & Agarwal, 2010; Mitsuhashi, Saito,
Nakajima, Shima, & Ubukata, 2008). (Cheah et al., 2014). Our in vitro
study showed, for the first time, the effectiveness of complex semi-polar
extracts from Aglianico and Falanghina seeds, suggesting that a specific
combination of active compounds characterizes a grape variety and
influences its biological activity. Other studies using semipolar fractions
extracted from mature red grape seeds showed that they affected cell
viability and enhanced Flouracil toxicity of 5-FU in Caco-2 cells (Cheah
et al., 2014). Therefore, to gain a first clue about the source of this
bioactivity, we exploited high-resolution metabolomics to investigate
the composition of the compounds accumulated in the peel and seed
extracts of the two grape varieties. Overall, resulted highly enriched in
proanthocyanidin molecules, which were present at very low levels or
totally undetected in the peel samples of both varieties. This is con-
sistent with previous reports (Yang & Chien, 2000). In our study, 53
proanthocyanidins (PA) were detected, with a maximum number of 11
polymerized units. Interestingly, Aglianico seeds displayed higher total
PA content and higher polymerized PAs. It has been previously reported
that the PA degree of polymerization can affect the biological activity
(Zhou et al., 2014). This finding agrees with the stronger inhibitory
effect of Aglianico compared to Falanghina seeds on MM cell lines. In
addition, a series of PA precursors resulted largely variable within the
two tissues and the two varieties: most of them showed higher levels in

Fig. 5. Heatmap of phenylpropanoid targeted analysis in peels and seeds extracts from Aglianico and Falanghina. Metabolites have been classified in higher- (a) and
lower-represented (b), according to the detected values. Red squares of different shades represent the relative values for each metabolite, expressed as fold on the
level of the internal standard. Data are present as average ± standard deviation. Gray squares indicate no detectable expression of the corresponding metabolite.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Aglianico with respect to Falanghina. These data agree with previous
studies (Cavallini et al., 2015; Gascuel et al., 2017) highlighting a more
active metabolic flux in red compared to white grape varieties, starting
from phenylalanine that is the first metabolite in the pathway. With
respect to the detected bioactivity of AGS and FGS extracts, our meta-
bolomics data suggest that phenylpropanoids, particularly proantho-
cyanidins, are responsible or at least greatly contribute to the anti

cancer activity; in this context, we cannot exclude that additional
compounds may take part in this process, and future fractionation
studies will be carried out to unravel the molecules whose accumula-
tion is mostly associated to the bioactivity.

It is known that a dynamic control of the gene expression process
represents a major mechanism for metabolite accumulation. For ex-
ample, the different accumulation in phenylpropanoid end products

Fig. 6. Expression analysis of proanthocyanidin
biosynthesis genes. Representation of the general
phenylpropanoid and flavonoid pathways leading
to the production of flavonols, proanthocyanidins
and anthocyanins. The barplots within the pathway
report the expression analysis of (a) 11 structural
genes and (b) five transcription factors (MYBPA1,
MYBPA2, MYBA1, MYBC1-L1, MYBC1-L3) in: the
peel of Aglianico compared to that of Falanghina
(AGP/FGP); the seeds of Aglianico compared to
those of Falanghina (AGS/FGS); the seeds vs peel of
Aglianico (AGS/AGP); the seeds vs peel of
Falanghina (FGS/FGP). Transcript abundance is
represented in log2 Fold Change (FC). Statistically
significant variations: *p < 0.05 **p < 0.01.
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such as anthocyanins and PAs, in red vs white grape varieties is de-
pendent on the activity of a series of Myb transcription factors, (Bogs,
Jaffe, Takos, Walker, & Robinson, 2007; Cavallini et al., 2015; Deluc
et al., 2006, 2008; Huang et al., 2014; Kobayashi, Ishimaru, Hiraoka, &
Honda, 2002; Terrier et al., 2009; Walker et al., 2007). Similarly,
pathway structural genes can also contribute to differential metabolite
accumulation. To this aim we analysed in the grape samples the ex-
pression of phenylpropanoid structural and regulating genes in order to
determine how the transcriptional activities could be associated to the
differences in metabolite profiles of Aglianico and Falanghina. More-
over, to quantify the differences in their expressions between seeds and
peels, we investigated the expression of five transcription factor para-
logs (Azuma, Yakushiji, Koshita, & Kobayashi, 2012; Rinaldi et al.,
2017). Overall, the gene expressions were statistically different be-
tween tissues (seed vs peel) and varieties (Aglianico vs Falanghina),
confirming that their regulation was not only affected by the genetic
variety but was also spatially defined (Carrier et al., 2012; Rinaldi et al.,
2017; Villano et al., 2017). Out of the 16 genes monitored, only VvPAL
was expressed similarly in the seed and peel of Aglianico when com-
pared to Falanghina. This is probably due to its role in the phenylpro-
panoid pathway. Indeed, the phenylalanine ammonia-lyase (PAL) cat-
alyzes the conversion of L-phenylalanine into trans-cinnamate, the
initial committed step of the multi-branched phenylpropanoid pathway
in higher plants. Regarding the late pathway genes, most of them were
overexpressed in both tissues, with higher values identified in seeds
rather than peels. These data well agree with the metabolic results
showing a higher amount of catechin and epicatechin in seed rather
then in the peel. Metabolomic and transcriptional data clearly indicated
that proanthocyanidins represent the main class of compounds accu-
mulated in seed extracts.

This is the first study indicating that grape seed semi-polar extracts
are effective in MM cells. Moreover studies on the molecular mechan-
isms identified that apoptotic intrinsic signaling pathways is involved.
Our findings will provide the reference for future analyses to identify
the metabolic fraction/s mainly responsible/s for this bioactivity, thus
to produce more effective extracts; in addition, this study will allow
planning more detailed in vivo experiments relevant to the treatment of
MM and possibly for clinical applications.

5. Conclusion

Taken together, our data demonstrated the biological activity of
grape seed rather than of peel extracts from Aglianico and Falanghina
in different MM cell lines. Our results indicated that seed extracts of
both varieties are able to induce apoptosis in a largely dose and time-
dependent manner also in cell lines does not responding to standard
chemotherapeutics. Global metabolic profiling of peel and seed extracts
evidenced that the majority of differentially accumulated compounds
belong to the group of the proanthocyanidins, with marked quantitative
variations between Falanghina and Aglianico. These results were also
confirmed by the expression analysis of genes involved in proantho-
cyanidin synthesis. These data provide hint about the anti cancer con-
tributing role in the detected bioactivity.

Our multidisciplinary study strengthens the idea that the production
of new phenolic molecules from grape seeds can be viewed as a source
of new metabolites with biological activity to be used as nutraceuticals
or new drugs for MM treatment.
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Abstract: Oxidative stress has been associated to neuronal cell loss in neurodegenerative diseases.
Neurons are post-mitotic cells that are very sensitive to oxidative stress—especially considering their
limited capacity to be replaced. Therefore, reduction of oxidative stress, and inhibiting apoptosis,
will potentially prevent neurodegeneration. In this study, we investigated the neuroprotective e↵ect
of Ginkgo biloba extract (EGb 761) against H2O2 induced apoptosis in SK-N-BE neuroblastoma cells.
We analysed the molecular signalling pathway involved in the apoptotic cell death. H2O2 induced
an increased acetylation of p53 lysine 382, a reduction in mitochondrial membrane potential,
an increased BAX/Bcl-2 ratio and consequently increased Poly (ADP-ribose) polymerase (PARP)
cleavage. All these e↵ects were blocked by EGb 761 treatment. Thus, EGb 761, acting as intracellular
antioxidant, protects neuroblastoma cells against activation of p53 mediated pathway and intrinsic
mitochondrial apoptosis. Our results suggest that EGb 761, protecting against oxidative-stress
induced apoptotic cell death, could potentially be used as nutraceutical for the prevention and
treatment of neurodegenerative diseases.

Keywords: ginkgo biloba; oxidative stress; p53; apoptosis; neuroprotection; neuroblastoma cells

1. Introduction

Oxidative stress occurs in the cell when the antioxidant defence in unable to balance the rate of
the reactive oxygen species generated [1]. The cellular response to oxidative stress mainly depends on
the injury intensity and duration. Oxidant sources can be external to the cell, such as environmental
stress, or they can be generated as a side product of normal aerobic metabolism.

When present in excess, oxidants elevate the intracellular levels of reactive oxygen species (ROS)
and damage cell membrane, proteins and DNA. Oxidative stress generates di↵erent consequences
ranging from stimulation of cell proliferation to cell cycle arrest, stimulation or inhibition of cells
migration, and up to cell death by apoptosis or necrosis [2–4].
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Among di↵erent cell types, neurons are particularly prone to production of ROS and highly
susceptible to redox stress, because of their high lipid and metal ion content combined with their high
metabolic rate and relatively low concentrations of antioxidants [5]. Oxidative stress is considered a
relevant direct or indirect process associated to neuronal cell loss in neurodegenerative diseases such as
Parkinson’s disease [6] and Alzheimer’s disease [7]. Despite the di↵erences in clinical manifestations,
neurological disorders show common pathological processes. All of them are characterized by
degeneration and progressive loss of distinct neuron subsets in specific areas of the brain. Moreover,
they share common neurodegenerative pathways associated with progressive neuronal dysfunction.
Most of these pathways seems to be related to oxidative stress, to the imbalance between generation of
free radicals and cellular antioxidant defences, and to apoptotic cell death [8]. Neuronal cell death is
especially dangerous because adult neurons are post-mitotic cells with limited capacity to proliferate
or be replaced. Therefore, in neuronal cells, reduction of oxidative stress could inhibit apoptosis
potentially preventing neurodegeneration.

Herbal extracts and phytochemicals can act as protective agent against oxidative stress. Flavonoids
are in particular described as the molecules with a strong bioactivity in brain functions with positive
e↵ects on synaptic plasticity and neuronal activity. Among the bioactive phytochemicals, Ginkgo
biloba is one of the most used worldwide [9]. Ginkgo biloba has been widely used in the treatment
of cardiovascular and cerebrovascular diseases, liver cirrhosis and acute and chronic renal disease.
More recently, a standardized extract of Ginkgo biloba, EGb 761, has been found to have neuroprotective
e↵ects in several central nervous system and neurodegenerative diseases [9].

EGb 761 (EGb) is a standardised extract of Ginkgo biloba leaves that contains a well-defined
concentration of flavone glycosides and terpene lactones (24% and 6%, respectively). In fact,
EGb contains 6% terpenoids (in which 3.1% are ginkgolides A, B, C, and J and 2.9% is bilobalide),
24% flavonoid glycosides, and 5% to 10% organic acids [10]. The flavonoids act as free radical
scavenging, whereas terpenes lactones protect mitochondrial membranes from free radical damage [11].
EGb has been described to have antioxidant properties playing an important role as a free radical
scavenger [12]. It has demonstrated that the antioxidant activity, as a “radical scavenger”, is due to its
superoxide dismutase-like activity that enables it to scavenge hydroxyl radicals [13]. Ginkgo biloba
also has the capacity to regulate the oxidative stress. The levels of glutathione, malondialdehyde,
superoxide dismutase and nitric oxide, increased after a treatment with EGb [14]. These properties
determine beneficial e↵ects in neurodegenerative diseases as Alzheimer [15,16] or Parkinson [17,18].
However, the mechanism of the action of EGb protection against oxidative stress-induced apoptosis
remains to be fully elucidated.

The evidence mentioned above prompted us to explore the protective e↵ect of EGb against
oxidative stress-induced apoptosis in neuroblastoma cells. Our data suggested that this extract
could act as cellular scavengers against induced oxidative stress blocking the onset of molecular
apoptotic pathway.

2. Materials and Methods

2.1. Cell Culture and Chemicals

Human neuroblastoma cell line, SK-N-BE(2) (CRL-2271, ATCC®, LGC Standards S.r.l., Milan Italy)
were cultured at 37 �C in a 5% CO2 humidified incubator in either RPMI-1640 medium (Euroclone
spa, 20016 Pero, MI) supplemented with 10% fetal bovine serum (FBS), glutamine (2 mM), sodium
pyruvate and antibiotics (0.02 mg/mL streptomycin and 0.02 IU/mL penicillin).

Ginkgo biloba L. extract EGb 761 (EGb) was a gift from Schwabe (Schwabe Pharma Italia Srl, Egna,
Italy). EGb stock solution contained 250 mg/mL of extract was dissolved in dimethyl sulfoxide (DMSO).
Hydrogen peroxide (H2O2,) (Sigma-Aldrich, St. Louis, MI, USA) was used as oxygen stress inducer.
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2.2. Cell Proliferation Assay

For each experiment, approximately 1.5 ⇥ 105 cells/well in 6-well plates were plated and treated
as described and untreated cells were used as control. To identify the H2O2 concentration able to
determine about 50% of viability decrease, SK-N-BE cells were treated with 25, 50, 75, and 100 mM
of H2O2 for 24 h. When specified cells were treated with 25 µg/mL EGb for 24 h, the medium was
replaced before H2O2 treatment.

To evaluate the e↵ect of EGb on cell viability, cells were treated with 10, 25, and 50 µg/mL for
24 h. To estimate the protective e↵ect of EGb cells were treated for 24 h with 25 µg/mL of EGb, then
insulted with 75 µM of H2O2 for additional 24 h. EGb was dissolved in DMSO. Untreated samples
were exposed to 0.1% DMSO and were used as control.

For each experiment after treatment cells were collected and counted with Trypan Blue solution.
(T6146, Sigma-Aldrich, St. Louis, MI, USA).

All the experiments were performed in triplicate. Data are expressed as the mean ± SD.

2.3. Propidium Iodide and DAPI Staining Assay

In 6-well plates approximately 1.5 ⇥ 105 cells/well were plated and treated with EGb and H2O2
as previously described. After treatment cells were stained with 10 mg/mL of Propidium Iodide (PI)
(Bioshop, Burlington, ON L7L 6A4, Canada) and DAPI (40,6-diamidine-20-phenyl indole dihydro
chloride, Roche, Mannheim, Germany). Representative images were taken using fluorescent microscope
(DMI8, Leica, Instruments, Germany) and florescence was quantified using Leica Application Suite X
software (Leica, Milan, Italy). All the experiments were performed in triplicate. Data are expressed as
the mean ± SD.

2.4. Mitochondria Membrane Potential Measurement

Mitochondria membrane potentials (MMP) were measured by JC-10 (Sigma-Aldrich, St. Louis, MI,
USA) following the manufacturer’s instructions. Loss of MMP was indicated by a progressive JC-10
dislocation from mitochondria to the cytosol. Cells were photographed using fluorescent microscope
(DMI8, Leica, Instruments, Germany). Red (540/570 nm) and green (485/534 nm) florescence was
quantified by Leica Application Suite X (LAS X) (Leica, Milan, Italy). All the experiments were
performed in triplicate. Data are expressed as the mean ± SD.

2.5. RNA Extraction and q-PCR

RNA extraction and q-PCR were essentially performed as previously described [19]. Brefly, Total
RNA was isolated from each sample with Trizol (Thermo Fisher Scientific, Waltham, MA USA),
as indicated by manufacturer. For each sample to analyse, cDNA was than obtained starting from
200 ng of total RNA using High Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Thermo
Fisher Scientific, Waltham, MA USA). The described selected genes using gene specific primers

BAX: Forward 50-TTTGCTTCAGGGTTTCATCCA-30: Reverse 50- CTCCATGTTACTGTCCA
GTTCGT-30; BCL- 2: Forward 50-GTTCCCTTTCCTTCCATCC-30; Reverse 50-TAGCCA GTCCAGAGG
TGAG-30; p53: Forward 5’-TCTGTCCCTTCCCAGAAAACC-3’; Reverse 5’-CAAGAAGCCCAGAC
GGAAAC-30; GAPDH: Forward 50-CAAGGCTGTGGGCAAGGT-30; Reverse 50-GGAAGGCCA
TGCCAGTGA-3’.

All primers were selected using a specific software (Primer express 2.0, Applied Biosystems,
Foster city, CA, USA) and all of them specifically covered the exon-exon junctions. The analysis of
gene expression was done as described in [20] and GAPDH gene was used as internal control. qPCRs
were done using the 7900 HT Real Time PCR (Applied Biosystem) and for each experimental condition
a triplicate was performed. Data obtained are expressed as the mean ± SD.
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2.6. Western Blot

For each experimental condition and from each sample total, protein extracts were obtained,
as described in [19]. For the analysis, 20 µg of each sample were loaded on Tris–glycine gradient gels
(4% to 15% gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and separated at 100 V. To probe
proteins with specific primary antibodies antibodies, they were transferred to PVDF membranes
(Biorad Laboratories, Inc., Hercules, CA, USA). All the secondary antibodies used were horseradish
peroxidase conjugated. All the antibodies were used as indicated by manufacturer. The following
primary antibodies were used for Western blot: PARP (Cell Signaling, #9542), BCL-2 (Abcam, ab182858),
BAX (Santa Cruz Biotechnology, sc-493), Acetyl-p53 Lys382 (Cell Signaling, #9542). As the internal
control we used�-Actin (Cell Signaling, #3700), which was used as the loading control. To detect protein
levels, Clarity western ECL (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used. The quantization
was then obtained using ImageJ software vJ1, an open source tool. For each experimental condition a
triplicate was performed, and results are expressed as the mean ± SD.

2.7. Statistical Analysis

To perform calculations on sample size the on line available software GPower was used. Sample
size was determined using as parameters: 1 � � = 0.80, ↵ = 5%. For each experiment, statistical
analysis was done using Graph Pad Prism 6.0 (GraphPad Software, San Diego, CA, USA) to analyse
the significance of the di↵erences between control and treatments. We evaluated the di↵erences among
means applying the one-way ANOVA. Bonferroni’s multiple comparison test with Bonferroni post hoc
correction was used to analyse the di↵erences of each treatment respect to the control.

Statistically significant di↵erence compared to DMSO treated cells are: * p  0.05, ** p  0.01,
*** p  0.001, **** p  0.0001.

3. Results

3.1. EGb Protects SK-N-BE Cells Against Oxidative Stress Induced Apoptotic Cell Death

We first determined, in a dose-response curve at 24 h, the amount of H2O2 that had lethal
e↵ect on SK-N-BE human neuroblastoma cells. Oxidative stress induced cell death was around 50%
when cells were treated with 75 µM H2O2 (Figure 1A). To verify if 75 µM H2O2 was able to induce
apoptosis on SK-N-BE cells, untreated and H2O2 treated cells, without fixation and permeabilization,
were stained with AnnexinV-FITC and PI. The analysis by fluorescence microscopy confirmed that
H2O2, at this concentration, induced apoptosis (Figure 1B). Indeed, a strong increased number of
stained AnnexinV-FITC and PI cells were present when cells were treated with H2O2 (Figure 1C).

To ascertain that EGb did not induce cell death, SK-N-BE cells were treated with various
concentrations of EGb for 24 h. Results showed that EGb at all used concentrations did not reduce cell
viability (Figure 2A).

To determine whether EGb played a role in protecting SK-N-BE from H2O2 -induced cell death,
cells were pre-treated for 24 h with EGb (25 µg/mL) and then challenged with H2O2 (75 µM) for the
following 24 h. Analysis of cell vitality revealed that the oxidant sensitivity of SK-N-BE cells was
completely reverted by pre-treatment with EGb (Figure 2B). Concomitant addition of EGb and H2O2 or
addition of EGb 24 h later H2O2 treatment did not result in a reversion of lethality (Figure S1). Results
were confirmed by analysis with PI and DAPI staining, as shown by fluorescence microscopy analysis.
Indeed, a comparable number of the PI positive cells were present in untreated, EGb treated and
EGb-H2O2 treated cells, where a higher number were present in presence of H2O2 alone (Figure 2C,D).
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Figure 1. H2O2 a↵ects SK-N-BE cell viability. Cell viability decrease after treatments with di↵erent
concentration of H2O2 (A). representative images of DAPI, Annexin V-FITC and PI triple fluorescence
staining showing cellular apoptosis after H2O2 treatment. DAPI: blue; AnnexinV: green; PI: red (B).
Histograms reports quantification of fluorescence of DAPI, Annexin V, and PI (C). The bars represent ±
the average ± SD of independent experiments (n = 3). Statistically significant di↵erence compared to
control cells: * p  0.05, ** p  0.01, *** p  0.001, **** p  0.0001.
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Figure 2. E↵ects of EGb on cell viability. Cell viability after treatments with di↵erent concentration of
EGb (A). Cell viability after treatments with 25 mg/mL of EGb, 75 mM of H2O2 or a combination of
them (B). Cells treated with DMSO were used as control. Fluorescent microscopic image of DAPI/PI
stained cells; DAPI: blue; PI: red (C). Histogram reports quantification of fluorescence of DAPI and PI
(D). The bars represent ± the average ± SD of independent experiments (n = 3). Statistically significant
di↵erence compared to control cells: ** p  0.01, *** p  0.005.

3.2. EGb Protects SK-N-BE Cells Against Oxidative Stress Induced Apoptosis

To confirm that EGb could protect cells against apoptotic cell death induced by oxidative stress,
we first analysed the presence of poly(ADP-ribose) polymerase (PARP) cleavage, an hallmark of
apoptosis. As expected, PARP cleavage increased after H2O2 treatment, although the cells were
completely protected from oxidative stress-induced apoptosis in presence of EGb (Figure 3A,B). Then,
to study the protective mechanism of EGb against oxidative stress-induced apoptosis, we investigated
the molecular signalling pathway involved in the apoptotic cell death analysing p53 expression.

The tumor suppressor protein p53, modulating cell homeostasis, has a determinant role in cell fate.
Oxidative stress, leading to post-translational modifications of p53, allows it to regulate genes

that can activate cell survival or cell death processes [21].
Gene expression analysis, by q-PCR, revealed that p53 was not modulated by oxidative stress as

well as by EGb (Figure S2). It is known that increased p53-acetylation at lysine 382 (K382) promotes
p53-dependent pro-apoptotic activity in cancer cells [22]. Thus, we analysed by western blot analysis
whether these post-translational modifications of p53 could account for the apoptotic reduction
observed in presence of EGb. Results clearly demonstrate that K382 acetyl-p53 was strongly increased
following H2O2 insult, however p53-acetylation was inhibited in presence of EGb (Figure 3A,B).
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Figure 3. EGb protects SK-N-BE from apoptosis. Western blot analysis of protein expression of
cleaved PARP, Acetylated-p53/K382, BAX and Bcl2 in SK-N-BE cells after treatments (A). expression
of Acetylated-p53/K382, cleaved PARP and BAX/Bcl2 ratio normalized expression is reported in the
histograms (B). �-Actin was used as loading control. The bars represent ± the average ± SD of
independent experiments (n = 3). Statistically significant di↵erence compared to control cells: * p  0.05,
** p  0.01. Cells treated with DMSO were used as control.

Oxidative stress activates the mitochondrial intrinsic pathway of apoptosis [23]. p53, interacting
with members of the Bcl-2 family, directly participating to the activation of the intrinsic apoptosis
pathway [24]. We focused our attention on the ratio between two members of the Bcl-2 family, BAX and
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BCL-2, which are markers of cell susceptibility to intrinsic apoptosis. Protein expression analysis
evidenced an increased BAX/Bcl-2 ratio in H2O2 treated SK-N-BE while pre-treatment with EGb
restored a normal ratio (Figure 3A,B). These results were also confirmed by gene expression analysis,
by q-PCR of the corresponding genes (Figure S1).

3.3. EGb Mitigated the H2O2 Induced Decrease in Mitochondrial Membrane Potential

Increased BAX/Bcl-2 ratio suggested that mitochondria are involved in apoptosis. Indeed, it is
well known that, during intrinsic apoptosis, the mitochondrial membrane potential (MMP) collapses,
triggering other downstream events in the apoptotic cascade. Thus, we investigated by JC-10 assay the
change of MMP following H2O2 or EGb treatment of SK-N-BE cells. Results showed that untreated
cells displayed intact, well-polarized mitochondria marked by a red punctate fluorescence. On contrary,
H2O2 treated cells showed a reduction of the red fluorescence and an increase of the green one,
indicating loss of MPM because of the progressive JC-10 dislocation from mitochondria to the cytosol.
On the contrary, EGb treatment restored the fluorescence to the values of untreated cells. (Figure 4).

Figure 4. EGb reduce the decrease of mitochondrial membrane potential. Fluorescence analysis of
mitochondria in control or EGb treated cells with or without H2O2 (A). Histogram reports quantification
of fluorescence of Red (540/570 nm) and green (485/534 nm) (B). The bars represent ± the average ±
SD of independent experiments (n = 3). Statistically significant di↵erence compared to control cells:
* p  0.05). Cells treated with DMSO were used as control.

3.4. EGb Exhibits Intracellular Anti-Apoptotic E↵ect

To verify whether EGb acts as antioxidant into cells, or if it was able to directly scavenge H2O2
in the culture medium, SK-N-BE cells were treated for 24 h with EGb, then the culture medium was
replaced and cells were challenged with H2O2. Results showed that that EGb determined antioxidant
protection on cell viability independently by its presence in the culture medium. In fact, pre-treatment
with EGb was per se su�cient to attenuate the H2O2-induced cell death in SK-N-BE cells (Figure 5A).
Moreover, in these conditions we observed a reduced cleavage of PARP protein, a reduced amount of
K382 acetyl-p53 and a reduced BAX/Bcl-2 ratio (Figure 5B,C), confirming that EGb was able to protect
SNKBE cells by apoptotic cell death exerting an intracellular antioxidant action.
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Figure 5. Intracellular e↵ect of EGb. Cell viability analysis of SK-N-BE with or without EGb
in the medium after H2O2 oxidative insult (A). Protein expression analysis of cleaved PARP,
Acetylated-p53/K382, BAX and Bcl2 in SK-N-BE cells after treatments by Western blot analysis
(B). Histograms report the expression of Acetylated-p53/K382, cleaved PARP and BAX/Bcl2 ratio
normalized expression (C). �-Actin was used as loading control. The bars represent ± the average ±
SD of independent experiments (n = 3). Statistically significant di↵erence compared to control cells:
* p  0.05, ** p  0.01, *** p  0.005). Cells treated with DMSO were used as control.

4. Discussion

The incidence of neurological disorders—the most dreaded maladies of older people—are expected
to increase over the next few decades due to prolonged life expectancy [25]. To date, more than 1 in 10
individuals over 65 years are a↵ected by neurodegenerative diseases and the numbers will continue
to increase with age. Until now, no e↵ective treatments have been described to cure these diseases
and the costs for their management represent one of the leading medical and societal challenges faced
by society [26]. For these reasonsm recent investigations have been focused to understanding their
pathogenesis and to the development of novel therapeutics. Ginkgo biloba, a plant that has been used
for thousands of years, is considered one of the more promising natural drugs. The extracts, obtained
from Ginkgo biloba leaves, have been recently used also in clinical studies.

Most of the studies on the EGb concern its neuroprotective e↵ects, against ageing. Standardized
Ginkgo biloba extracts (EGb) have been used for treatment and prevention of di↵erent neurological
disorders as Alzheimer’s disease [15,16], Parkinson’s disease [17,18], cerebral vascular deficit,
and dementia [27,28].

Indeed, the brain is especially sensitive to the e↵ects of ageing. This tissue being primarily
composed of postmitotic cells—neurons and oligodendrocytes—is more vulnerable than proliferating
cells to macromolecular damages, especially to DNA [29]. DNA damages in neurons accumulate from
development throughout life. To escape this process, postmitotic neurons adopt selective mechanisms
aimed to specifically repair genes actively transcribed [30].

Oxidative stress is one of the main causes of neural damage. EGb exerts neuroprotective action
mainly acting as free radical–scavenger In fact, EGb is able to reduce the endogenous and the induced
levels of ROS [31]. Moreover, EGb can directly upregulate antioxidant enzymes such as superoxide
dismutase and catalase [32]. This activity is linked to the chemical structure of the flavonoids that
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allow to not only react and directly scavenge the hydroxyl radicals, but also to inhibit the formation
of new hydroxyl radicals [33]. It is well known that oxidative stress determines the activation
of the apoptotic processes, thus playing a pivotal role in most of neurological diseases. EGb can
act on multiple cellular pathways with the final goal to balance the existing apoptotic machinery.
In fact, EGb prevents mitochondrial membrane damage reducing the release of cytochrome c from the
mitochondria, upregulates the antiapoptotic protein Bcl-2-and inhibit PARP cleavage [34].

The neuroprotective e↵ects of EGb 761 has been reported in di↵erent neuronal cell lines in which
it acts by inhibiting oxidative stress induced apoptosis [35–37] or the activation of mitochondrial
intrinsic apoptosis [35,36]. A recent in vivo study reported that Egb761 protected from brain injury by
suppressing neuronal apoptosis [9]. Moreover, some studies reported the protective e↵ect of Ginkgo
biloba extract in people a↵ected by neurodegenerative diseases [38,39].

In this study we analysed the protective e↵ect of EGb on oxidative stress-induced apoptosis
in SK-N-BE cells with the aim to unravel the molecular pathway in which EGb acts as antioxidant.
Human neuroblastoma cell line N-type have neuronal morphology [40] and have been commonly
used as model for research in neuroscience and in particular in studies related to oxidative stress and
neurodegenerative diseases [41–44].

Our results demonstrated that the standardized extract EGb 761 significantly protected
neuroblastoma cells from oxidative stress blocking apoptosis in a p53-dependent pathway. Interestingly,
according to previous studies we found that EGB was able to inhibit p53 acetylation at lysine 382. It is
known that p53 activity depends on the acetylation of specific lysines [45]. In addition, the acetylation
of the C-terminal K382 lysine is crucial for p53 activation [46] since it results in the activation of
PUMA promoter—a member of Bcl-2 family [47]. PUMA, promoting BAX multimerization and
mitochondrial translocation, induces apoptosis [48]. Accordingly, our results show that EGb protects
against mitochondrial membranes depolarization with a consequent reduction of BAX/Bcl-2 ratio.
These results were supported by reduction of PARP cleavage with increased viability.

Previous studies reported that Gingko biloba extracts in cancer cells is able to induce apoptosis
in a p53-dependent pathway by increasing the levels of p53 acetylation that, in turn, determines cell
cycle arrest and apoptosis. On the contrary, our results demonstrated that the standardized extract
EGb 761 significantly protected neuroblastoma cells from oxidative stress blocking apoptosis in a
p53-dependent pathway. These results claim the di↵erent activity of EGb when used as neuroprotective
or as anticancer drug [49].

5. Conclusions

Neurodegenerative disorders include a range of conditions that share common degenerative
pathways, although they manifest with clinical di↵erences. Increased oxidative stress has been
described in almost all neurodegenerative disorders. In neurons, imbalance between the accumulatin
of free radicals and antioxidant defences seems to be the link between cell death and progression of
neurodegenerative diseases. Oxidative stress can trigger apoptosis in neuronal cells and excessive
death of one or more populations of neurons, resulting in a neurodegenerative disease [50].

Our data suggest that EGb 761 could be considered an active antioxidant nutraceutical to be used
for the prevention and treatment of neurodegenerative diseases.

Our data suggest that EGb 761, blocking the onset of p53-dependent apoptotic pathway induced
by oxidative stress, could be considered as antioxidant nutraceutical to be potentially used for the
prevention and treatment of neurodegenerative diseases. This hypothesis could be strengthened with
a larger number of randomized clinical trials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/4/279/s1,
Figure S1: Cell viability after treatments with 25 µg/mL of EGb, 75 µM of H2O2 or a combination of them. In Egb
+H2O2 (1) cells were treated for 24 h with EGb and then 24 h with H2O2. In EGb +H2O2 (2) cells were treated
with EGb and H2O2 concurrent for 24 h. In EGb + H2O2 (3) cells were treated for 24 h with H2O2 and then with
EGb for additional 24 h. The bars represent ± the average ± SD of independent experiments (n = 3). Statistically
significant di↵erence compared to control cells: ** p  0.01, *** p  0.005, **** p  0.001. Cells treated with DMSO

http://www.mdpi.com/2076-3921/9/4/279/s1
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were used as control. Figure S2: q-PCR analysis. Quantitative analysis of mRNA expression levels of p53, BAX
and Bcl-2 in SK-N-BE cells after treatments. Histograms report the expression of p53 (A) and BAX/Bcl2 ratio (B).
The bars represent ± the average ± SD of independent experiments (n = 3). Statistically significant di↵erence
compared to untreated cells: ** p  0.01.
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Abstract

Background: A major limitation in the treatment for malignant mesothelioma is related to serious side effects
caused by chemotherapeutics and to the development of cancer-resistance. Advances in cancer therapies have
been reached thanks to the introduction of alternative approaches, such as the use of phytochemicals. Curcumin-
C3complex®/Bioperine® is a commercially standardized extract containing a ratio-defined mixture of three
curcuminoids and piperine that greatly increase its bioavailability. Interestingly, the anticancer effect of this
formulation has been described in different studies and several clinical trials have been started, but to our
knowledge none refers to human mesothelioma.

Methods: Curcumin-C3complex®/Bioperine® anticancer effect was evaluated in vitro in different human
mesothelioma cell lines analysing cell proliferation, colony-forming assay, wound healing assays, invasion assay and
FACS analysis. In vivo anticancer properties were analysed in a mesothelioma xenograft mouse model in CD1 Nude
mice.

Results: Curcumin-C3complex®/Bioperine® in vitro induced growth inhibition in all mesothelioma cell lines analysed
in a dose- and time-depended manner and reduced self-renewal cell migration and cell invasive ability. Cell death
was due to apoptosis. The analysis of the molecular signalling pathway suggested that intrinsic apoptotic pathway
is activated by this treatment. This treatment in vivo delayed the growth of the ectopic tumours in a mesothelioma
xenograft mouse model.

Conclusions: Curcumin-C3complex®/Bioperine® treatment strongly reduces in vitro tumorigenic properties of
mesothelioma cells by impairing cellular self-renewal ability, proliferative cell rate and cell migration and delays
tumor growth in xenograft mouse model by reducing angiogenesis and increasing apoptosis. Considering that
curcumin in vivo synergizes drug effects, its administration to treatment regimen may help to enhance drug
therapeutic efficacy in mesothelioma. Our results suggest that implementation of standard pharmacological
therapies with novel compounds may pave the way to develop alternative approaches to mesothelioma.
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Background
Malignant Mesothelioma (MM) is a rare and aggres-
sive form of cancer primarily associated with exposure
to asbestos fibres that affects the mesothelium surface
of the pleural cavity. Despite the rarity of this disease,
MM incidence is increasing worldwide and it is esti-
mated to peak over the next 15 years with an increase
of 5.4% per year [1]. The prognosis of MM is very
poor due to the long latency development (30–40
years), to the diagnosis at a very late stage and to its
high chemo-resistance. To date, the standard thera-
peutic modalities for this type of cancer, including
chemotherapy, surgery and radiotherapy have yielded
unsatisfactory outcomes [2]. Thus, the development of
alternative and more effective therapies is an urgent
requirement.
Previously, our group has investigated the in vitro and

in vivo efficacy of a piroxicam and cisplatin combined
treatment in MM. This treatment determined a marked
tumor growth inhibition and an extended survival both
in mouse models [3] and in spontaneous MM in pets
[4]. Despite the efficacy of this treatment, drug toxicity
and tumor-resistance represent a serious limitation. For
this reason, research is needed on novel therapeutic ap-
proaches using natural compounds with no or little cyto-
toxicity. In this perspective, phytochemicals represent
good candidates to be used alone or associated with
standard chemotherapy. Phytochemicals are bioactive
plant compounds that display an adjuvant effect result-
ing in tumor growth inhibition and in chemoprotective
action towards the healthy cells with no obvious associ-
ated side effects [5].
Among others, curcumin - normally found in the

turmeric of Curcuma longa Linn - is a naturally oc-
curring phytochemical that has been widely used for
centuries for the treatment of several diseases [6].
The use of curcumin in cancer is based on its ability
to block the proliferation of tumor cells. Curcumin
modulates cell cycle regulatory proteins involved in
the pathogenesis and the prognosis of several cancers,
including mesothelioma [7]. More interestingly, curcu-
min seems to induce a selective cytotoxicity toward
cancer cells blocking the expression of molecules in-
volved in cancer growth, such as nuclear factor NFkB
and thioredoxin reductase (TrxR) [8–10]. In addition,
curcumin is able to overcome the multidrug resist-
ance of cancer cells down-regulating proteins respon-
sible for the high drug efflux in multi-drug-resistant
cancer cells [11].
Increasing evidences point out a robust anti-cancer ef-

ficacy of curcumin, however more attention should be
paid to the formulations used, since in most of the in
vivo studies and clinical trials no-standardized curcumi-
noid mixtures have been used [6].

Despite its numerous applications, the pharmaco-
logical potential of curcumin is severely restricted due to
its poor water solubility, photodegradation, chemical in-
stability and rapid metabolism as well as to its poor sys-
temic bioavailability after oral administration [12]. In
order to take advantages of the beneficial effects that
curcumin may have, numerous attempts have been made
to increase its efficacy and bioavailability. To overcome
solubility problems our group as well as others have pre-
viously investigated the bioactivity of curcumin formula-
tions using nanocarriers for delivery and targeting.
These studies indicated that curcumin efficacy is tightly
linked to its bioavailability [13, 14].
Other strategies investigated the efficacy of curcumin

in combination with various molecules. Among them,
the most promising one is represented by the co-admin-
istration of curcumin with piperine, an alkaloid of black
pepper and long pepper. Piperine significantly enhances
curcumin bioavailability – up to 2000% - by preventing
its metabolism through the inhibition of the glucuroni-
dation processes [15, 16].
In this study we investigated the anticancer activity of

a commercially available preparation of curcumin and
piperine (C3 complex® and Bioperine®, Sabinsa Corpor-
ation, CBP). C3 complex is a standardized extract con-
taining a ratio-defined mixture of three curcuminoids
(curcumin, bisdemethoxycurcumin, and demethoxycur-
cumin) that recently achieved the GRAS (Generally Rec-
ognized as Safe) status.
The efficacy of CPB was evaluated in vitro in different

human mesothelioma cell lines and in vivo using a xeno-
graft mouse model of MM. Overall, our data highlighted
that CBP induces apoptosis in a time-dependent manner
in MM cell lines sensitive (MSTO-221H, NCI-H2452)
and insensitive (Ist-Mes2) to the piroxicam and cisplatin
treatment [17] and that it is able to reduce tumor
growth in a mouse MM model.

Methods
Cell culture and chemicals
Human MM cell lines were maintained at 37 °C in a 5%
CO2 humidified incubator in either RPMI-1640 medium
(MSTO-221H, NCI-H2452) or Dulbecco’s Modified Ea-
gle’s Medium (Ist-Mes-2) supplemented with 10% fetal
bovine serum (FBS), glutamine (2 mM), sodium pyruvate
and antibiotics (0.02 IU/mL-1 penicillin and 0.02 mg/
mL-1 streptomycin).
Curcumin C3 complex® (C3) and Bioperine® (BP) were

provided from Sabinsa (Sabinsa Corporation, NJ, USA).
Curcumin and Bioperine (CBP) stock solution contains
20mM C3 complex® and 26 nM of Bioperine® in DMSO.
This means that in all the experiments C3 is added to BP
in the ratio 100:1 in weight (100 g of C3 for 1 g of BP).
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In vitro uptake of curcumin C3 complex®
MSTO-221H cells were seeded at a density of 2 × 105

cells/well in six-well plates, and exposed to C3 with the
concentration of 20 μM for 10′. For nuclear counterstain
Hoechst 33342 (Invitrogen, Thermofisher, Waltham,
MA, USA) was added in the culture medium. Since cur-
cumin exhibits autofluorescence when excited at 455 nm
and emits at 540 nm [18], uptake of the molecule was
monitored under fluorescent microscope (DMI8, Leica,
Instruments, Germany) using GFP filter with 20x
magnification.

Cell proliferation assay
To evaluate the effect of curcumin or CBP on cell prolif-
eration, approximately 1 × 104 cells/well in 48-well plates
were plated and treated with 5, 10 and 20 μM for 24, 48
or 72 h. Cells were fixed with 3.7% formaldehyde for 10
min, washed with PBS and stained with 0.5% crystal vio-
let for 10 min. A microplate reader (Cytation3 ASHI,
BioTek, VT, USA) was then used to measure the absorb-
ance at 595 nm. All the experiments were performed in
triplicate. Data are expressed as the mean ± SD.

Colony formation assay
Cells were seeded at a density of 500 cells/well in six-
well plates and incubated for 7 days. Then, cells were
treated with 20 μM for 24 h before replacing the media.
Cells were grown for additional 7 days and then colonies
were stained with crystal violet and counted. Representa-
tive plates were captured using scanner (Epson Stylus
Photo, PX 650). All the experiments were performed in
triplicate. Data are expressed as the mean ± SD.

Wound healing assays
For wound healing assay, approximately 3 × 104 cells/well
were plated in six-well plates. After overnight incubation,
wounds were created using a 200 μl pipette tip. Cells were
treated with 20 μM of CBP for 24, 48 or 72 h. Representa-
tive plates were photographed using phase contrast micro-
scope (DMI8, Leica, Instruments, Germany). The gap was
photographed and measured using Image J software. All
the experiments were performed in triplicate. Data are
expressed as the mean ± SD.

Invasion assay
The ability of cells to invade into the matrix and migrate
towards was analysed in vitro using 24-well inserts with
a pore size of 8 μm (Falcon, Corning NY) coated with
Matrigel (BD Biosciences, Franklin Lakes, NJ) according
to the manufacturer’s guidelines. Approximately 2 × 104

cells were seeded in 250 μL of serum free medium with
20 μM of CBP in the upper surface of chamber; the
lower chamber was filled with 750 μL of medium with
10% FBS. After 24 h of treatment, non-invasive cells

remaining in upper chamber were removed by PBS
washing. Invasive cells that had penetrated the Matrigel
(the lower surface) were fixed with 3.7% formaldehyde
for 10 min, washed with methanol for 20 min and
stained with 0.5% crystal violet for 10 min, and then
counted. Cells that invaded the lower surface of the fil-
ters were surveyed under a microscope at 10× magnifi-
cations, and five fields were randomly selected.
Representative plates were photographed using bright
field microscope (DMI8, Leica, Instruments, Germany).
All the experiments were performed in triplicate. Data

are expressed as the mean ± SD.

FACS analysis
Approximately 7,5 × 105 cells/well were plated in 100
mm plates. After overnight incubation, cells were treated
with 20 μM of CBP for 24, 48 or 72 h and stained with
propidium iodide and annexin V (BD Biosciences,
Franklin Lakes, NJ), according to the manufacturer’s
protocols. Flow cytometry was performed using a FACS-
Canto TM flow cytometry system (Becton Dickinson,
San Jose, CA). All the experiments were performed in
triplicate. Data are expressed as the mean ± SD.

RNA extraction and q-PCR
RNA from treated or untreated cells was extracted using
Trizol (Thermo Fisher Scientific, MA USA) following
manufacturer’s instructions. 200 ng of total RNA from
each sample were retro-transcribed using the High Cap-
acity cDNA Reverse Transcription Kit (Applied Biosys-
tem, Thermo Fisher Scientific, MA USA). qPCR
reactions were performed by means of a 7900 HT Real
Time PCR (Applied Biosystem) using gene specific
primers for the following selected genes:
BAX: Forward 5′-TTTGCTTCAGGGTTTCATCCA-3′:

Reverse 5′- CTCCATGTTACTGTCCAGTTCGT-3′; BCL-
2: Forward 5′-GTTCCCTTTCCTTCCATCC-3′; Reverse
5′-TAGCCAGTCCAGAGGTGAG-3′; FAS: Forward 5′-
CCCTCCTACCTCTGGTTCTTACG-3′; Reverse 5’TCAG
TCACTTGGGCATTAACACTTT-3′; FASL: Forward 5′-
CCTGAAAAAAAGGAGCTGAGGAA-3′; Reverse 5′-
GGCATGGACCTTGAGTTGGA-3′; GAPDH: Forward
5′-CAAGGCTGTGGGCAAGGT-3′; Reverse 5′-GGAA
GGCCATGCCAGTGA-3:
Primers were designed at exon-exon junctions using

Primer express 2.0 (Applied Biosystems). Target expres-
sion level was performed as previously described [19]
using GAPDH as housekeeping gene. All the experi-
ments were performed in triplicate. Data are expressed
as the mean ± SD.

Western blot
Protein extracts were prepared as previously described
[20]. For each lane, 20 μg of total cell lysates were
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separated in 4–15% Tris–glycine gels (Bio-Rad Labora-
tories, Inc., CA, USA) at 100 V. Proteins were then
transferred to PVDF membranes (Biorad Laboratories,
Inc., CA, USA), probed with the specific primary anti-
bodies, followed by secondary antibodies conjugated
with horseradish peroxidase according manufacturer’s
indications. Primary antibodies used for western blot in-
clude p53 (Cell Signaling, #2524) PARP (Cell Signaling,
#9542), BCL-2 (Abcam, ab182858), BAX (Santa Cruz
Biotechnology, sc-493), FAS (Abcam, ab133619) and
Cytochrome c (Abcam, ab133504). β-Actin (Cell Signal-
ing, #3700) was used as loading control. All the anti-
bodies were used at working concentration indicated by
manufacturers. Protein bands were detected by Clarity
western ECL (Bio-Rad Laboratories, Inc., CA, USA) and
quantified with ImageJ software. All the experiments
were performed in triplicate. Data are expressed as the
mean ± SD.

Cytochrome c release
To determine the cytochrome c release from mitochon-
dria to cytosol, cytosolic fractions were isolated resus-
pending 1 × 106 cells in 100 μl of ice-cold plasma
membrane permeabilization buffer (200 μg/ml digitonin,
80 mM KCl in PBS). After 5 min incubation on ice, ly-
sates were centrifuged at 800 X g for 5 min at 4 °C, and
the supernatants (cytosolic fraction) were then collected.
Protein fractions were separated, transferred and probed
with and Cytochrome c primary antibodies as described
in the previous section.

Mesothelioma xenograft tumor model
Xenograft mouse model of MM was induced by dorsal
injection of human mesothelioma cells (MSTO-211H) as
previously described [3].
Male CD1 Nude mice were purchased from Charles

River Laboratories Italia (Calco, Italy) and housed in the
animal Facility IRRC-Neuromed in accordance with pro-
tocols approved by the IRRC-Neuromed Animal Care
Review Board and by Ministry of Health. In vivo experi-
ments were conducted according to EU directive 2010/
63/EU for animal experiments.
MSTO-211H cells (2.5 × 106) were suspended in 0.2 ml

serum-free DMEM medium and inoculated subcutane-
ously (s.c.) in the right flank of each mouse aged 5
weeks. 10 days after inoculation, when the tumours be-
came visible, 8 mice for each experimental group were
randomly assigned into control (DMSO) or treated
groups (CBP or cisplatin) and treatments were adminis-
tered by intra-peritoneal injection (i.p.).
To analyse anticancer properties of CBP, mice were

daily treated with CBP (40 mg/kg) for 4 weeks or with
Cisplatin (3.3 mg/kg) only for the first 3 days. Mice

treated with vehicle alone (DMSO, daily for 4 weeks)
were used as control.
Each tumor was measured weekly using a calliper; tu-

mour’s size was assessed by using the formula: (long axis
× short axis × short axis)/2.
The mice were sacrificed after 4-week treatments.

Histology and immunohistochemistry
For histology, staining with hematoxylin/eosin and
hematoxylin/Van Gieson were used. For immunohisto-
chemistry, tissue sections were heated twice in a micro-
wave oven for 5 min each at 700W in citrate buffer (pH
6) and then processed with the standard streptavidin-
biotin-immunoperoxidase method (DAKO Universal Kit,
DAKO Corp., Carpinteria, CA, USA). Mouse monoclo-
nal anti-human Ki67 (MIB-1 clone) and anti-CD31
(M0823 clone) antibodies from DAKO were used at a 1:
100 dilution. Diaminobenzidine was used as the final
chromogen, and hematoxylin as the nuclear counter-
stain. Negative control experiments for each tissue sec-
tion were performed in the absence of the primary
antibody. Positive controls, included in each experiment,
consisted of tissue previously shown to express the anti-
gen of interest. Two observers (S.C and A.B.), blinded to
treatment conditions, evaluated the staining pattern of
the proteins separately and quantitated the protein ex-
pression in each specimen by scanning the entire section
and estimating the number of vessels or positive cells at
the high-power-field 10 × 20. The level of concordance,
expressed as the percentage of agreement between the
observers, was 95%. In the remaining specimens, the
score was obtained after collegial revision and agree-
ment. The U-Mann Whitney test was used to assess re-
lationship between ordinal data. Two-tailed p-value was
considered significant when ≤0.05.

TUNEL assay
TUNEL reaction was performed using the peroxidase-based
Apoptag kit (Oncor, Gaithersburg, MD, USA). The experi-
ment was repeated on at least two different sections for
each specimen. Fifty random fields (250X) per section were
analysed (6mm2). The level of concordance, expressed as
the percentage of agreement between the two observers
(SC and AB), was 100%. The U-Mann Whitney test was
used to assess relationship between ordinal data. Two-tailed
p-value was considered significant when ≤0.05.

Statistical analysis
Analysis was performed using Graph Pad Prism 6.0
(GraphPad Software, San Diego, CA, USA). Signifi-
cance was evaluated using One-Way ANOVA with
Bonferroni post hoc test for multiple comparisons or
a Student’s t-test. p-value ≤0.05 was considered statis-
tically significant.
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Results
CBP determines growth inhibition in mesothelioma cells
We have previously reported that curcumin (20 μM) only
when complexed with cyclodextrin can entry into cells de-
termining cell viability decrease in mesothelioma cells [21].
To examine the C3 bioavailability, we first analysed

whether C3 was able to penetrate MSTO-221H (MSTO)
cells using the same concentration. Figure 1 a shows that
C3 fluorescence is widely distributed in the cells, thus
indicating that this complex is able to enter into cell
through the plasma membrane.
Then, in order to investigate whether BP could en-

hance C3 bioactivity, we treated MSTO with different
concentrations of C3 alone or combined with Bioperine.
CBP resulted more effective than C3 complex alone
(Fig. 1 c). In addition, Bioperine alone at same concen-
tration present in CBP did not affect cell viability (Fig. 1
b). As shown in Fig. 1 c, CBP at 20 μM is able to deter-
mine a growth inhibition increase up to 40% compared
to C3 alone, indicating that BP strongly determines a C3

bioavailability enhancement. Thus, we chose to use this
concentration for the subsequent experiments.
To study the CBP in vitro activity we analysed the cell

viability in a time course assay. The results indicated
that CBP affects cell viability in a time dependent man-
ner both in MSTO, and in NCI-H2452 (NCI) and in Ist-
Mes-2 (Mes-2 cells) (Fig. 1 d).
Subsequently, cell proliferation, cell migration and in-

vasive ability were analysed on all three cell lines in
order to evaluate the anticancer potential CBP. The re-
sults clearly showed a complete growth inhibition and
the loss of self-renewal ability and proliferative potential
with a failure in colony formation.
CBP was able to impair self-renewal ability and long-

term proliferative potential in all the MM cell lines ana-
lysed. In fact, colony formation was almost completely
inhibited after 24-h treatment with CBP (Fig. 2 a). Inva-
sion abilities also resulted significantly reduced after
CBP treatment (Fig. 2 b). Moreover, wound-healing
assay showed that CBP significantly inhibited cell

Fig. 1 CBP uptake and effects on cell viability in mesothelioma cells. a) Fluorescence microscope analysis of MSTO cells incubated with DAPI (i) or
with DAPI/CBP (ii) for 10′. Cellular uptake was analysed by curcumin intrinsic autofluorescence using a GFP filter. DAPI was used to counterstain
nuclei. (b) Bioperine alone does not affect MSTO cell viability even when used 10X concentrated respect to the amount of BP present in CBP
used for the experiments. c) Curcumin and Bioperine combined treatment increases C3 Complex bioactivity determining a cell viability decrease
in dose dependent manner. d) Time-course measurement of cell viability decrease in different mesothelioma cell lines treated with 20 μM CBP for
the indicated time. Cell viability was determined by crystal violet assay and cell viabilities are depicted as percentages. CTRL: untreated cells used
as control. The indicators represent the average ± SD of independent experiments (n = 3). Statistically significant difference compared to
untreated cells: ***p ≤ 0.001, ****p ≤ 0.0001. CRTL: untreated cells
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migration capacity in a time-dependent manner both in
MSTO, and in NCI and in Mes-2 cells. In particular, the
wound gap was about 100% after 24 h. (Fig. 2 c).
Taken together, these results indicated that CBP

strongly reduces tumorigenic properties of MM cells,
probably by affecting molecular pathways not involved
in the response to the combined treatment with piroxi-
cam and cisplatin since the effects are evident even in
cells does not responding to this treatment [20].

CBP induces apoptosis in mesothelioma cells
To understand whether cell viability impairment was due
to apoptosis, we analysed the cell cycle perturbation and

the downstream signalling triggered by CBP. MSTO, NCI
and Mes-2 cells were treated with CBP for 24, 48 and 72 h
and untreated cells were used as control. Apoptosis was
investigated by flow cytometry analysis with AnnexinV-
FITC/PI. The results clearly indicate that CBP determines
a growing apoptotic induction during the time, reaching
about 75% at 72 h (Fig. 3). On the contrary, in the un-
treated cells we did not detect any apoptotic increase over
the time. We observed slight modifications in apoptosis
among the different mesothelioma cell lines, with MSTO
showing the highest sensitivity. More interestingly, CBP is
effective also in Mes-2 cells that do not undergo to apop-
tosis after piroxicam and cisplatin treatment [17].

Fig. 2 CBP impairs mesothelioma tumorigenic properties. a) The effect of CPB on colony forming ability of MM cell lines was analysed after 7
days of culture post CPB treatment. For quantification, colonies with at least 50 cells were considered. b) Invasive capability of human MM cells
was determined using transwell invasion assay with Matrigel after 24 h CBP treatment as described in “Methods”. For each cell line five random
fields in each well were counted under a microscope. Bright field images magnification: × 10. Representative micrographs shown in a) and b)
were obtained after crystal violet staining. Histograms report average of colony or cell numbers respectively (% of control). c) Cell migration
activity of mesothelioma cell lines was examined by wound healing assay. The wound closure rate was measured by detecting the closure
distance after 24 h. Representative phase contrast images at 0 and at 24 h after CBP treatment (up) and quantification of the distance (down) are
shown. Magnification of the upper panels: × 10. The indicators represent the average ± SD of independent experiments (n = 3). Statistically
significant difference compared to untreated cells: **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. CTRL: untreated cells
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CBP activates intrinsic apoptosis in mesothelioma cells
To investigate the molecular signalling pathway involved
in the CBP-apoptotic cell death, we analysed if CBP was
able to modulate p53 protein level and other apoptotic
markers such as cleaved PARP, BAX and BCL2 FAS and
FASL. Since untreated cells did not show modification
of p53 levels or presence of PARP cleavage over the time
(Additional file 1: Figure S1), we used as control samples
proteins from untreated cells after 72 h culture that is
the time where we observed the maximum CBP effect.
Protein analysis shows an increase of the p53 level

after CBP treatment in all MM cell lines, with MSTO
showing the highest increase (Fig. 4 a). In addition, the

presence of PARP cleavage confirmed activation of
apoptosis.
Then we focused our attention on the molecular effec-

tors involved in the activation of the intrinsic [22] or the
extrinsic [23] apoptotic pathway, by analysing the ex-
pression of key molecules responsible for the two apop-
totic pathways: BAX, BCL-2 and FAS, FASL respectively.
The analysis of BAX and BCL-2 protein expression in-

dicated that CBP induced apoptosis through intrinsic
pathway (Fig. 4 a). Expression analysis by q-PCR also
confirmed an increased ratio BAX/Bcl-2 supporting the
activation of intrinsic pathway (Fig. 4 b). According to
these results we did not observe changes in the

Fig. 3 CBP treatments induce apoptosis in mesothelioma cells. FACS analysis by Annexin V-FITC/PI double staining assay for the detection of
apoptosis in MSTO, NCI and Mes-2 cells treated with 20 μM CPB for 24, 48 and 72 h. Q2 and Q4: early and late apoptotic cells; Q1: necrotic
fraction; Q3: live cells. Histograms on the right report a data summary of the apoptotic index. Bars represent the average ± SD of independent
experiments (n = 3). Statistically significant difference compared to untreated cells: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. CTRL:
untreated cells
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expression levels of FAS protein and gene in MSTO and
NCI cells, while Mes-2 cells do not express FAS protein
and mRNA (Additional file 2: Figure S2). On the con-
trary, we did not detect any expression of FASL genes in
MM cells [24].
Finally, to further investigate the occurrence of intrin-

sic apoptotic pathway, we examined the cytochrome c
release from mitochondria following CBP treatments. As
shown in Additional file 2: Figure S2, CBP induced cyto-
chrome c release in MM cell lines.
These results indicated that CPB in human MM in-

duces apoptosis through intrinsic pathway.

CBP shows anticancer activity in mesothelioma
xenografts in mice
To verify the cellular and molecular in vitro results and
analyse whether CBP may have beneficial effects in MM,
we performed in vivo experiments using a xenograft
mouse model of MM induced by dorsal injection of hu-
man mesothelioma cells (MSTO-211H).
In these experiments we analysed the effects of CBP

and cisplatin (adopted as a positive control) treatments
on tumour growth in comparison with treatment with
vehicle (DMSO, control group). The results showed that
daily administration of CBP (40 mg/kg) was able to sig-
nificantly delay the growth of the ectopic tumours as
compared to the controls (p-value = 0.0013), even if the

efficacy of the treatment was lower in comparison with
cisplatin (p-value = 0.0011) (Fig. 5 a). Histopathology
analysis of ectopic tumours showed that treatment with
CBP or cisplatin caused partial substitution of the tumor
tissue by calcified and necrotic tissue. Tumor tissue from
control samples displayed high proliferation index, as
evaluated by Ki67 nuclear expression, low apoptotic
index, as evaluated by TUNEL assay and high neo-angio-
genesis, as detected by CD34 expression, as compared to
CBP treatment (Fig. 5 b). In detail, Ki-67 expression was
25% in the controls vs. 10% in the treated tumours (p-
value = 0.008), TUNEL score was 2% in the controls vs.
8% in the treated tumours (p-value = 0.0005), while the
number of vessels in the control animals was 10 ± 4 and
5 ± 2 in the treated tumours (p-value = 0.0006). Interest-
ingly, cisplatin treatment caused a similar effect on cell
proliferation and angiogenesis as compared to CBP regi-
men, while the number of apoptotic cells was signifi-
cantly higher with a TUNEL score higher than 10%
(data not shown). The same CPB regimen was per-
formed in nude mice not injected with MM cells to con-
firm the non-toxicity of this treatment (data not shown).

Discussion
A major limitation of the conventional treatments for
cancer is related to serious side effects that chemothera-
peutic drugs may cause and to the development of

Fig. 4 CBP induces intrinsic apoptosis. a) Protein expression levels of p53 and apoptotic markers in MM cell lines after 20 μM CPB for 24, 48 and
72 h treatments analysed by Western blot analysis. Histograms report the expression of p53, cleaved PARP and Bax/Bcl2 ratio normalized
expression. β-Actin was used as loading control. b) Quantitative analysis of mRNA expression levels of Bax and Bcl-2 in mesothelioma cell lines
after 24, 48 and 72 h of CBP treatment. The bars represent ± the average ± SD of independent experiments (n = 3). Statistically significant
difference compared to untreated cells: **p ≤ 0.01, ***p ≤ 0.005. CTRL: untreated cells after 72 h culture
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cancer resistance. Some advances in cancer therapies
have been currently reached thanks to the introduction
of alternative approaches, including the use of several
phytochemicals, which are able to significantly reduce
tumor progression and to improve healing and survival
[5].
MM is a rare and aggressive tumor developing from

the mesothelial surface of the pleural space. Clinical
signs are most of the time late and unspecific. The diag-
nosis is difficult with routine imaging procedures and
usually it is based on immunohistochemistry of pleural
biopsies. Until now neither surgical nor radiation treat-
ments and conventional chemotherapy result in favor-
able prognosis for MM patients.
The objective of our study was to examine the antican-

cer activity of CBP in mesothelioma by in vitro and in
vivo analysis.
The rationale for examining the potential efficacy of

CBP as a MM chemopreventive agent was based on sev-
eral lines of evidence. First, recent data suggest a robust
anti-cancer efficacy of curcumin [4]. Second, some stud-
ies indicated that curcumin efficacy is tightly linked to
its bioavailability [13, 14] and several approaches includ-
ing complexation in nanoparticles [21] or phospholipid
complexes [25] have been tested. Third, piperine signifi-
cantly enhances curcumin bioavailability by inhibition of
its glucuronidation processes [15, 16], and by increasing
its molecular uptake in the intestine, since it reduces the
intestinal transit [26]. Fourth, few investigations have

demonstrated a specific anti-cancer activity on MM for
curcumin reporting the in vivo anticancer effect of cur-
cumin in mesothelioma mouse or rat allograft models
[27–30].
In this work we analysed the anticancer activity of cur-

cumin in MM using a specific formulation: C3 Com-
plex®. This is a standardised extract from dried roots and
rhizomes of Curcuma longa containing up to 95% of
three different curcuminoids that constitute the active
components: curcumin (79,97%), demethoxycurcumin
(17,62%) and bisdemethoxycurcumin (2,41%). C3 Com-
plex® was used in combination (1:100) with Bioperine®.
As a first line strategy, we performed an in vitro study

to evaluate the effects of C3 Complex® in three different
MM cell lines: MSTO, NCI, and Mes-2. The results
showed that CBP compared to C3 alone greatly impaired
cell viability in MM cells in a time dependent manner.
Furthermore, CBP strongly reduced tumorigenic proper-
ties in MM by impairing cellular self-renewal ability,
proliferative cell rate and cell migration. We also evi-
denced that CBP determines cell death through a time-
dependent apoptotic induction in all the MM cell lines
analysed. Subsequent analysis of the expression of key
signalling molecules involved in apoptosis clearly indi-
cated that CBP through p53 pathway activates intrinsic
apoptotic pathway, since we detected an increase of the
BAX/BCL-2 ratio at both protein and gene level and
cyctochrome c release in all mesothelioma cell lines
analysed. Indeed, unbalance between BCL-2 and BAX

Fig. 5 In vivo anticancer properties of CBP. a) Antitumor effect of CBP in a xenograft model of MM. The tumor growth curves show that CBP was
able to significantly delay the growth of the ectopic tumors as compared to the controls (p-value = 0.0013), but with lower efficacy, compared to
cisplatin (p-value = 0.0011). b) Effects of CBP on cell proliferation apoptosis and angiogenesis as compared to the control, as determined by Ki67,
TUNEL (asterisks identify apoptotic cells) and CD34 staining (original magnification × 10). CBP treatment significantly decreased cell proliferation
(25% vs 10%; p-value = 0.008), increased apoptosis (8% vs 2%; p-value = 0.0005) and decreased angiogenesis (5 ± 2 vs 10 ± 4; p-value = 0.0006)
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favours BAX activity. BAX induces mitochondrial mem-
brane permeabilization and the subsequent cytochrome
c release into the cytoplasm of MM cells. This deter-
mines the onset of apoptosis that culminates in caspases
machinery activation and cleavage of PARP (poly(ADP-
ribose) polymerase) protein [31].
To evaluate whether CBP could have chemopreventive

effects also in vivo we generated a xenograft MM mouse
model. The results indicated that daily administration of
CBP up to four weeks delayed tumor growth even if to a
lower extent when compared to cisplatin treatment. Ac-
cording to this observation, immunohistochemical analysis
indicated that tumor samples from CBP-treated mice
showed reduction of angiogenesis and apoptosis increase.
Different studies report that natural molecules can

have anticancer properties sensitizing cancer cells to
standard therapy [32]. Also curcumin has been reported
to act in vivo synergizing drug effects, thus enhancing
the global efficacy: examples are 5-fluorouracil or FOL-
FOX in colorectal cancer [33–35] or cisplatin in head
and neck squamous cell carcinoma and ovarian cancer
[36, 37]. Our results describe for the first time the effi-
cacy of CBP in human mesothelioma xenograft mouse
model. Although numerous studies describe the anti-
cancer or the adjuvant effects of CBP [38, 39] and sev-
eral clinical trials have been started [40, 41] none of
them refers to MM. To our knowledge, this is the first
study analysing in vitro and in vivo the efficacy of CBP
on MM.
It is important to underline that in our experimental

conditions CBP was ineffective in controlling bulky neo-
plasms. Nevertheless, by adopting this therapeutic
scheme in a dose intensity protocol, it might be possible
to achieve extended tumor control, especially consider-
ing that this approach could be associated to aggressive
pleurectomy. Furthermore, considering the ability of
curcumin to act in vivo synergizing drug effects, it is also
possible that inclusion of other drugs in the treatment
regimen may help achieve an additional increase in the
anti-tumor efficacy of this therapy.

Conclusions
In conclusion, our findings reveal novel, previously un-
appreciated anti-cancer effects of CBP in a model of
MM, whose current prognosis remains very poor. Fur-
ther studies aimed at delineating the exact molecular
mechanisms responsible of these effects are required,
since they are propaedeutic for future randomized clin-
ical trials aimed at the evaluation of CBP as a chemo-
therapy agent in MM. Our results suggest that
implementation of the standard pharmacological therap-
ies with novel compounds may pave the way to develop
alternative and more effective es to MM.

Additional files

Additional file 1: Figure S1. p53 and PARP are not modulated in
untreated cells. Analysis of p53 (a) and PARP protein (b) expression in
untreated MSTO cultured for 24, 48 and 72 h by Western blot. There is
neither modulation of p53 nor presence of cleaved PARP over the time.
In b) MSTO treated with 20 μM CPB for 24 h were loaded as control of
PARP cleavage. Histograms report the expression of p53, cleaved PARP
normalized expression. β-Actin was used as loading control. The bars
represent ± the average ± SD of independent experiments (n = 3).
Statistically significant difference compared to untreated cells: ***p≤
0.001; ****p ≤ 0.0001. CTRL: untreated cells. (PNG 371 kb)

Additional file 2: Figure. S2. CBP does not induce death receptors but
induces cytochrome c in mesothelioma cells. Protein (a) and gene (b)
expression levels of FAS in MM cell lines after 20 μM CPB for 72 h
analysed by Western blot and qPCR. FAS is not modulated in MSTO and
NCI cells, while no protein and gene expression was detected in Mes-2
cells. c) Western blot analysis showing cytosolic release of cytochrome c
in MM cell lines after 20 μM CBP treatment at 72 h. Histograms report the
expression of FAS or cytochrome c normalized expression. In western
blot experiments β-Actin was used as loading control. The bars represent
± the average ± SD of independent experiments (n = 3). Statistically
significant difference compared to untreated cells: ****p ≤ 0.0001. CTRL:
untreated cells after 72 h culture. (PNG 750 kb)
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BAX: Bcl-2-associated X protein; BCL-2: B-cell lymphoma 2; CBP: C3 complex®
and Bioperine®; FACS: Fluorescence activated cell sorting; FASL: Fas ligand;
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Abstract: The interest in dietary polyphenols in recent years has greatly increased due to their
antioxidant bioactivity with preventive properties against chronic diseases. Polyphenols, by
modulating di↵erent cellular functions, play an important role in neuroprotection and are able
to neutralize the e↵ects of oxidative stress, inflammation, and apoptosis. Interestingly, all these
mechanisms are involved in neurodegeneration. Although polyphenols display di↵erences in their
e↵ectiveness due to interindividual variability, recent studies indicated that bioactive polyphenols in
food and beverages promote health and prevent age-related cognitive decline. Polyphenols have
a poor bioavailability and their digestion by gut microbiota produces active metabolites. In fact,
dietary bioactive polyphenols need to be modified by microbiota present in the intestine before being
absorbed, and to exert health preventive e↵ects by interacting with cellular signalling pathways. This
literature review includes an evaluation of the literature in English up to December 2019 in PubMed
and Web of Science databases. A total of 307 studies, consisting of research reports, review articles and
articles were examined and 146 were included. The review highlights the role of bioactive polyphenols
in neurodegeneration, with a particular emphasis on the cellular and molecular mechanisms that are
modulated by polyphenols involved in protection from oxidative stress and apoptosis prevention.

Keywords: polyphenols; neuroprotection; apoptosis prevention; oxidative stress; gut microbiota

1. Introduction

An improvement in socio-economic conditions, especially in developed countries, results in an
increase in elderly people. This determines a corresponding enlargement of the pathologies linked to
brain aging, such as cognitive and neurodegenerative diseases. The potential mechanisms underpinning
brain neurodegeneration have not yet been completely elucidated; nevertheless, oxidative stress and
inflammation are considered the main e↵ectors of brain decline.

Nowadays, there is a growing interest in dietary polyphenol nutrients since di↵erent
epidemiological studies have suggested that diets rich in plant-derived phytochemicals and,
in particular, polyphenols, are beneficial to human health [1]
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Among phytochemicals, polyphenols are the major group of compounds produced by plants as
secondary metabolites that protect plants against reactive oxygen species (ROS), ultraviolet radiation
(UV), pathogens, parasites and plant predators. They act as natural antioxidants thanks to their
metal-chelating and free radical scavenger properties. Bioactive polyphenols have been reported to
prevent the age-related cognitive decline typical of neurodegenerative diseases. Dietary bioactive
polyphenols can also modulate cognitive deficits and synaptic plasticity and promote neurogenesis [2,3].

Neurodegenerative diseases are characterized by the progressive loss of function of a specific
population of neurons and neural stem cells that results in sensory and motor deficits and cognitive
impairment. Di↵erent signaling pathways are involved in neurodegeneration, including oxidative
stress, inflammation and apoptosis. Bioactive polyphenols are able to counteract these processes
by directly scavenging free radical species inhibiting ‘pro-oxidant’ enzymes, activating anti-oxidant
enzymes [4] or intervening in apoptotic pathways [5].

Polyphenols act by preventing the DNA damage triggered by hydrogen peroxide (H2O2) and by
transition metals such as copper and iron. Iron-mediated oxidative DNA damage by hydroxyl radical
(•OH) is the primary cause of cell death under oxidative stress conditions for both prokaryotes and
eukaryotes [6]. Polyphenols can also directly scavenge ROS or inhibit the expression of molecules
sensitive to oxidative stress such as nuclear factor-kB (Nf-B) and activator protein-1 (AP-1) [7].

The molecular mechanism of neuroprotection involves the regulation of the mitochondrial
apoptosis cascade, which is finely tuned by the imbalance by between B-cell lymphoma-2 (Bcl-2)
and Bcl-2-associated X protein (Bax). Phytochemical neuroprotection can be achieved by introducing
anti-apoptotic Bcl-2, thus preventing apoptosis [8].

Bioactive polyphenols can exert neuromodulatory e↵ects, activating di↵erent intracellular
signaling pathways that are crucial for neuroprotection. The PI3K/Akt (Phosphoinositide 3-kinases/Akt)
pathway prevents apoptosis by upregulating the expression of Bcl-2; the PKC-ERK1/2 (Protein kinase
C/ Extracellular signal-regulated protein kinases 1 and 2) pathway decreases Bcl-2 (B-cell lymphoma 2),
Bcl-w (Bcl-2-Like Protein 2) and Bcl-xL (B-cell lymphoma-extra large), which are other anti-apoptotic
proteins; Akt-ERK1/2 inhibits the pro-apoptotic activity of Bad (BCL2 associated agonist of cell death)
and Bim (Bcl-2-interacting mediator) and activates caspases 9 and 3 [9,10].

The neuroprotective e↵ects of polyphenols can be carried out through synthesis of neurotrophic
factors, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) or glial cell
line-derived neurotrophic factor (GDNF). They can exert neurotrophic activity by binding the cognate
receptors and activating the downstream neuroprotective pathways [11].

The beneficial health e↵ects of bioactive phenolic compounds mainly depend on their
bioavailability and absorption rate. These characteristics can be modulated through interaction
with other dietary nutrients and through the action of enzymes present in the small intestine and
in the liver. Polyphenols are usually recognized as xenobiotics by the human body. After ingestion,
their absorption through the gut barrier can be increased following specific biotransformation and
conjugation such as methylation, sulfation and glucuronidation [12].

Polyphenols are e↵ective in neuroprotection in a di↵erent way—directly, by a↵ecting brain
functions and indirectly, by modulating gut microbiota composition and the metabolites produced.
Both actions determine the production of neurotransmitters and neuropeptides that are able to influence
the brain functions.

In this review, we discuss the di↵erent cellular and molecular mechanisms by which dietary
bioactive polyphenols exert neuroprotective functions. The review evaluates the main publications in
the field, providing a comprehensive analysis of the e�cacy of bioactive polyphenols.
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2. Methodology

We performed a literature review, searching within the PubMed and Web of Science database.
As keywords, we used the terms: oxidative stress, antioxidant, polyphenols, neurodegeneration,
neuroprotection, Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Research reports,
review articles and articles in English published up to December 2019 were selected and evaluated.
In addition, we examined the citations therein and included them when appropriate. In total, we
examined 307 references and included 146 of them in the present review.

3. Oxidative Stress and Polyphenols

Oxidative stress occurs when ROS accumulate in the cells for excessive production or insu�cient
neutralization. ROS are a contradiction for the cells. They are produced in normal metabolism as
part of several physiologic processes and, when present in physiologic concentrations, they control
redox homeostasis in the cell. However, an imbalance between their production and the ability of the
cell to enforce antioxidant defense mechanisms may a↵ect cellular structure and functional integrity,
resulting in cell damage and leading to necrotic or apoptotic cell death [13–15].

ROS cause severe molecular damage in the major cell components such as protein oxidation, lipid
oxidation, DNA oxidation, and glycoxidation. They can be divided into free radicals and nonradicals.
Free radicals are the molecular species containing at least one unpaired electron in the shell around the
atomic nucleus.

Among free radicals, H2O2 is one of the most important ROS with a physiological significance.
H2O2 is formed in the cells in a reaction catalyzed by the superoxide dismutase enzyme (SOD) and also,
at relatively low concentrations, it can penetrate the biological membranes and cause severe damage
to cellular macromolecules. ROS increase with exposure to the environment. To counterbalance the
e↵ect of oxidants, cells have evolved an intricate network of defense mechanisms. Indeed, depending
on the intensity and duration of oxidative stress, the cell response can be di↵erent, ranging from cell
proliferation to cell cycle arrest or cell death by apoptosis or necrosis [16].

The adverse e↵ects of ROS can be inactivated by the action of antioxidants [17]. They are
defined as compounds able to inhibit the oxidation of any molecule, even when present at very low
concentration [18]. By inhibiting or quenching free radical reactions, antioxidants delay or block
cellular damage.

It is widely accepted that neurodegenerative development is associated with oxidative stress that
determines severe injury in the cell. In fact, oxidative stress can result in deep biological damage.
An imbalance in redox regulation determines the overproduction of ROS with the induction of
progressive cellular damage, which is fundamental in neurodegenerative diseases. The production
of excessive ROS in neuronal tissue is mainly due to the activity of excitatory amino acids and
neurotransmitters [19]. Thus, neuronal cells need antioxidants to scavenge and prevent the formation
of ROS.

The body protects itself from ROS by using enzymatic antioxidant mechanisms [20].
The antioxidant enzymes reduce the levels of lipid hydroperoxide and H2O2; thus, they are important
in preventing lipid peroxidation and maintaining the structure and function of cell membranes.

The nonenzymatic antioxidants are the natural antioxidants present in plants. Among them,
polyphenols are the most powerful antioxidants able to balance the cellular ROS by activating
antioxidant signaling pathways [21,22]. Di↵erent studies indicate that dietary antioxidants consumed
daily exert a protective role [23].

Plants produce nonenzymatic antioxidants such as vitamins that act to interrupt free radical chain
reactions. Vitamin C is present in all plant cells and it has intracellular and extracellular antioxidant
capacity. Vitamin E is present exclusively in plastids. It represents the principal defense against
oxidative membrane damage, being concentrated in the hydrophobic bilayer of the cell membrane.
Vitamin E avoids lipid peroxidation, thus protecting polyunsaturated fatty acids (PUFA) from reactive
oxygen damage [24].
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Antioxidant plant polyphenols belong to di↵erent groups: phenolic acids, phenolic diterpenes,
volatile oils, flavonoids and stilbene (Figure 1) [25]. All act as ROS scavengers, or induce antioxidant
enzymes [26].
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Phenolic acids exert their antioxidant action, trapping free radicals [27]. The antioxidant
mechanism of phenolic diterpenes is related to the scavenging activities of lipid free radicals and to the
inhibition of low-density lipoprotein oxidation [28]. Volatile oils, as well as phenolic compounds, act
as antioxidants by reacting with peroxyl radicals [29]. Flavonoids are the most abundant class of plant
polyphenols, due to their metal-chelating and free radical scavenger properties [30]. On the contrary,
stilbenes scavenge hydroxyl radicals.

Other non-flavonoid polyphenols present in foods have antioxidant properties. Among them,
curcumin, from turmeric Curcuma longa, prevents lipid peroxidation by scavenging H2O2 and
hydroxyl radicals. Curcumin can also act as an antioxidant, reducing ferric ion (Fe3+) and chelating
ferrous ion (Fe2+) [31].

4. Molecular Pathways Involved in Neuroprotection of Polyphenols

Although cells are equipped with a high variety of antioxidants, some tissues and organs are
much more vulnerable than others to oxidative stress, probably because of their elevated consumption
of oxygen and the consequent generation of large amounts of ROS. Several observations suggest that
the brain is particularly vulnerable to oxidative stress [32] and oxidative stress has been implicated in
the pathogenesis of many clinical conditions and in the process of aging.
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Oxidative stress has been found to be increased in several human age-related degenerative
diseases, including genetically-linked neurodegenerative diseases, like Alzheimer’s disease (AD),
Parkinson’s disease (PD), and Huntington’s disease (HD) [33]. However, whether oxidative stress is a
primary cause or a downstream consequence of these neuropathological conditions or, more in general,
of the aging process is still an open question [34].

Neurons are particularly sensitive to oxidative stress because, being postmitotic cells, they will not
be replaced. Moreover, the ability of cells to respond to oxidative protein damage also seems to decline
with age [35]. Since the antioxidant systems are overwhelmed in pathological conditions, the use of
natural molecules like polyphenols can be viewed as a novel antioxidant therapeutic strategy to reduce
neuronal ROS and ameliorate the neurodegenerative process.

Polyphenols, due to their ability to modulate multiple cellular processes including redox balance,
have invaluable potential as antioxidant agents.

Polyphenols such as resveratrol from grapes and wine, curcumin from tumeric, and
epigallocatechin-3-gallate from green tea (EGCG), are able to protect against neurodegenerative
diseases by activating the protein kinases signaling molecular pathways such as Keap1/Nrf-2/ARE,
the major protective pathway against endogenous and exogenous ROS [36,37]. The interaction between
Keap1 and bioactive molecules leads to the disruption of the Keap1/Nrf2 complex, allowing Nrf2
to translocate to the nucleus where it binds adenylate and uridylate (AU)-rich elements (AREs) and
triggers the expression of antioxidant proteins such as heme oxygenase-1 [38].

Polyphenols also stimulate neurotrophic receptor factors with a pivotal role in the maintenance of
neuronal health. Examples are BDNF, which is involved in learning and memory [39], NGF, which is
crucial for the survival of brain neurons [40], and GDNF, which regulates cell survival and synaptic
plasticity [41]. Several studies reported that di↵erent flavonoids, including resveratrol, are able to
enhance the expression of these factors. Quercetin and genistein were shown to stimulate NGF-induced
neurite outgrowth [42,43]. Resveratrol is able to induce the release of BDNF and GDNF, thus protecting
cells from neurotoxicity [44,45].

The neuroprotective role of polyphenols is carried out by activating the pathways that, in cells,
regulate transcription, translation, proliferation, growth and survival, such as PI3K/Akt, PKC-ERK1/2,
Akt-ERK1/2 and MAPK (Mitogen-activated protein kinase). Their binding to Trk receptors (tyrosine
receptor kinases) activates the protein kinase cascades and, finally, cAMP (3’,5’-cyclic adenosine
monophosphate)response element-binding protein (CREB), increasing the expression of Bcl-2, Bcl-xL
and of neurotrophic factors [46]. In addition, this binding promotes receptor dimerization and
autophosphorylation by activating the downstream signaling cascades and promoting the survival of
motor neurons, hippocampal neuronal cells, and spinal ganglion neurons [47].

A flavone derivative has been reported to act as a TrkB agonist and to activate the downstream
signaling pathway [48]. More recently, resveratrol was shown to exert neuroprotection through its
interaction with Trk receptors [49].

In the brain, the anti-inflammatory action of polyphenols leads to neuroprotective e↵ects.
In fact, polyphenols inhibit the release of cytokines from activated glia and they also downregulate
pro-inflammatory transcription factors such as NF-B [50]. For example, quercetin determines a strong
neuroprotective e↵ect, repressing NF-B [51]; catechin, after stress injury, increases cell survival by
downregulating the NF-B and MAP kinase pathways [52].

The molecular mechanisms modulated by polyphenols are summarized in Figure 2.
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5. E↵ect of Polyphenols on Neurodegenerative Disorders

Despite the variability in the clinical picture of neurodegenerative disorders, these diseases share
common molecular traits. Inflammation and oxidative stress are responsible for the disruption of
the functions of the neurovascular units in AD, PD, HD and dementia. ROS are able to interact with
di↵erent neuronal signaling pathways, such as protein kinase and lipid kinase signaling cascades [53,54]
(Table 1).

Table 1. Signaling pathways activated by polyphenols in neurodegenerative diseases.

Polyphenol Signaling Pathway References

Resveratrol
SIRT1/PGC-1 [52,55]

PI3K/Akt

Curcumin
AMPK/NF-kB [56–58]

PI3K/Akt/GSK-3�

Quercetin MAPK/AKT/ PI3K [59]
ERK/CREB

Catechins (EGCG) PKC/MAPK/PI3K/Akt [60–62]
MEK/ERK1/2

5.1. Alzheimer’s Disease

AD is the most frequent form of dementia in the elderly population [63], with progressive
neurodegeneration. It is characterized by the deposition of Amyloid � (A�) peptides as A� plaques
and intracellular neurofibrillary tangles [64,65] that ultimately lead to a gradual deterioration in brain
structure and to the loss of intellectual function [66].

The presence of amyloid beta (A�) peptides in Alzheimer’s disease confers oxidative insult on
neurons and glial cells, leading to a change in synaptic plasticity [67]. The neuronal cytotoxicity in
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AD seems to be imputable to N-methyl- D-aspartic acid (NMDA) receptor activation coupled with
ROS production [68]. This mechanism, through the PKC/MAPK pathways, leads to the release of
arachidonic acid, involved in AD neuron apoptosis. A� peptides and ROS promote neurotoxicity in AD,
inactivating PI3k/Akt pathways. The Akt inactivation regulates various pro-apoptotic mediators [56].
Several studies indicated that a diet rich in polyphenols inhibits the above-mentioned pathways [69].
Curcumin displays anti-amyloidogenic properties, preventing the neurodegenerative process in AD
through the inhibition of MAPK and PI-3K pathways [70]. In addition, curcumin is able to block the
BDNF decrease in rats inoculated with A� peptide, modulating the Akt/GSK-3� signaling pathway,
thus determining a cognitive improvement [71]. Recently, it has been reported in an AD mouse model
that curcumin reduced A� production through the inhibition of �-secretase (BACE-1), the enzyme that
is responsible for the proteolytic processing of the amyloid precursor protein [72].

The antioxidant activity of resveratrol protects the memory decline in AD. In cells, it has been
reported that resveratrol suppresses A�-induced ROS generation and apoptosis [73]. Another study
reported that resveratrol exerts a neuroprotective role through its modulation of the PI3K/Akt
signaling pathway [74]. SIRT1 (Sirtuin 1) in brain has been shown to be protective against
neurodegeneration by deacetylating several transcription factors involved in neuronal protection
and stress resistance [75]. Dietary resveratrol protects against A� formation and oxidative stress
by modulating SIRT1 expression [76,77]. In particular, this ability is linked to the deacetylation of
PGC-1↵, to the presence of active proliferator-activated receptor-� (PPAR-�), and to the protection
against mitochondrial damage by Bcl-2 upregulation [55]. EGCG was described as active towards
AD in animal studies, being able to significantly reduce the cognitive decline and A� peptides, and
to upregulate proteins related to synaptic plasticity [78]. EGCG prevents neuronal apoptosis from
neurotoxic processes inhibiting BACE-1 [79]. In addition, EGCG significantly improves neuronal
survival and hippocampal neurogenesis by activating the PI3K/Akt signaling pathway and inhibiting
the MAPK pathway [80]. In vitro and in vivo studies reported the neuroprotective role of quercetin
against A� toxicity, showing that this polyphenol determined cell viability increase with a reduction in
neuronal oxidative stress [81]. Quercetin seems to inhibit the A� plaque aggregation and the formation
of neurofibrillary tangles probably increasing the levels of apolipoprotein E, that has a key role in
the clearance of A� [82]. A study performed in a triple transgenic mouse model of AD showed that
quercetin, after three months treatment, was able to reduce the amount of the �-amyloid fibers with
improvement of cognitive performances [83]. More recently, it was shown that a quercetin-enriched
diet a↵ected the latency in APP/PS1 mice only when administered at early stage. The e↵ect was
due to the inhibition of amyloidogenic processing through the reduction in the BACE-1 enzyme [84].
Finally, quercetin treatments in Drosophila models of AD indicated that this flavonoid could restore
A�-induced perturbation by acting on cell cycle signaling pathways and DNA replication [85].

5.2. Parkinson’s Disease

PD is a chronic and long-term degenerative disorder, characterized by the loss of dopaminergic
neurons in the substantia nigra, which determines clinical motor deficits such as rigidity, bradykinesia
and tremors [57].

Oxidative stress remains the strongest leading theory to explain the progressive loss of
dopaminergic neurons in substantia nigra in PD patients [58]. Microglia produce high levels of
ROS through NADPH oxidase, which induces the PKC delta and ERK1/2 pathways’ activation of
genes involved in apoptosis [59]. The neuroprotective e↵ect of polyphenols, has been linked to their
free radical scavenging and anti-inflammatory properties, both in cellular and animal models [60,61].
They are able to reduce neurotoxicity by interacting with protein aggregates such as ↵-synuclein [62].

Di↵erent studies using in vitro and in vivo models of toxin- induced PD indicated that curcumin
reduces oxidative stress with a reduction in apoptosis through the Akt/Nrf2 signaling pathway, since
an increase in antioxidant enzyme activity via Nrf2 transcription was detected [86–88]. Several
experiments also reported that curcumin in PD is able to counteract the decrease in the enzyme
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tyrosine hydroxylase—the rate-limiting enzyme involved in dopamine synthesis—which has been
suggested to be causative in the onset of PD [89]. Curcumin exerts neuroprotective e↵ects in PD
by inhibiting oxidative stress through the decrease in ROS, TNF-↵ and IL-6 and the concomitant
increase in Glutathione (GSH) levels [90]. On the other hand, in PD, curcumin not only acts as an
antioxidant, but also as anti-inflammatory, reducing the production of TNF-↵ and Interleukin-6 (IL-6).
The beneficial e↵ect of curcumin in the pathophysiology of PD can be also linked to the ability to
decrease toll-like receptor 4 (TLR4) and its downstream e↵ectors (NF-B, IRF3 (Interferon Regulatory
Factor 3) and MyD88 (Myeloid di↵erentiation primary response 88) [91].

Resveratrol seems to be a direct modulator in PD-a↵ected pathways. Numerous in vitro studies
have demonstrated that this molecule is able to prevent the rotenone-induced autophagic dysfunction
by promoting the degradation of ↵-synuclein [92]. Other studies showed that resveratrol has a
protective e↵ect acting on the AKT/GSK-3� signaling pathway [93] or by inhibiting apoptosis through
the upregulation of antioxidant enzymes [94]. In addition, resveratrol neurotrophic e↵ects are
accomplished through CREB activation in the hippocampus and amygdala neurons, thus reducing
oxidative damage induced by neurotoxins [11]. The antioxidant e↵ects of quercetin in PD have not
been fully elucidated. Some studies reported that quercetin protected neurons in a rotenone-induced
rat model of PD in a dose-dependent manner, upregulating mitochondrial complex-I activity. This
molecular mechanism strongly suggests that quercetin has the ability to repair defective mitochondrial
electron transport, a hallmark of PD. In addition, quercetin decreases glutathione levels and increases
catalase and superoxide dismutase [95]. EGCG in PD exerts neuroprotective e↵ects through AMPK
activation, which positively regulates the mitochondrial biogenesis needed for dopaminergic neuronal
survival. EGCG in vivo has been reported to preserve the loss of dopaminergic neurons by inhibiting
neuronal nitric oxide synthase [96]. EGCG was also shown to prevent striatal dopamine depletion and
dopaminergic neuron loss in substantia nigra [97].

5.3. Huntington’s Disease and Vascular Dementia

In addition to AD and PD, two other neurodegenerative disorders, Huntington’s disease
and dementia, are characterized by a total compromise in cognition. The role of polyphenols in
prevention/treatment is not so extensively studied in these two neurodegenerative diseases.

HD is a dominantly inherited neurodegenerative disorder characterized by progressive striatal and
cortical neurodegeneration with associated motor and cognitive defects. The disease-causing mutation
is an expansion of a CAG trinucleotide repeat (>36 repeats) encoding a polyglutamine stretch in the
N-terminal region of the huntingtin protein, a ubiquitous protein whose function is still unclear [98].
Mutated Huntington is expressed not only in the brain neurons, but also in the enteric neurons [99,100].
HD has also been associated with mitochondrial dysfunction and oxidative stress, as possible disease
mechanisms [101,102]. HD cellular models displayed a deregulation in mitochondrial membrane
potential and respiration, implicating a decline in mitochondrial function. It has been reported that
resveratrol in HD increases the transcription of genes associated to mitochondrial function [103].

To date, only a few studies have analyzed the e↵ects of curcumin in HD. It has been described
that curcumin treatment in a rat model of HD reduced mitochondrial damage and exerted antioxidant
e↵ects by activating the Nrf2 pathway [104]. A di↵erent study using Drosophila melanogaster as an
HD model showed that curcumin protects against neurodegeneration, suppressing polyglutamine
cytotoxicity and cell death [105]. The neuroprotective role of curcumin has been recently reported
in an HD transgenic animal model. This study evidenced that curcumin protected the brain from
neuropathological and phenotypic complications associated to the disease [106]. It has been reported
that resveratrol in HD increases the transcription of genes associated to mitochondrial function [103].
Resveratrol in HD seems to modulate SIRT. Resveratrol in mouse models of HD has been shown to
strongly increase transcription of mitochondrial genes and to enhance mitochondrial function. This
activity determines an improvement of motor function in HD transgenic mice [103]. Quercetin was
able to reduce mitochondrial oxidative stress in HD. This e↵ect leads to an increase in motor skills and
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coordination, as reported in a drug-induced HD model. Indeed, a reduction in the neuro-inflammatory
response and an increased number of astrocytes and decreased microglial proliferation were observed
in core lesions [107,108].

Vascular dementia arises from chronic vascular damages in the brain. Cerebral ischemia,
increasing ROS production, induces neuronal injury accompanied by a progressive decline in memory
and cognitive function [109]. In dementia, curcumin, resveratrol and catechins act as free radical
scavengers, as well as natural anti-inflammatory agents, by suppressing the TNF-mediated NF-B
activation. In addition, they act to upregulate endogenous antioxidant enzymes and downregulate
enzymes involved in the production of ROS [110]. Curcumin was shown to restore memory deficit in an
induced mouse model of memory impairment, thanks to its antioxidant action and to the improvement
of cerebral circulation [111]. Resveratrol was neuroprotective against vascular dementia by reducing
cell death in the hippocampus and preventing the loss of reference memory [112]. In a rat model of
vascular dementia, resveratrol was able to restore the cognitive deficits, to reverse oxidative stress
levels and BDNF depletion [113]. In a mouse model of dementia, treatment with quercetin restored
cognitive deficit and energy metabolism by directly scavenging superoxide, hydroxyl radicals and
by inhibiting various oxidases [114]. A summary of the e↵ects of polyphenols in neurodegenerative
diseases is reported in Table 2.

Table 2. Summary of the e↵ects of polyphenol treatment from in vitro and in vivo studies.

Pathology Type of Study
Polyphenols

(dose)
Time E↵ect References

Alzheimer’s
disease mice grape extract

(5–20 µM) 5 months Inhibition of A�
oligomerization [3]

Parkinson’s disease neuroblastoma
cell line

ca↵eic acid
(10–100 µM) 1 hour Prevention of apoptotic cell

death [9]

Neurodegenerative
disorders

neonatal mouse
cerebellum cells

curcumin
(1–50 µM) 24 hours Enhancement and repair of

neural plasticity [37]

Alzheimer’s
disease rats curcumin

(50–200 mg/kg) 7 days Improvement of cognitive
deficits [71,72]

CNS disorders mice Resveratrol
(20 mg/kg) 7 days

Regulation of pathway
involved in CNS disorder and

aging
[73]

Alzheimer’s
disease

mice Resveratrol
(24 mg/kg) 45 days

Anti-oxidant e↵ect against
beta-amyloid

plaque formation
[76,77]

Alzheimer’s
disease mice ECGC

(50 mg/kg) 6 months Reduction in A-� deposition [78]

Alzheimer’s
disease

human brain
microvascular

endothelial cells

Quercetin
(0.3–30 µmol/L) 24 hours Increase in cell viability and of

antioxidant activity [81]

Parkinson’s disease
primary rat

mesencephalic
cells

Catechin,
quercetin
(40 µM)

48 hours Protective e↵ect on DA
neurons under oxidative stress [61,70]

Parkinson’s disease rodent model Curcumin
30 mg/kg) 4 days

Neuroprotective actions
(anti-inflammatory and

anti-oxidative)
[88,91,115]

Parkinson- like
disease

dopaminergic-like
cells

Resveratrol
(50–200 µM) 12 hours

Neuroprotective e↵ects by
inhibiting apoptosis caused by

oxidative stress
[92]

Parkinson’s disease rats Resveratrol
(20 mg/kg) 21 days Prevention of neuronal death [94,95]

Parkinson’s disease rats Quercetin
(25–75 mg/kg) 4 days

Neuroprotective e↵ect
observed in

neurotoxin-induced
Parkinsonism

[95]
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Table 2. Cont.

Pathology Type of Study
Polyphenols

(dose)
Time E↵ect References

Parkinson’s disease mice ECGC
(20 mg/kg) 5 days Preventive e↵ects on NOS [96,97]

Huntington’s
disease mice ECGC

(1 mg/kg) 28 days
Improvement of gene

transcription associated to
mitochondrial function

[103]

Huntington’s
disease rats Curcumin

(40 mg/kg) 7 days Amelioration of mitochondrial
dysfunctions [104,105]

Huntington’s
disease mice Curcumin

(20–40 mg/kg) 7 days
Alleviation of debilitating

symptoms associated with the
disease

[106]

Huntington’s
disease rats Quercetin

(25–50 mg/kg) 4 days Potential use for inflammatory
damages [107,108]

Memory and
cerebral blood flow mice Curcumin

(10–50 mg/kg) 21 days
Beneficial e↵ects of oxidative

stress associated with
neurodegenerative disorders

[111]

Dementia rats Resveratrol
(10–20 mg/kg) 4 days Neurorestorative e↵ects [113]

Memory
dysfunction mice Quercetin

(2.5–10 mg/kg) 21 days
Protective toward o↵

dementia and
neurodegenerative disorders

[114]

6. Bioactivity of Polyphenols and Gut Microbiota Interplay

Most of the polyphenols from plants ingested in the diet undergo intestinal transformation before
being absorbed by enterocytes and colonocytes. The modifications can be either by enzymes produced
by the enterocytes themselves or by the microbiota present in the intestine (Figure 3).
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The bioavailability of native polyphenols is very low after recruitment at circulating levels.
Polyphenols, to be e↵ective, must be transformed into potentially more bioactive compounds, such as
low-molecular weight metabolites [116].

Gut microbiota is essential in transforming numerous compounds that reach the colon, thanks to
the capacity of microorganisms to produce a huge and varied range of enzymes.

Enzymatic conjugation processes are needed to reduce the potential toxic e↵ects of polyphenols.
These modifications result in the formation of polyphenol metabolites that show new biological
activities [117].

The two main factors determining the modification of dietary polyphenols in the gastrointestinal
tract are the chemical polyphenols’ structure and the individual variety of gut microbiota composition.
In fact, the structural subfamily and its sca↵old enable only some transformations, thus reducing
the kind (class, species) of final bioactive compounds that are produced. Some modifications of
polyphenols can occur through enzymes produced by the majority of bacteria, while others require
enzymes produced by specific bacterial species. The presence or absence of these bacteria in the
individual’s microbiota will cause di↵erent biotransformation of dietary polyphenols. This means
that beneficial e↵ects for consumers depend on the dietary polyphenols and on the individual’s
microbiota composition.

Polyphenols are molecules with high complexity and for this reason they generally reach the large
intestine without modifications. The most complex oligomers are not absorbed in the small intestine,
but are processed in the colon by microbiota [118].

EGCG, for example, is transformed in aglycones and gallate, which is further decarboxylated
into pyrogallol. In vitro pyrogallol drastically inhibits monocyte migration by reducing levels of
inflammatory macrophage di↵erentiation. In addition, pyrogallol increases the phosphorylation of
PI3K-AKT and AMPK and reduces caspase levels. In this way, it inhibits monocyte-associated cell
death [119]. Pyrogallol is also a GPR35 agonist. GPR35 is an orphan G protein-coupled receptor and
is associated to inflammation, cardiovascular diseases, metabolic disorders, Parkinson’s disease and
other neuronal disorders. GPR35 agonists, as catechol-O-methyl transferase inhibitors, are commonly
used for the treatment of Parkinson’s disease [120]. Pyrogallol can also block aggregate formation
in ↵-synuclein [121]. The presence of aberrant soluble oligomeric conformations of ↵-synuclein may
contribute to PD pathogenesis. Another example is curcumin that is modified in the colon tract by
a specific enzyme produced by E. coli. This bacterium converts curcumin in its active metabolite,
tetrahydrocurcumin, in a two-step reduction reaction. This metabolite shows both greater in vitro and
in vivo antioxidant activity than curcumin [122]. Resveratrol bioavailability is greatly increased by
gut microbiota metabolism. Resveratrol in plants is present as a glycosidic form of piceid, that is a
stilbenoid glucoside. Two di↵erent bacteria—Bifidobacteria infantis and Lactobacillus acidophilus—convert
piceid into resveratrol [123]. Then, resveratrol is further metabolized to obtain the active aglycone
form by Slackia equolifaciens and Adlercreutzia equolifaciens [124].

Bacteria in the gut can cleave the ring structure of several flavonoids into short-chain fatty acids
(SCFAs) like hydroxyphenylacetic and hydroxyphenylpropionic acids, as well as into acetate and
butyrate [125]. Some polyphenols, like quercetin, are not modified in SCFAs; nonetheless, they can
enhance the production of SCFAs, especially butyric acid [126].

Dietary polyphenols show neuroprotective potential, but their selective permeability across the
blood–brain barrier (BBB) limits their bioavailability, thus limiting their protective e�cacy. The BBB
is a dynamic interface that regulates molecular interactions between the blood and the neuronal
tissue, having an essential role in providing nutrients and other molecules and regulating the
access of compounds to the brain. After intestinal absorption, some polyphenol metabolites can
reach concentrations in the bloodstream that can exert e↵ects in vivo. However, the e↵ective brain
uptake of these polyphenols’ metabolites, and their possible direct neuroprotective potential, is
still controversial, given that the exact mechanisms by which they may permeate the BBB are
not completely understood. Nerveless, polyphenol microbial metabolites largely showed greater
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permeability through gut and blood–brain barriers compared to their parent compounds. For example,
5-(hydroxyphenyl)-�-valerolactone-O-sulfate, a secondary microbial metabolite of the flavan-3-ols,
is able to reach the brain and cross the BBB in in silico, in vitro and in vivo models [127].

Microbial metabolites derived from dietary lignans, a class of polyphenols, like equol and
enterolactone, passively cross both the gut and BBB barriers and show protective ability against
inflammation in microglia [128]. A recent study demonstrates that microbial polyphenol metabolites
could be transported across the BBB endothelium [129]. In vitro experiments showed that some
polyphenols’ metabolites cross BBB by transmembrane di↵usion and their lipophilicity can determine
greater or minor uptake [130]. Nevertheless, it is not clear whether the primary route by which
polyphenols’ metabolites cross the BBB happens by simple di↵usion or by carrier-mediated transport.

Gut microbiota and polyphenols influence each other. Gut microbiota transforms polyphenols,
improving bioavailability and health e↵ects. At the same time, dietary polyphenols regulate microbiota
composition, favoring the growth of some bacteria and avoiding the growth of pathogens. Specifically,
dietary polyphenols have shown the ability to modulate gut microbiota composition and function,
interfering with bacterial quorum sensing, membrane permeability, as well as sensitizing bacteria
to xenobiotics.

Specific polyphenols modulate microbiota community composition, modifying the ratio of
bacteroides/firmicutes, the most frequent bacteria genera present in the distal gut [131]. For example,
resveratrol presented a significant antibacterial activity towards clinically important bacteria, such
as Salmonella enterica, Enterococcus faecalis, and Escherichia coli [132]. The e↵ects of polyphenols on
gut microbiota have been shown in human studies. Dietary polyphenols’ mechanism of action is
di↵erent in Gram-positive and Gram-negative bacteria due to changes in cell membrane structure.
Polyphenols bind bacterial cell membranes in a concentration-dependent manner; thus, they modify
their membrane and alter their growth. Catechins reacted with the dissolved oxygen in aqueous
solution, resulting in the generation of hydrogen peroxide. H2O2 modifies the permeability of the
microbial cell membrane, thus sensitizing the bacteria to the e↵ects of antibiotics [133].

Thus, di↵erent polyphenols can change the composition of the microbiota (Table 3), and di↵erent
bacterial populations possess di↵erent enzymes that can change the metabolism of dietary polyphenols
in di↵erent ways. For example, the intake of catechins, which occur in green tea and black tea,
considerably boosted the growth and development of members of E. coli. As mentioned above,
E. coli is able to modify curcumin in its active metabolite, tetrahydrocurcumin, which has to be
anti-inflammatory and neuroprotective. So, polyphenols can modify the composition of gut microbiota
which, in turn, produce secondary metabolites that have neuroprotective e↵ects.

Table 3. Summary of the main findings of clinical trial studies related to the e↵ects of polyphenols on
gut microbiota by increase (+) or decrease (�) of specific strains.

Polyphenols Bacteria References

Catechin and epicatechin + Clostridium coccoides–Eubacterium rectale [134]
+ E. coli
� Clostridium histolyticum

Proanthocyanidin + Bifidobacteria [135]

Pomegranate extract + Odonbacter [136]
+ Faecalibacterium
+ Butyricicoccus
+ Butyricimonas
+ Bacteroides
� Parvimonas
� Metanobrevibacter
� Metanosphaera

Cocoa flavonols + Bifidobacterium [137]
� Lactobacillus
� Clostridia
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Table 3. Cont.

Polyphenols Bacteria References

Red wine + Enterococcus [138]
+ Prevotella
+ Bacteroides
+ Bifidobacterium
+ Enterococcus
+ Bacteroides uniformis
+ Eggerthella lenta
+ Blautia coccoides

Orange juice + Mogibacteriaceae [139]
+ Tissierellaceae
+ Veillonellaceae
+ Odoribacteraceae
+ Ruminococcaceae

However, gut microbiota can have a direct influence on brain function and alterations of the
microbiota composition have been found in some neurodegenerative diseases, including PD and
AD [140,141]. In addition, microbiota can exert neuroprotective e↵ects by producing neurotransmitters
and neuropeptides [142]. It has been shown that Streptococcus, Escherichia and Enterococcus
spp. produce serotonin [143,144] and that Bifidobacterium infantis can modulate central serotonin
transmission by increasing plasma tryptophan levels [145]. Meanwhile, di↵erent Lactobacillus and
Bifidobacterium species are able to produce �-aminobutyric acid (GABA), the principal inhibitory
neurotransmitter in the central nervous system [146]. Therefore, gut microbiota can directly or indirectly
contribute to neuroprotection.

7. Conclusions

The continuous increase in life expectancy is inversely correlated with quality of life during aging.
During life there is, particularly in the brain, an accumulation of damage and a decrease in all of the
mechanisms needed for cell repair. These processes can induce cell death.

Aging is one of the leading “risk factors” in the development of neurodegenerative processes.
Indeed, neurodegenerative diseases are caused by nervous system dysfunction resulting from neuronal
cell failure or cell death.

Neurodegenerative diseases increase with age and are becoming a big challenge for modern
societies. Actually, neurodegenerative disorders in developed regions will have a strong increasing
impact on medical and socio-economic conditions, since the population is becoming older. Therefore,
it is essential to find strategies that help to prevent cognitive decline and improve the life quality of
people living with dementia.

For thousands of years, it has been well known that food and health are related to each other.
Indeed, even Hippocrates (400 BC), emphasized the importance of nutrition to prevent or cure diseases.
In more recent years, di↵erent epidemiological studies have confirmed this thought, evidencing a
strong link between the consumption of polyphenols and neurocognitive protection and suggesting that
a polyphenol-rich diet can be an e↵ective strategy to improve cognitive function in elderly populations.

Polyphenols are bioactive compounds contained in in food and beverages that are able to modulate
the metabolic process, thus promoting health and preventing the age-related decline of cognitive, motor
and sensory activities. Being antioxidants, polyphenols are able to counteract the oxidative damage
accumulated in the cells. Moreover, they modulate di↵erent cellular signaling pathways, protecting cells
from stress injury. Therefore, understanding the mechanisms by which polyphenols act at a molecular
level is crucial in order to use them as dietary supplements to prevent neurodegenerative disorders.

Although polyphenols are abundant in fruits and vegetables and their intake can be increased in
the diet, their bioavailability is also influenced by their chemical structure. Unlike in vitro, polyphenols
in vivo have limited availability and they need to be metabolized rapidly in order to overcome biological
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barriers. Thus, gut microbiota has a key role in the production of specific bioactive polyphenols’
metabolites that are responsible for these health e↵ects. Moreover, it is emerging that polyphenols
can also modulate the bacterial composition of the gut microbiota, thus influencing the production of
specific metabolites that act in modulating brain functions.

There is a growing attention being paid to food diversity, to the consumption of food rich in
antioxidants and to developing novel food rich in the di↵erent bioactive nutrient groups. To date,
the analysis of the impact of these products on neurodegeneration is limited, thus there is a need for an
increasing number of studies to better evaluate the dose–e↵ect relationship.

In conclusion, polyphenols and their metabolites are essential compounds with multiple biological
activities. Their e�cacy as antioxidants and their capacity to modulate pro-survival or anti-apoptotic
signaling pathways are essential in preventing and slowing down neurodegenerative disorders.
Moreover, considering that they are safe and have a very low toxicity, it is easy to test their e�cacy
in pre-clinical and clinical studies for the treatment of neurodegenerative diseases. Finally, di↵erent
polyphenols, or their synthetic derivatives, have been patented as drugs against various human
diseases in recent years.
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Abstract: Curcumin, a nontoxic, naturally occurring polyphenol, has been recently proposed for
the management of neurodegenerative and neurological diseases. However, a discrepancy exists
between the well-documented pharmacological activities that curcumin seems to possess in vivo
and its poor aqueous solubility, bioavailability, and pharmacokinetic profiles that should limit any
therapeutic e↵ect. Thus, it is possible that curcumin could exert direct regulative e↵ects primarily in
the gastrointestinal tract, where high concentrations of curcumin are present after oral administration.
Indeed, a new working hypothesis that could explain the neuroprotective role of curcumin despite
its limited availability is that curcumin acts indirectly on the central nervous system by influencing
the “microbiota–gut–brain axis”, a complex bidirectional system in which the microbiome and its
composition represent a factor which preserves and determines brain “health”. Interestingly, curcumin
and its metabolites might provide benefit by restoring dysbiosis of gut microbiome. Conversely,
curcumin is subject to bacterial enzymatic modifications, forming pharmacologically more active
metabolites than curcumin. These mutual interactions allow to keep proper individual physiologic
functions and play a key role in neuroprotection.

Keywords: curcumin; gut microbioma; polyphenols; bioactivity; metabolism; neuroprotection

1. Introduction

Over the last decades, the interest in herbal medicines has greatly increased since they can
exert preventive e↵ects against chronic and degenerative diseases including cancer. In addition,
these molecules play an important role in neuroprotection by modulating di↵erent cellular functions.
Di↵erent studies have shown that curcumin, like others dietary polyphenols, is able to counteract the
e↵ects of toxic damage in di↵erent tissues [1–3].

Polyphenols are a large class of compounds (curcumin, lignans, lignins, stilbenes, flavonoids,
coumarins, cinnamic acid, benzoic acid, etc.) which possess at least one aromatic ring structure with
one or more hydroxyl groups. They are present in most vegetables and secondary metabolites and
derive from the shikimic acid pathway. Contrasting findings on the bioavailability of polyphenols
created doubts about their usefulness as beneficial antioxidant compounds. Currently, there are
findings showing that polyphenols can exert their biological e↵ects following chemical modifications
performed by gut microbiota. Indeed, enzymes of the gut microbiota can perform deglycosylation,
dihydroxylation, and ademethylation of polyphenols that result in small catabolic products, which
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may be easily absorbed during intestinal transit. These catabolites may fall in two classes: some have
higher biological activities compared with “parental” compound, and others lose biological activity [4].

Among polyphenols, curcumin has received great attention by researchers in the last years.
Curcumin is normally found in the turmeric of Curcuma longa Linn. This plant belongs to the
Zingiberaceae family and it is native from South Asia. Turmeric has been used in Asia from ancient
times in traditional medicine and nowadays it is widely used in food, cosmetic, and pharmaceutical
industries [5].

Turmeric contains essential oils such as zingiberene [6] and coloring agents that are known as
curcuminoids [7]. Curcumin is a polyphenol that represents the most important curcuminoid isolated
from the rhizome of the plants. It has been used for centuries as a herbal remedy for the treatment of
several diseases in East Asia [8–10] due to its safety and intrinsic nontoxicity to humans, even at high
doses [11].

The general interest in its therapeutic e�cacy arises from the di↵erent biological and
pharmacological e↵ects. Curcumin possesses antioxidant [12,13] and anti-inflammatory
properties [14,15], and it has shown to exert beneficial e↵ects against several types of cancers [16–18].

It should also be highlighted that an increasing number of clinical trials based on curcumin
administration have been published or are currently in progress, therefore demonstrating the expanding
interest of the scientific community on the therapeutic potential of curcumin [8,19].

However, the pharmacological potential of curcumin is widely restricted because of its poor
water solubility, chemical instability, and rapid metabolism. In addition, curcumin bioavailability
is very low after oral administration [20,21]. In this regard, numerous attempts have been made
to increase its e�cacy and bioavailability. To overcome solubility problems, di↵erent curcumin
formulations using nanocarriers have been tested [22–24]. Other strategies developed to increase
curcumin bioavailability are based on combined administration of curcumin with other molecules.
For example, the co-administration of curcumin with piperine, an alkaloid of black pepper and long
pepper, significantly enhances curcumin bioavailability since piperine prevents curcumin metabolism
through the inhibition of the glucuronidation processes [25,26].

The puzzling between the poor bioavailability and the large variety of pharmacological activities
of curcumin can be solved by taking into account the reciprocal interactions between curcumin and the
gut microbiota.

Gut microbiota is one of the most densely and dynamic populated microbial ecosystems that
contribute to individual health. Gut microbiota composition changes with age and it is strictly related
to diet. Di↵erent unbalanced diets determine alterations in the gut microbiota composition, resulting
in modification of gut permeability and in gut low-grade inflammation [27].

Like other dietary polyphenols, curcumin bioactivity is related not only to the absorption rate, but
also to its metabolism that is due to the digestion from intestinal microbes. Biological activity of the
derivative metabolites may di↵er from the native curcumin. In addition, specific biological properties
often depend on bioactive metabolites produced by gut microbiota digestion [28]. In this regard, it
is worthy to note that curcumin, after administration, accumulates in the gut where, after microbial
digestion, it can be transformed into biologically active metabolites [29–31].

In this review, we discuss the curcumin–gut microbiota interplay that allows transforming dietary
curcumin into bioactive derivatives and how these molecules can exert neuroprotective functions.

2. Curcumin Metabolism

The bioavailability of curcumin, as with other polyphenols, is generally poor and after oral dosing,
its blood levels are extremely low.

The oral bioavailability of curcumin is low due to a relatively low intestinal absorption and the
rapid metabolism in the liver, followed by elimination through the gall bladder. An oral dose of
0.1 g/kg administered to mice yielded a peak plasma concentration of free curcumin that was only
2.25 µg/mL [32]. In a clinical trial with an oral dose of 3.6 g of curcumin, a plasma level as low as
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11.1 nmol L�1 was detected an hour after oral dosing [33]. Also, after ingestion of high doses of
curcumin, 8 g per day via oral administration, the plasmatic level of free curcumin was negligible [34].

Curcumin is used in di↵erent dosage depending on the disease. Recent in vitro studies report
that curcumin is e↵ective in reducing oxidative stress (OS) and in preventing neurodegeneration
when used at a concentration ranging from 5–50 µM [35,36] and at a dose from 50 to 200 mg/Kg/day
in vivo [37–39]. In clinical trials, curcumin is e↵ective on oxidative stress and inflammation at a dosage
from 90 to 2000 mg/day [40–42], while in neurodegenerative diseases, prevention is evident at a dosage
of 500–2000 mg [43].

Turmeric contains about 2%–9% of curcuminoids. Commercial turmeric extracts contain
approximately 70%–75% curcumin, 20% demethoxycurcumin, and 5% bisdemethoxycurcumin.
Chemically, curcumin is a �-diketone ↵- �-unsaturated ferulic acid. Curcumin shows a keto–enol
tautomerism, and the balance between the two forms depends on the polarity and pH of the solvent
with the keto and enol forms existing in given proportions. Once dissolved, the enol form predominates
(Figure 1). Curcumin is soluble in ethanol, acetic acid, dichloromethane, chloroform, methanol, ethyl
acetate, dimethyl sulfoxide, and acetone, while it is insoluble in water [44].
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Figure 1. Reductive and conjugative metabolism of curcumin. Glucuronidation and sulfation are the
predominating pathways of conjugation. Curcumin is also reduced by endogenous reductase systems
in a stepwise manner and subsequently, curcumin metabolites are glucuronidated and sulfurated.

The bioavailability of curcumin has been studied extensively in mouse and humans. After oral
administration of high doses, curcumin is poorly absorbed from the gastrointestinal tract, with peak
blood levels rapidly reached within one hour after dosing [45]. In rats, after oral administration, plasma
curcumin is mainly found in the form of glucuronide conjugates, while just a small amount of the
unmodified form is detected. In humans, after curcumin oral administration, glucuronide conjugates
and sulfate conjugates are detected in blood, while intact curcumin is barely detected [46].

Ingested curcumin first passes through the stomach, where the absorption of polyphenols is
practically absent. Due to its resistance to low pH, curcumin reaches the large intestine without any
chemical or structural modifications. In the large intestine, curcumin may be modified by phase I
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enzymes, a class of enzymes that introduces reactive and polar groups into their substrates. Phase
I reactions often produce active metabolites. One of the most common enzymes of this group is
cytochrome P450 that catalyzes a substrate hydroxylation. Unexpectedly, curcumin appears not to
be metabolized by cytochrome P450, because no products of demethylation or hydroxylation were
detected after incubation of curcumin with rat liver microsomes [47]. The phase I metabolism of
curcumin includes the successive reduction of the four double bonds. The enzymes responsible for the
metabolic reduction have been found to reside in the cytosol of the enterocytes and include the alcohol
dehydrogenases [48]. It has been demonstrated that phase I metabolism yielded three metabolites,
namely, tetrahydrocurcumin (M1), hexahydrocurcumin (M2), and octahydrocurcumin (M3). Then,
curcumin and the phase I metabolites were subject to conjugation via phase II metabolism to yield
their corresponding glucuronide and sulfate O-conjugated metabolites.

The result of these reactions is the increase of molecular weight and the production of less
active metabolites than their substrates. One of the most important enzymes of this group is the
glutathione S-transferase. In vitro and in vivo, curcumin and its reductive metabolites appear to be
easily conjugated [32]. Among the reported conjugates, monoglucuronides, monosulfates, and mixed
glucuronide/sulfates are included. Glucuronidation is the predominating pathway of conjugation,
and the glucuronide of curcumin is usually found as the major metabolite of curcumin in body fluids,
organs, and cells [32].

Commercial curcumin also contains demethoxycurcumin and bisdemethoxycurcumin, and these
molecules undergo reductive metabolism very similar to curcumin, with the hexahydro product as the
major metabolite and much smaller amounts of the octa-, tetra-, and dihydro products.

3. Biotransformation of Curcumin by Gut Microbiota

The transformation of curcumin does not occur only by enzymes produced by the enterocytes or
by hepatocytes, but also by enzymes produced by the gut microbiota. Gut microbiota can be described
as a biological reactor because of its own formidable metabolic functions, like the transformation of
numerous compounds that reach the colon. This activity is made possible through the capacity of
microorganisms for producing a huge and varied range of enzymes. In particular, curcumin intestinal
transformations include several steps and di↵erent classes of microbial enzymes.

Thus, the composition of the microbiota will cause di↵erent biotransformation of dietary curcumin.
Accordingly, the beneficial e↵ects for consumers depend not only on the polyphenols taken from

the diet, but also on the type of microbial population of the individual.
Several enteric bacteria capable of modifying curcumin have been identified.
Curcumin can be modified in the colon tract by a specific microorganism, Escherichia coli.

The enzyme NADPH-dependent curcumin/dihydrocurcumin reductase (CurA) converts curcumin
first into the intermediate, dihhydrocurcumin, and then in the final product, tetrahydrocurcumin, with
a two-step reduction that is NADPH-dependent. In the first step of reaction, dihhydrocurcumin is
generated from curcumin by reductive destruction of the chromophoric diarylheptatrienone chain.
NADPH is an indispensable cofactor for the reduction of curcumin in dihydrocurcumin by CurA. In the
second step, dihydrocurcumin is converted in tetrahydrocurcumin with the same mechanism [49].

CurA showed sequence similarity with some enzymes of the medium-chain dehydrogenase/
reductase superfamily, which contains many di↵erent families including the alcohol dehydrogenases
family, implicated in curcumin reduction.

Again, the firmicute Blautia sp. (MRG-PMF1), another human intestinal bacteria strain, is
involved in curcumin metabolism. This bacterium produces two derivatives, demethylcurcumin and
bisdemethylcurcumin by demethylation reaction [50]. Other bacteria capable of modifying curcumin
have been identified. Escherichia fergusonii (ATCC 35469) and two E. coli strains (ATCC 8739 and
DH10B) produce dihydrocurcumin, tetrahydrocurcumin, and ferulic acid [51]. Other microorganisms
such as Bifidobacteria longum BB536, Bifidobacteria pseudocatenulaum G4, Escherichia coli K-12, Enterococcus
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faecalis JCM 5803, Lactobacillus acidophilus, and Lactobacillus casei are all biologically relevant bacterial
strains capable of degrading curcumin [52].

It has been reported that microbial metabolism of curcumin by Pichia anomala or by a bacterial
strain of Bacillus megaterium DCMB-002 yielded new metabolites through di↵erent metabolic processes
including hydroxylation, demethylation, reduction, and demethoxylation.

Recently, new curcumin metabolites produced by fecal bacteria have been identified. An analysis
performed by using ultra-performance liquid chromatography coupled with quadrupole time of flight
mass identified a total of 23 metabolites and discovered di↵erent novel human gut microbiota curcumin
metabolic pathways, by demethylation, reduction, hydroxylation, and acetylation, or the combination
of these [53].

Finally, bacteria from colon may deconjugate glucuronide and sulfate O-conjugated inactive
metabolites produced by phase II enzymes and reconvert them to the corresponding phase I active
metabolites [48].

Interestingly, there is evidence that curcumin metabolites display a similar or superior potency
to curcumin [35]. Indeed, tetrahydrocurcumin possesses superiority over curcumin as a free-radical
quencher and it was shown to have therapeutic e↵ects in neurodegenerative diseases. These e↵ects
could be due, at least in part, to the inhibition of prominent cytokines’ release, including interleukin-6
(IL-6) and tumor necrosis factor-↵ (TNF-↵), or by inhibition of NF-B activation.

4. Curcumin E↵ects on Gut Microbiota

Human mucosal surfaces are connected with a diverse microbial community composed primarily
by bacteria, but also by viruses, fungi, archaea, and protozoa [54]. The gastrointestinal tract is inhabited
by a complex and abundant microbial community, with 100 trillion bacteria, about 10–100 times more
than the quantity of eukaryotic cells [55].

In the intestine, curcumin, after oral or intraperitoneal administration, can exert a regulative e↵ect
on the gut microbiota community, a↵ecting microbial richness, diversity, and composition., This e↵ect
should be involved in curcumin pharmacological activity [56] (Figure 2).
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The administration of curcumin considerably changed the ratio between beneficial and pathogenic
bacteria in a gut microbiota community, favoring the growth of beneficial bacteria and limiting the
growth of pathogenic ones.

The administration of curcumin considerably changed the ratio between beneficial and pathogenic
bacteria by increasing the abundance of Bifidobacteria, Lactobacilli, and reducing the loads of Prevotellaceae,
Coriobacterales, Enterobacteria, and Enterococci [57].

Oral administration of curcumin tends to decrease the microbial richness and diversity in
mice [58] and reduce the abundance of several representative bacterial families in gut microbial
communities, such as Prevotellaceae, Bacteroidaceae, and Rikenellaceae, often associated to the onset of
systemic diseases [56,59,60].
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This study reported that curcumin administration induced significant weight loss in
ovariectomized rats, increasing the number of species of seven di↵erent bacterial genus: Serratia,
Anaerotruncus, Shewanella, Pseudomonas, Papillibacter, Exiguobacterium, and Helicobacter. This study
suggests that curcumin can partially reverse changes in the composition of gut microbiota in rats
caused by estrogen deficiency induced by ovariectomy [61].

A new pilot work evaluating the e↵ects of curcumin on gut microbiota showed that in the placebo
group, there was an overall reduction of bacterial species up to 15%. On the contrary, curcumin-treated
subjects showed an increase of bacterial species up of 69%. Subjects responsive to the treatment had
uniform increases in Clostridium spp., Bacteroides spp., Citrobacter spp., Cronobacter spp., Enterobacter
spp., Enterococcus spp., Klebsiella spp., Parabacteroides spp., and Pseudomonas spp., as well as reduced
relative abundance in several Blautia spp. and most Ruminococcus spp. [62].

Thus, curcumin can change the composition of the microbiota, regulating not only the bacterial
populations of the gut, but also the ability of intestinal bacterial strains to produce more active
compounds from curcumin itself.

5. The Direct Neuroprotective Role of Curcumin and Curcumin Metabolites Produced by
Enteric Bacteria

Among the di↵erent biological e↵ects exerted by curcumin, the antioxidant one is considered the
most interesting in terms of prevention and treatment of neurodegenerative diseases.

Neurodegenerative diseases are characterized by progressive loss of function of a specific
population of neurons that determines neural deficit and cognitive impairment. The mechanisms
responsible of neurodegeneration have not yet been completely elucidated; however oxidative stress
and inflammation are considered the main e↵ectors [63–65].

Oxidative stress is generated in the cell when there is imbalance between the amount of reactive
oxygen species (ROS) produced and the cellular defense mechanisms that neutralize them.

High levels of ROS irreversibly damage all the cells, but neuronal cells are particularly sensitive
also to relatively low levels of ROS. ROS, in fact, are the main factor determining brain ageing and they
are involved in the onset and progression of neurodegenerative diseases [66,67].

Curcumin exerts a neuroprotective role by directly or indirectly scavenging free radical species.
In fact, curcumin increases significantly the Superoxide dismutase (SOD) activity [68]. SOD, one of
major antioxidant enzymes, is able to dismutate superoxide into hydrogen peroxide and oxygen.

Curcumin also shows indirect antioxidant action by elevating catalase plasma activity [69].
Catalases, a class of enzymes able to catalyze decomposition of hydrogen peroxide to water and
molecular oxygen, belong to the antioxidant defense system of the cell and protect the cell from
oxidative damage by reactive oxygen species.

Di↵erent studies indicated that curcumin favors brain health by modulating specific pathways
such as: the PI3K/Akt (Phosphatidylinositol 3-kinase/Protein Kinase B) pathway, AMP (AMP-activated
protein) kinase pathway, MAPK (Mitogen-Activated Protein Kinase)/Akt pathways [70–72] and
Akt/Nrf2 (Nuclear factor-E2-related factor 2) pathway [70].

AMPK regulates energy metabolism and plays an important role in the maintenance of
cellular homeostasis. This pathway, once activated, protects neuronal damage by decreasing ROS
species—ER-associated (Endoplasmic Reticulum) [73].

In neurons, MAPK/Akt and PI3K/Akt represent the major oxidative stress-sensitive signal
transduction pathways that regulate cell growth and cell death [74].

Finally, Nrf2 is a key regulator of antioxidant defense during oxidative stress. Activation of Nrf2
upregulates in the neurons defensive antioxidant mechanisms through upregulation of the genes
involved in ROS metabolism [75]. When phosphorylated, Akt facilitates Nrf2 nuclear translocation,
positively promoting its function [70].

Nitric oxide (NO) is a signaling molecule that shows a key role in inflammation. In physiological
conditions, NO has an anti-inflammatory e↵ect. Several studies in humans indicated that curcumin
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supplementation improves vascular endothelial function in healthy people by increasing NO
bioavailability and reducing oxidative stress [41,76].

Thus, curcumin neuroprotective activity seems to be related to the ability of the natural compound
to inhibit, directly or indirectly, OS in neurons.

Again, tetrahydrocurcumin is the most studied bacterium-modified curcumin derivative in
neuroprotection. It is known that tetrahydrocurcumin reduces oxidative stress and the number
of apoptotic neurons, activates autophagy, and inhibits the mitochondrial apoptotic pathway
after traumatic brain injury [77]. This metabolite was reported to be protective in vitro against
A�-oligomer-induced toxicity [78], to modulate in vivo the neuroinflammation, to reduce the level
of ROS triggered by �-amyloid fibers, to decrease the mitochondrial membrane potential, and to
inhibit caspase activation [79]. In brain injury, tetrahydrocurcumin avoids neuronal cell apoptosis and
improves neurobehavioral function by upregulating the Nrf2 pathway [39].

Tetrahydrocurcumin treatment has been reported to be e↵ective also in Parkinson’s disease (PD).
A study carried out in a mouse model of PD showed that tetrahydrocurcumin was able to increase
dopamine levels and to inhibit the activity of monoamine oxidase, the enzyme that determines the
increase of neuronal OS levels through the degradation of neurotransmitters [80,81]. While these
results clearly indicate that tetrahydrocurcumin may prevent neurodegeneration [78,82], little is known
about the neuroprotective e�cacy of others curcumin by-products, such as bisdemethoxycurcumin
and demethoxycurcumin and octahydrocurcumin.

Demethoxycurcumin has been reported to exert neuroprotective e↵ects in neuronal cells by
glutathione increase and ROS decrease [83,84].

Octahydrocurcumin also represents a very promising antioxidant molecule able to enhance the
expression of antioxidant protein through Nrf2 pathway activation [85].

Bisdemethoxycurcumin was reported to show the highest a�nity for A�-containing plaques in
cortical Alzheimer’s Disease brain tissue in comparison with other curcuminoids [86]. Indeed, several
in vitro and in vivo experiments suggest that curcumin can also operate by preventing the formation
of extra- or intracellular aggregates present in many neurodegenerative disorders.

For prevention and treatment of Alzheimer’s disease, curcumin has been shown to e↵ectively
maintain the normal structure and function of cerebral vessels, mitochondria, and synapses, thus
reducing risk factors for a variety of chronic diseases and decreasing the risk of Alzheimer’s disease
onset [43].

The e↵ect of curcumin on Alzheimer’s disease is related to the modulation of multiple
signaling pathways, to its anti-amyloid and metal iron-chelating properties, antioxidation, and
its anti-inflammatory activities [87,88].

However, further studies are needed to identify other curcumin metabolites therapeutically active
in neuroprotection.

6. Curcumin and Gut Microbiota

As detailed before, the paradox of poor bioavailability of curcumin and the wide range of health
e↵ects of curcumin can be explained by considering the reciprocal influence existing between curcumin
and gut microbiota. Curcumin in the gut favors the growth of beneficial bacteria strains such as
Bifidobacteria and Lactobacilli, with reduction of pathogenic strains [56,89]. In addition, curcumin
treatment has been found to decrease the microbial richness and diversity, with a specific reduction of
species found as cancer-related [90].

Several studies reported that curcumin actively reduces intestinal inflammation by modulating
di↵erent molecular pathways. Thus, it is possible that curcumin, by modulating the homeostasis of the
gut–brain axis, could also determine neuroprotective beneficial [91].

Indeed, dysbiosis is able to induce neuroinflammation, leading to an increased amyloidogenesis
or to Lewy bodies accumulation, and to augment specific micro-RNA, down-regulating the triggering
receptor expressed in microglial/myeloid cells-2 (TREM2)-mediated amyloid phagocytosis, to reduce,
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in case of a decrease in butyrate-producing bacteria within the microbiome, the availability of butyrate,
an important metabolite known to promote neuron survival [92–94].

In particular, gut dysbiosis has been postulated to trigger the onset of some neurodegenerative
diseases [95]. Several reports suggest that compromised gut microbiota dysbiosis may represent an
important co-factor in Alzheimer’s disease (AD) [96,97]. In fact, di↵erent bacterial species are able
to produce or aggravate the production of A� plaques. Gut dysbiosis, priming the innate immune
system by microbiota, determines a neuroinflammatory response that causes misfolding of neuronal
amyloid-� and ↵-synuclein [98].

Gastrointestinal dysfunctions, can be considered as early biomarkers in PD since they are
consistently associated with the disease and may precede the classical motor manifestations by
decades [99]. In addition, these dysfunctions make the etiology of PD more complicated. It is known
that in PD patients, the impairment of the epithelial barrier has been associated with a decrease of
Prevotellaceae. These strains are the main producers of mucin, a protein that protects the epithelium
from pathogens [100].

More interestingly, in PD patients, there is a decrease of butyrate, a histone deacetylase inhibitor
which protects dopaminergic neurons from degeneration by upregulating the neurotrophic factors,
such as BDNF (Brain Derived Neurotrophic Factor) and GDNF (Glial Cell Line-derived Neurotrophic
Factor) [101].

Studies in humans and in Huntington Disease (HD) animal models also reveal gastrointestinal
dysfunctions, which may contribute to the worsening of the disease. The consistent loss of body
weight—the most important non-neurological complication of HD and a direct consequence of
gastrointestinal defects—has been associated with an impaired gut mobility and malabsorption [102].
Gut microbiota could have a role in HD since presymptomatic HD subjects display serum metabolomic
shifts that suggest changes in gut microbial-derived metabolites [103].

E↵orts to modulate gut microbiome in cases of neurodegeneration are limited and involve the use of
antibiotics, fecal microbiota transplant, prebiotic/probiotic supplementation, and dietary interventions.
In this context, curcumin can represent a potential therapeutic option against neurodegeneration since it
exerts beneficial e↵ects on gut microbiome, without any apparent toxicity, restoring the dysbiosis within
patients su↵ering from neurodegenerative diseases and maintaining a proper microbiota–gut–brain axis.

These suggestions may be promising to unravel new therapeutic strategies for neurodegenerative
diseases. It is known that neurodegeneration determines an imbalance in gut microbiota metabolism
that results in changes of endocrine signaling in the host [104]. Further analysis on the microbiota
composition and administration of specific curcumin neuroactive metabolites will be helpful in the
identification of novel targeted treatments active in neuroprotection.

7. Conclusions

Curcumin represents one the most studied herbal remedies. It is generally considered the main
component of turmeric responsible for the di↵erent pharmacological activities. However, curcumin is
characterized by low systemic bioavailability and rapid metabolism. To address its pharmacological
and therapeutic advantages, it is fundamental to consider curcumin interplay with gut microbiota that
might pave the way to fill the gap between the low bioavailability and the wide health e↵ects.

In fact, gut microbiota impact on curcumin metabolism, providing active metabolites. On the
other hand, curcumin can influence gut microbiota composition, allowing the growth of strains needed
to maintain correct host physiologic functions. This is the case of neurodegenerative diseases in which
often a gut dysbiosis precedes the onset of the clinical signs.

Curcumin metabolism can be di↵erent among individuals, since everyone has his/her own
microbiota compositions. Thus, the beneficial e↵ects can be di↵erent due to the individual di↵erent
bacterial content. Analysis of gut microbiota changes in health and diseases in the presence of curcumin
will allow to identify bacterial strains in curcumin conversion.
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The results summarized in the review suggest that curcumin alone can exert a neuroprotective
function by a↵ecting di↵erent neuropathological pathways. The role of microbiota in enhancing these
positive e↵ects could be related both to the production of metabolites more active and with better
pharmacokinetics and to the modification of microbiota composition, with a prevalence of the healthy
gut bacteria, like Bifidobacteria and Lactobacilli.

Additional studies, especially in humans will be necessary to unravel in depth the modification of
microbiota composition achieved by curcumin. This will lead to an understanding of strategies needed
for delivering health benefits by microbiota modulation and represents the first step to considering
novel therapeutic applications of curcumin, gut microbiota-based.

Modification of microbiota and its metabolites will provide a new consideration for novel
therapeutic intervention in neurodegenerative diseases.
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Introduction
Neurodegenerative disorders are increasing with the ageing 
of human population. In addition, environmental stressors 
such as oxidants determine progressive neurons degenera-
tion a!ecting cognitive functions.

Diet and lifestyle play an important role in the onset and 
progression of age-related disorders, and there is a growing 
interest on the bioactivity of polyphenol-rich foods. Indeed, 
polyphenols are able to protect neurons against injury, 
suppressing neuroin"ammation, thus promoting memory, 
learning, and cognitive functions (Pandey and Rizvi, 2009).

Recent evidences suggest that polyphenols exert bene-
ficial effects acting through multiple pathways involved 
in oxidative/in"ammatory stress signalling and leading to 
the expression of antioxidant enzymes neurotrophic fac-
tors, and cytoprotective proteins. All these processes act to 
maintain brain homeostasis.

The mechanisms by which polyphenols act on cognitive 
functions have not been fully elucidated. It has been re-
ported that polyphenols carry out brain protection through 
direct and indirect actions. Direct actions depend on their 
ability to cross the blood-brain barrier. In fact, some poly-
phenol metabolites can modulate directly neuronal receptors 
(Youdim et al., 2004). Moreover a recent study using di!er-
ent neuronal systems reported that metabolites from dietary 
polyphenols exert neuroprotective e!ects a#er reaching the 
brain by crossing blood-brain barrier (Figueira et al., 2017).

Polyphenols indirect actions involve mechanisms that 
improve the peripheral cerebrovascular health. Several 
studies in humans indicated that dietary polyphenols im-
prove vasodilatatory response and increase levels of cir-
culating nitric oxide (NO) species that are essential in the 
control of vascular tone; vasodilation and blood "ow in the 
body and in cerebral circulation (Bondonno et al., 2012; 
Laranjinha et al., 2012).

Bioavailability of polyphenols is related to their chemical 
structure. $e majority of dietary polyphenols are present 
as esters, glycosides or polymers that cannot be absorbed in 
this native form. A#er ingestion, to gives rise to bene%cial 
e!ects at human body, polyphenols must become bioactive. 
$is is realized through gut intestinal transformations that 
produce bioavailable and active phenolic metabolites.

Polyphenols are usually hydrolysed by intestinal enzymes 
or by gut microbiota. $ese modi%cations produce metab-
olites completely different from those present in food. In 
this form they reach blood, tissues and brain where exert 
biological activities.

In this review we brie"y discuss the protective e!ects that 
polyphenols-gut microbiota interaction exert on the onset 
and progression of neurodegenerative diseases.

Polyphenols and Gut Microbiota 
Polyphenols are a class of organic chemicals characterized 
by the presence of multiples phenol structural units. $ey 
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are produced by plants as secondary metabolites as defence 
against exogenous stresses. Speci!cally, polyphenols protect 
plants against reactive oxygen species (ROS), ultraviolet 
radiation (UV), pathogens, parasites and plant predators. 
In humans, the antioxidant properties of polyphenols are 
e"ective in di"erent diseases and in cancer (Zhang, 2015). 
These molecules act as natural antioxidants thanks to the 
metal-chelating and free radical scavenger properties. #e 
scavenging activity is linked to their structure, since com-
pounds with similar structures exhibit similar antioxidant 
activity. In general, the antioxidant activity increase is 
directly linked to the number of hydroxyl groups and indi-
rectly to glycosylation (Di Meo et al., 2018).

Polyphenols bioactivity is related to their absorption rate, 
metabolism and bioavailability. #ese activities depend on 
the direct interaction with other dietary nutrients, such 
as proteins, carbohydrates, fat and !bres. In addition, the 
biological activity of the derivative metabolites may di"er 
from the native compound. Interestingly, the properties of 
polyphenols depend from bioactive metabolites produced 
when they are metabolised by microbiota (Carmody and 
Turnbaugh, 2014). 

In particular, polyphenols are characterized by low bio-
availability, and a$er ingestion they are recognized as xe-
nobiotics. #e majority of them, due to the structural com-
plexity, reach the large intestine without modi!cations. On 
the contrary, small polyphenols can be directly adsorbed 
in the small intestine. #erefore, complex polyphenols are 
converted into low-molecular-weight metabolites by the 
gut microbial community and become readily absorbable 
(Aura, 2008). 

Dietary polyphenols biotransformations such as degly-
cosylations can be carried out by different gut microbial 
species. On the contrary, other reactions such as the gen-
eration of urolithins or (S)-equol require the presence of 
speci!c bacteria strains (Marin et al., 2015).

Gut microbiota and dietary polyphenols affect each 
other: microbiota enzymatically transforms polyphenols 
improving bioavailability and health effects, while poly-
phenols modulate microbiota community composition 
avoiding the growth of pathogens (Figure 1). In fact, poly-
phenols can modify microbiota composition and functions 
by acting on their growth or metabolism (Cardona et al., 
2013). Polyphenols metabolism can be di"erent among in-
dividuals since everyone has own microbiota compositions. 
#us, similar daily intake of polyphenols can have di"erent 
e"ect on health in people with a di"erent bacterial content.

Specific polyphenols are able to inhibit/increase the 
growth of speci!c bacteria resulting in changes of gut mi-
crobial composition. For example the ingestion of di"erent 
polyphenols result in different ratio between the healthy 
gut bacteria, Bacteroides and Firmicutes favouring the 
growth of Bacteroides that possess a higher number of gly-
can-degrading enzymes (Rastmanesh, 2011).

Polyphenols metabolites produced by gut microbiota are 
well absorbed in the intestine and are able to persist in the 

plasma for a longer time. Polyphenols absorption through 
the gut barrier can be increased a$er speci!c conjugation 
such as methylation, sulfation, and glucuronidation. #ese 
processes facilitate biliary and urinary elimination by in-
creasing their hydrophilic properties. 

Due to their “prebiotic-like” e"ect, polyphenols can also 
modify gut microbiota composition. In vitro and in vivo 
studies showed that different polyphenols can modulate 
the growth of speci!c bacterial strains. Indeed, polyphenols 
can increase bene!cial strains as Bi!dobacteria Lactobacilli, 
reducing the number of pathogens, such as C. perfringens 
and C. histolyticum (Duenas et al., 2015).

!e Gut-Brain Axis 
In humans, the gut microbiota is one of the most densely 
populated microbial ecosystems. Gut microbiota contrib-
utes to healthy state and several diseases can be linked to 
dysbiosis. Microbial interactions are important in infec-
tions, being able to block pathogens activities. Further-
more, microbiota composition is tightly linked to diet.

#e connection between microbiota present in the gas-
trointestinal tract and the central nervous system, the gut-
brain axis, plays an important role in stress response and it 
is widely recognized as neuroendocrine system. Commu-
nication between the gut and the brain involves multiple 
overlapping pathways: the enteric nervous system, the neu-
roimmune and the neuroendocrine systems. By acting on 
the nervous, endocrine and immune system, gut microbi-
ota can in%uence brain functions. In addition, microbiota, 
being able to produce both neurotransmitters and neuro-
peptide, can directly in%uence the brain functions by acting 
on neuroactive metabolites production (Cryan and Dinan, 
2012). 

#e gut microbiota can synthesise neurotransmitters or 
regulate their levels acting on their precursors. #is is the 
case of Bi!dobacterium infantis that in%uence central sero-
tonin transmission by increasing plasma tryptophan levels 
(O’Mahony et al., 2015).

On the contrary, different Lactobacillus and Bifidobac-
terium species are able to produce γ-aminobutyric acid 
(GABA) (Yunes et al., 2016) while Streptococcus, Esche-
richia and Enterococcus spp. produce serotonin (Lyte, 2011; 
Nzakizwanayo et al., 2015).

All these neurotransmitters crossing the mucosal layer 
of the intestines, reach the brain where they could mediate 
di"erent physiological events. 

Large-scale metagenomic sequencing analyses have al-
lowed understanding the functional relationship existing 
between functional components of the microbiome, micro-
bial metabolism and metabolites production. #ese studies 
have indicated the existence of a high inter-individual di-
versity in microbiota composition and a strong association 
between unbalance in composition or stability and disease 
states (hmpdacc.org; human-microbiome.org). 

Alteration in the homeostasis of gut-brain axis has been 
associated also to neurological disorders and neurodegen-
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erative diseases (Zhu et al., 2017). Moreover, it is emerging 
that the regulation of microbiota composition can be real-
ized using natural bioactive molecules such as polyphenols 
derived by plants, suggesting that polyphenols could be 
used to restore the altered brain functions that characterize 
neurodegenerative diseases.

!e homeostasis of the gut microbiota can be modi"ed 
by changing dietary ingestion of probiotics and prebiotics. 
Probiotics are live organisms that can exert health bene"ts 
to the host, while prebiotics are food ingredients able to in-
duce in the host the growth bene"cial microorganisms. 

The use of probiotics and prebiotics can be viewed as 
novel strategy to change the gut microbiota composition 
thus modulating the gut-brain axis (Petschow et al., 2013).

Several studies both in humans and animals showed that 
these molecules could increase the levels of neurotransmit-
ters allowing modulating mood and cognition (Sudo et al., 
2004; Savignac et al., 2013; Alherz et al., 2017).

!ese "ndings suggest that communication between gut 
microbiota and brain is #exible and they also contribute to 
the identi"cation of speci"c targets to be used in patients 
with altered stress responses associated with gut dysbiosis.

Microbiota and Neurodegeneration 
Neural aging is characterized by progressive loss of func-
tion that involves central and peripheral neurons and 
neural stem cells. This degenerative process leads to neu-
rodegeneration and can be considered the principal cause 
of cognitive impairment and sensory and motor deficits 
during aging.

It has been described that the onset of neurodegenera-
tion starts earlier than the symptoms appears. At this time 
neurons have already been destroyed and this can explain 
why therapeutic approaches have little or no e$ect. 

Gut microbiota can interact with central nervous system 
through different mechanisms and pathways such as the 
neurosystems implicated in stress and stress-related dis-
orders (sympathetic and parasympathetic branches of the 
autonomic nervous system, neuroendocrine and neuroim-
mune systems). The communication between these path-
ways occurs through vagus nerve, cell wall, metabolites, 
and through neurotransmitters and brain neurotrophic 
factors. Gut microbiota are able to synthetize neurotrans-
mitters thus microbiota homeostasis can impact on com-
plex neurodegenerative disorders. Example are short-chain 
fatty acids (SCFAs), tryptophan, GABA and brain-derived 
neurotrophic factor (BDNF) (Rieder et al., 2017).

SCFAs represent the most abundant product of bacte-
rial fermentation and have neuroactive properties. They 
modulate the release of serotonin as well as peptide YY, an 
important neuropeptide acting at multiple levels of the gut 
brain axis. Microbial-derived SCFAs acting on the produc-
tion of secondary peptides represent a mechanism through 
which the gut microbiota in#uences human behaviour. In 
fact, it has been reported that systemic administration of 
the SCFA butyrate determines an antidepressant-like be-

havioural response (Jiang et al., 2018). In addition a recent 
study reported that SCFAs are active in Alzheimer’s disease 
by inhibiting the generation of beta-amyloid peptides (Ho 
et al., 2018). 

Tryptophan is an essential amino acid a precursor of 
many biologically active agents, including the synthesis of 
serotonin in the central nervous system. Serotonin, a neu-
rotransmitter active both in the central nervous system and 
in the gut, plays an important role maintaining mood and 
cognition (Szapacs et al., 2004). Alterations in the levels of 
serotonin can be associated to the onset of gastrointesti-
nal and mood disorders, and tryptophan dysregulation is 
linked to many disorders both in the brain and in the gas-
trointestinal tract. !e direct regulation of tryptophan on 
serotonin by microbiota has been demonstrated in germ 
free animals in which that increased levels of circulating 
tryptophan and decreased levels of serotonin were restored 
after bacteria colonization of these animals (Clarke et al., 
2013). 

GABA, is the main inhibitory neurotransmitter that reg-
ulates neuronal excitability. It is produced from glutamate 
metabolism by different bacteria species, as demonstrated 
by in vitro studies. Dysfunction of the GABA system has 
been implicated in the pathophysiology of several chronic 
neurological diseases. GABA treatments were shown to 
decrease cytotoxicity induced by beta-amyloid fibers (Sun 
et al., 2012). GABA system represents an important mecha-
nism through which bacteria can modulate brain chemistry. 

BDNF is a neurotrophin widely expressed in the central 
nervous system with neuroprotective functions. BDNF 
play an important role in the growth and plasticity of syn-
apses as well as in the survival and di$erentiation of neu-
rons. Levels of BDNF are decreased in the cerebral cortex 
in Alzheimer’s disease and several clinical trials aims to 
use BDNF as therapeutics for di$erent neurodegenerative 
diseases (Nagahara and Tuszynski, 2011). Neurological 
mood diseases have been reported to be linked to BDNF 
levels and they have been associated with the gut-brain 
axis. It has been reported that microbiota fecal transplants 
in pathogen free mice increased the levels of hippocampal 
BDNF (O’Sullivan et al., 2011). 

Several pre-clinical and clinical studies have indicated 
that microbiota, maintaining physiological homeostasis, 
can signi"cantly interfere with human for brain functions 
and cognitive systems studies (Savignac et al., 2013).

Aged healthy people do not show changes in the micro-
biota diversity. Studies in centenarians have stressed the 
importance of microbial diversity in maintaining health 
with age (Biagi et al., 2016). On the contrary, dysbiosis have 
been observed in neurodevelopmental diseases as autism 
and in neurodegenerative including Alzheimer’s disease, 
Huntington’s disease and Parkinson’s disease (Di Meo et 
al., 2018). 

The role of the gut microbiome in the pathogenesis of 
chronic neurodevelopmental and neurodegenerative disor-
ders such as Alzheimer’s and Parkinson’s diseases is begin-
ning to emerge.
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Studies regarding the associations between gut micro-
biome and neurodevelopmental or neurological disorders 
have been performed mainly in animal models (Bercik et 
al., 2011; Sampson et al., 2016; Brandscheid et al., 2017). 
And very few studies have been reported in humans.

Studies performed in early childhood showed that in 
autism there are gut microbiota perturbations. In particu-
lar Proteobacteria and Bacteroidetes are strongly increased 
while Firmicutes and Bifidobacteria are less abundance 
respect to healthy controls (Finegold et al., 2012). A recent 
small study in Alzheimer’s disease patients described a re-
duction of gut microbiota diversity respect to the healthy 
controls. In particular in the Alzheimer group it was de-
scribed a decrease of Firmicutes and Actinobacteria and 
increase of Bacteroidetes (Vogt et al., 2017). In Parkinson’s 
disease it has been reported that the disease might begin 
in the gut and than spread to brain via the gut-brain axis. 
Indeed microbiota analysis in Parkinson’s disease patients 
showed a decrease of Prevotella strains and increase of En-
terobacteria (Scheperjans et al., 2015). 

Considering the protective role of neurotransmitters pro-
duced by gut microbiota metabolism in neuroplasticity and 
neurological disorders, it will be fundamental to examine in 
depth the associations and the conditions by which the levels 
of these factors are in!uenced or regulated by microbiota.

Additional studies are needed to better understand if gut 
microbiota changes are central in the pathophysiology of neu-
rodegenerative diseases or if they represent epiphenomena.

However, the association between gut microbiota and 
brain disorders suggests that a healthy microbiota may be 
one of the keys to longevity.

Conclusion 
Emerging evidence indicates that changes in the composi-
tion of the microbiota may contribute to the onset of neu-
rodegenerative disorders that increase with age.

Adults undergo to dramatic changes in microbiota com-
position following diet modi"cations. Furthermore, ageing 
is related to specific changes in the microbiota diversity 
that result in health outcomes in the elderly. Since mi-
crobiota can significantly interfere with human cognitive 
system, the understanding of the microbiota composition 
in healthy people is fundamental for maintaining brain and 
mental health during all over the life.

Gut microbial composition can be modulated by poly-
phenols. It is becoming clear that dietary polyphenols 
through their metabolites contribute to the maintenance of 
gut health by the modulation of the gut microbial balance. 
Polyphenols act by enhancing the growth of beneficial 
bacteria and inhibiting the growth of pathogens, thus exert 
prebiotic-like e#ects.

Regulation of microbiota composition using polyphe-
nols, or other probiotics and prebiotics, may help to restore 
gut equilibrium and to set up new therapeutic intervention 
in neuropathologies. Since brain dysfunctions are associ-
ated with dysbiosis of the gut microbiota, it is possible that 
a rebalance in the microbiota composition may result in a 
partial or complete reversion of these diseases.

Finally, a better understanding of the interplay between 
polyphenols and gut microbiota will provide more insight 
into the health e#ects of polyphenols and open new possi-
bilities to develop microbiota-based therapies for treating 
neuronal disorders.
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Abstract: Background: The gut-brain axis is considered a neuroendocrine system, which connects the brain and 
gastrointestinal tract and plays an important role in stress response. The homeostasis of gut-brain axis is important for 
health conditions and its alterations are associated to neurological disorders and neurodegenerative diseases.  

Method: We selected recent papers analysing the association among alterations in the homeostasis of the gut-brain 
axis and neurological disorders. In addition, we described how bioactive natural molecules - such as polyphenols – 
by influencing gut microbiota composition may help rescue neural signalling pathways impaired in neurodegenera-
tive diseases. 

Results: Recent studies show that gut microbiota is a dynamic ecosystem that can be altered by external factors such 
as diet composition, antibiotics or xenobiotics. Gut bacterial community plays a key role in maintaining normal brain 
functions. Metagenomic analyses have elucidated that the relationship between gut and brain, either in normal or in 
pathological conditions, reflects the existence of a “microbiota-gut-brain” axis. Gut microbiota composition can be 
influenced by dietary ingestion of probiotics or natural bioactive molecules such as prebiotics and polyphenols. Their 
derivatives coming from microbiota metabolism can affect both the gut bacterial composition and brain biochemis-
try. 

Conclusion: This review highlights the role of gut microbiota in regulating regulates brain biochemistry and the role 
of microbiota metabolites on neuropathologies. Dietary ingestion of probiotics, prebiotics and polyphenols affect gut 
microbiota composition underlining the key role played by specific metabolites not only in the gut microbiota com-
position but also in the brain health maintenance. 

Keywords: Gut-brain axis, gut microbiota, metagenomic analysis, prebiotics, probiotics, polyphenols. 

1. INTRODUCTION 
 Recent advances in metagenomic sequencing analysis have 
allowed unravelling the huge number of microbial genes, which 
could impact on human health. The human gut microbiota is one of 
the most densely populated microbial ecosystems in nature and its 
composition is tightly linked to diet. For example, several studies 
report that changes in the gut microbiota observed in high fat/sugar 
diet are linked to the onset of increased gut permeability and low-
grade inflammation that determine metabolic disorders [1, 2]. 
 The genomes of entire microbial communities and the func-
tional relationship existing between functional components of the 
microbiome, microbial metabolism and metabolite production are 
being elucidated using new sequencing technologies [3]. 
 Human microbiome changes over the entire life and the differ-
ences in microbial content result in physiological changes of the 
host. In addition, microbial interactions play an essentially protec-
tive role against infections from pathogens determining a coordi-
nate gene expression in response to different host and environ-
mental signals [4].  
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 It is known that gut microbiota and the host share a reciprocal 
link since several human diseases are associated to imbalances in 
the microbiota composition, and that genome of the host may affect 
the microbiota composition [5]. 
 Data coming from the different large-scale metagenomic pro-
jects such as the NIH Human Microbiome Project (hmpdacc.org), 
the European Metagenomics of the Human Intestinal Tract consor-
tium (metahit.eu), and the International Human Microbiome Con-
sortium (human-microbiome.org) indicate a high inter-individual 
diversity in microbiota composition and a strong association be-
tween their composition and health / disease state [6].  
 Metagenomic studies have allowed understanding the mecha-
nisms involved in microbial interactions, which play a key role in 
infections being able to block pathogens activities. In addition, they 
contribute to healthy state and the onset of several diseases is 
tightly linked to dysbiosis [7]. Thus, a better understanding of  
microbial interactions is fundamental to shed light on microbial 
pathogenesis and it represents a way to develop new therapeutic 
strategies as well as to identify new natural products which favour 
the maintenance of specific microbial species [8]. Furthermore, 
microbiota interactions trigger the synthesis of secondary  
metabolites that selectively activate silent biosynthetic pathways  
[9, 10]. 
 The gut-brain axis is widely recognized as the bidirectional 
neuroendocrine system between the Gastrointestinal tract (GI) and 
the Central Nervous System (CNS). It plays an important role in the 
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stress response. Alterations in the homeostasis of the gut-brain axis 
are associated not only with gut inflammation and eating disorders 
but also with neurological disorders [11, 12].  
 Communication between the gut and the brain involves multiple 
overlapping pathways: the Enteric Nervous System (ENS), the neu-
roimmune and the neuroendocrine systems. These systems are re-
lated to each other and to the CNS and gut by afferent and efferent 
fibres, respectively. Although molecular mechanisms are not well 
understood, increasing evidence suggests that communication is 
realized by the afferent neurons of ENS. These fibres transmit all 
the modifications in the GI tract to the CNS. Cytokines released by 
neuroendocrine cells act on inflammation and infection. Finally, 
neuroendocrine hormones change gut permeability [12]. Key 
signalling events involved in this functional network include the 
vagus nerve, metabolites and signalling systems of CNS, neuro-
transmitters and neurotrophins production. 
 It is worthy to note that enteric neuropathies can also be caused 
by mutations in genes that are fundamental in CNS development. 
These genes are expressed both in central and peripheral nervous 
systems. Their mutations can affect the proper function of specific 
cells controlling ENS. Mutations in NLG1 (Neuroligin-1) that have 
been associated to Schizophrenia also determine enteric neuropathy 
characterized by the absence of enteric ganglia, along variable 
lengths of distal colon (Hirschsprung disease) [13]. ARX 
(Aristaless-Related Homeobox gene) mutations cause lissencephaly 
or epilepsy [14, 15], and are involved in dysgenesis of enteroendo-
crine cells resulting in congenital intestinal diarrhea [16]. FLNA 
(Filamin A), a gene involved in allelic diseases such as cortical 
malformations is crucial for proper enteric neuron development 
[17]. 
 By acting on the nervous, endocrine and immune system, gut 
microbiota can influence brain functions [18]. Also, the neural con-
nection between microbiota and brain is carried out through the 
vagus nerve: microorganisms stimulate afferent neurons of ENS 
and then the vagal signal from the gut stimulates the anti-
inflammatory response [19, 20]. 
 Microbiota metabolites directly influence the brain functions by 
acting on neuroactive metabolites production [21]. For example, 
Short-chain Fatty Acids (SCFAs) can stimulate the release of neu-
ropeptides from the gut endocrine cells. In addition, gut microor-
ganisms can produce both neurotransmitters and neuropeptides [22, 
23] (Fig. 1).  
 Since individual microbiota play a key role in the patho-
physiology of the gut-brain axis, it is more appropriate to use the 
term “microbiota-gut-brain” axis when referring to the relationship 
between brain and gut either under normal or pathological condi-
tions. This tight association already demonstrated in both pre-
clinical and clinical studies [20, 24, 25], seems to be involved both 
in brain disorders and in neurodegenerative diseases.  
 It is emerging that the regulation of microbiota composition can 
be realized using plant-derived bioactive molecules such as poly-
phenols. These compounds have antioxidant properties that protect 
against different chronic diseases and cancer [26]. Interestingly, 
polyphenols are metabolised by microbiota and their biological 
properties depend on the bioactive metabolites produced during this 
process [27].  
 The enhancement of bioactivity of natural molecules generated 
by microbiota metabolism could be viewed as a strategy to improve 
the beneficial properties of these micronutrients, including the anti-
oxidant ones. Since oxidative stress is implicated in aging and in 
the onset of human age-related degenerative diseases, including 
neurodegenerative disorders [28], the connection between the effec-
tiveness of natural products and the composition of gut microbi-
ota/metabolites represents a promising field to develop new strate-
gies to counteract neuronal pathologies. 

Fig. (1). Schematic representation of the microbiota-gut-brain axis. Micro-
bial metabolites can influence brain and host behaviour. The connection 
between gut microbiota and CNS is mediated by vagus nerve.  

 We would like to specifically highlight the use of probiotics, 
prebiotics and polyphenols in the treatment of neurodegenerative 
diseases and the possible mechanisms of gut microbiota modula-
tion. Understanding how bioactive natural molecules - such as 
polyphenols - can influence gut microbiota composition may help 
rescue neural signalling pathways impaired in neurodegenerative 
diseases. 

1.1. Impact of Microbiota On Brain Functions  
 The human gut harbours more than 800 different bacterial spe-
cies (1014 microbial cells) [29] that constitute the microbiota. The 
metabolic activity of this community is fundamental not only for 
the digestion of dietary compounds and the supply of nutrients, but 
also for their transformation into bioactive compounds. The gut 
microbiota represent a dynamic ecosystem that can be altered by 
external factors such as diet composition, antibiotics or xenobiotics. 
Microbiota plays a key role in maintaining physiological homeosta-
sis not only for digestion/host metabolism and prevention of coloni-
zation by pathogens, but also for brain functions [30]. Several pre-
clinical and clinical studies have indicated that microbiota can sig-
nificantly interfere with human cognitive systems [20, 25, 31, 32]. 
 Gut microbiota has a biochemical complexity greater than 
brain’s one. Interestingly, hormones synthesized by the microbiota 
act as neurotransmitters within the CNS. This group includes sero-
tonin, melatonin, Gamma-Aminobutyric Acid (GABA) and acetyl-
choline [33] (Table 1, Fig. 2). GABA, the most important inhibitory 
transmitter in the brain, is produced by Lactobacillus and Bifi-
dobacterium [22] while noradrenaline, dopamine, and serotonin are 
mainly produced by Escherichia and Bacillus [18, 34-36]. Lactoba-
cilli have been shown to convert nitrate to Nitric Oxide (NO), 
which is a signalling molecule widely used in the nervous systems 
[37].  
 Gut-microbiota-brain cross-talk can occur not only through 
neurotransmitters but also using humoral paths [38], as happens for 
circulating tryptophan. 
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Table 1. Examples of neurotrasmitters produced by gut mi-
crobiota. 

Bacterial Strain  Neurotransmitter 

E. coli K-12 

H. alvei  

K. pneumoniae 

L. lactis subsp. lactis 

L. lactis subsp. cremoris 

L. plantarum 

M.morganii 

S. thermophilus 

Serotonin 

B. mycoides 

B. subtilis 

B. cereus 

E. coli

E. coli K-12

H. alvei

K. pneumoniae

M. morganii 

P. vulgaris

S. marcescens

S. aureus

Dopamine 

B. mycoides 

B. subtilis

E. coli K-12 

P. vulgaris

S. marcescens 

Noradrenaline 

B. adolescentis 

B. dentium 

B. dentium 

B. infantis

L. brevis 

L. rhamnosus

GABA

L. plantarum Acetylcholine  

H. alvei

K. pneumoniae  

L. lactis subsp. cremoris

L. lactis subsp. lactis

L. plantarum  

M. morganii  

S. thermophiles  

Histamine  

Fig. (2). Schematic representation of the neurotransmitters produced by gut 
microbiota. Microbiota itself can release neurotransmitters that pass the 
intestinal barrier and reach the brain. 

 Tryptophan is the precursor of serotonin (5-HT), whose levels 
are regulated by gut microbiota, and its dysregulation is linked to 
many disorders both in the brain and in the GI [39].  
 Serotonin is a biogenic amine that acts as neurotransmitter both 
in the CNS and in the gut. It plays an important role maintaining 
mood and cognition [40]. Alterations of serotonin levels can be 
associated to the onset of gastrointestinal and mood disorders, often 
with a high co-morbidity. The association between gut microbiota 
and serotonin has been shown in experiments in which its modula-
tion by using antidepressants, resulted to be effective on irritable 
bowel syndrome symptoms [41]. 
 The direct regulation of tryptophan on serotonin through micro-
biota has been demonstrated in germ free animals in which in-
creased levels of circulating tryptophan and decreased levels of 
serotonin were restored after bacteria colonization of these animals 
[42]. 
 Bacterial degradation of tryptophan occurs along the 
kynurenine pathway, the second most prevalent metabolic pathway 
of tryptophan. Kynurenine is the precursor of kynurenic acid, a 
neuroactive molecule. Interestingly, a decreased ratio kynurenine/ 
tryptophan is linked to different neurological diseases [39, 43] and 
genes belonging to kynurenine pathway are regulated in the hippo-
campus by gut microbiota [44]. Regulation of precursors such as 
tryptophan and kynurenine strengthen the gut microbiota ability to 
control CNS and ENS neurotransmission. 
 Most of the neuroactive molecules are involved in bacteria-
bacteria communication. For example, GABA is produced to pro-
tect the organism from the acid environment encountered in the 
stomach [45]. It has been proposed that the function of such small 
molecules, evolved from bacteria-bacteria communication to bacte-
ria-host communication. In fact, some bacteria species have a re-
ceptor-like molecule to take up GABA [46], which along with its 
receptor is found in host gut epithelia [47]. This suggests that these 
molecules derived from gut microbiota may actually be involved in 
“inter-kingdom” signalling processes [48].  
 Bacteria-bacteria signalling could exert a dual role acting on 
both gut epithelial cells and ENS in the modulation of the nervous 
system. 
 The signature molecules that mediate the microbiota functions 
are the short-chain fatty acids which represent the most abundant 
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product of bacterial fermentation [49]. Generally, they act through 
classical endocrine signalling, since receptors and transporters for 
SCFAs are expressed in the GI tract [50]. For example, SCFAs 
modulate the release of serotonin [51] as well as of Peptide YY 
(PYY), an important neuropeptide acting at multiple levels of the 
gut-brain axis [52]. 
 In addition, circulating SCFAs, such as butyrate and propionate, 
can be transferred from the site of production to the CNS by mono-
carboxylate transporters, which are highly expressed at the Blood-
brain Barrier (BBB) where they act as signalling molecules [53]. 
 Systemic administration of SCFA butyrate determines an anti-
depressant-like behavioural response. Butyrate induces a transient 
acetylation of histones in frontal cortex and hippocampus, and ex-
pression changes of the Brain-derived Neurotrophic Factor (BDNF) 
[54].  

1.2. Gut Microbiota in Neurodegeneration 
 Neurodegenerative diseases are increasing due to the ageing of 
population. Neurodegeneration is a complex process that can be 
triggered by the exposure to environmental stressors, such as oxi-
dants, which determine progressive neurons degeneration. This 
results in an imbalance in the metabolism of gut microbiota that 
modifies endocrine signalling in the host [55]. Furthermore, it has 
been suggested that gut dysbiosis may trigger the onset of neurode-
generative diseases including Amyotrophic Lateral Sclerosis (ALS), 
Alzheimer Disease (AD), Huntington Disease (HD) and Parkinson 
Disease (PD [56-59]. On the contrary, aged healthy people do not 
show marked microbiota changes suggesting that a healthy micro-
biota may be one of the keys of longevity [60, 61].  
1.2.1. Amyotrophic Lateral Sclerosis 
 ALS is a fatal degenerative neurological condition in which 
motor neurons are the susceptible neuronal population [56]. The 
disease is mainly characterized by degeneration of motor neurons in 
the brain and the spinal cord. ALS develops insidiously with focal 
weakness but spreads relentlessly to involve most muscles that 
progressively undergo massive atrophy [62].  
 ALS has been recognized to involve several non-motor sys-
tems. Subclinical involvement of the autonomic system has been 
also described. Gastrointestinal motor dysfunction can occur in 
ALS even if patients do not complain of gastrointestinal symptoms 
[63]. However, still little is known about how this defect may con-
tribute to the pathogenesis of the disease. Studies in animal models 
further support this evidence and show increased gut permeability 
associated with a significant reduction in the expression of tight 
junction proteins and altered microbiota [64, 65]. Interestingly, in 
ALS animal model the restoration of gastrointestinal microbial 
homeostasis ameliorated gut integrity and prolonged lifespan. 
 The link between ALS progression and gut microbiota was 
demonstrated in a transgenic mouse model [65]. These animals 
showed increased gut permeability due to defective intestinal tight 
junction structures. Furthermore, there were a reduced number of 
epithelial Paneth cells, which acted on the gut microbiota modulat-
ing the innate immune response. Dysfunction in the intestinal bar-
rier may promote the passage of toxins into the blood and the innate 
immune response could be involved in the pathogenesis of ALS 
[66]. 
 Even if these studies indicate an impairment of microbiota in 
ALS, to date no human study has investigated whether modifica-
tions of the gut microflora populations could be effective in ALS. 
1.2.2. Alzheimer Disease 
 AD is one of the most common progressive neurodegenerative 
disorders that constitute the most frequent form of dementia in the 
elderly population [67]. The disease is pathologically characterized 
by deposition of Amyloid-! (A!) peptides as A! plaques and intra-
cellular neurofibrillary tangles [57, 68] that ultimately lead to a 

gradual deterioration of brain structure and loss of intellectual func-
tion [69].  
 At first glance AD appears to be confined to the CNS and 
mainly characterized by impaired cognition, however peripheral 
defects have been also described [70]. Although several risk factors 
have been associated with the pathophysiology of AD - aging being 
the most important one - there is evidence suggesting that compro-
mised GI function and altered gut microbiota may also represent an 
important determinant [71-74]. 
 Gut microbiota dysbiosis seems to be present also in AD. In 
fact, different bacterial species are able to produce or aggravate  
the production of A! plaques. AD patients have an increase of  
Gram-negative bacteria that is coupled with the mucosal disruption  
triggered in response to this dysbiosis. In AD, a relation has been  
demonstrated between the onset of pathology and a gut microbiota 
dysbiosis. The dysbiosis, priming the innate immune system by 
microbiota, determines a neuroinflammatory response that causes 
misfolding of neuronal amyloid-! and "-synuclein [75]. 
 These results allow investigating how probiotic and prebiotic 
therapies can be used to ameliorate AD symptoms. 
1.2.3. Huntington Disease 
 HD is the most common dominantly inherited neurodegene- 
rative disorder, mainly characterized by progressive striatal and 
cortical neurodegeneration and by associated motor, cognitive and 
behavioural disturbances. The disease-causing mutation is an ex-
pansion of a CAG trinucleotide repeat (>36 repeats) encoding a 
polyglutamine stretch in N-terminal region of Huntingtin (Htt), a 
ubiquitous protein whose function is still unclear [58]. Although 
HD is classically described as a central disorder, emerging evidence 
demonstrates several peripheral dysfunctions associated with the 
progression of the disease [76]. Expression of Mutated Huntingtin 
(mHtt) is detected in and out the central nervous system [77] in-
cluding the enteric neurons [78]. Studies in both animal models and 
humans reveal gastrointestinal dysfunctions, which may contribute 
to the worsening of the disease, impacting further the quality of life 
of patients. Although the underlying molecular mechanism remains 
unknown, evidence indicates that the consistent loss of body weight 
- the most important non neurological complication of HD and a 
direct consequence of GI defects - has been recently associated with 
an impaired gut mobility and malabsorption [79]. 
 To date, no microbioma analysis has been described in HD 
patients. Gut microbiota could have a role in HD since presympto-
matic HD subjects display clear serum metabolomic shifts that sug-
gest changes in gut microbial-derived metabolites [80]. 
 This study indicates that mHtt affects not only the CNS bio-
chemistry but it has systemic effects, too. In addition, the connec-
tions between HD and gut microbiota could be fundamental for HD 
onset and progression and for the development of novel therapeutic 
strategies.  
1.2.4. Parkinson Disease 
 PD is a chronic and long-term degenerative disorder, whose 
cause is still unknown. A diagnosis of Parkinson’s disease is classi-
cally established after the manifestation of motor symptoms such as 
rigidity, bradykinesia and tremor that are primarily caused by the 
loss of dopaminergic neurons in the substantia nigra of the mid-
brain [81].  
 A growing body of evidence supports the hypothesis that Non-
motor Symptoms (NMS), especially gastrointestinal dysfunctions, 
may represent early biomarkers in PD since they are consistently 
associated with the disease and may precede the classical motor 
manifestations by decades [82]. In addition to their adverse effects 
on quality of life, GI dysfunctions make the etiology of PD more 
complicated. Despite the increased interest in the disease-associated 
NMS, still little is known about the GI features of PD. It has been 
suggested that neurodegeneration, inflammation and intestinal hy-
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perpermeability and microbial dysbiosis could play a key role in the 
pathophysiology of GI dysfunction in PD [83, 84]. 
 PD patients show gut microbial dysbiosis with a marked im-
pairment of epithelial barrier that has been associated with de-
creased Prevotellaceae strains. These bacteria are the main produc-
ers of mucin, a protein that protects the epithelium from pathogens 
by creating a barrier along the epithelial wall against invading 
pathogens [85].  
 In addition, intestinal biopsies of PD patients indicated a reduc-
tion of bacteria producing butyrate - an anti-inflammatory molecule 
(i.e., Roseburia and Faecalibacterium spp.) - and an increase of 
proinflammatory bacterial species (Proteobactera) [86].
 Gut microbiota shifts, in PD, result in a reduction of the gut 
SCFAs that are implicated in the reduced gastrointestinal motility in 
affected patients. More interestingly, PD subjects have a low level 
of butyrate, a Histone Deacetylase (HDAC) inhibitor, which pro-
tects dopaminergic neurons from degeneration by upregulating the 
neurotrophic factors BDNF and the Glial Cell Line-derived Neu-
rotrophic Factor (GDNF) [87].  
 Novel therapeutic strategies in PD patients, based on gut micro-
biota modifications, are being successfully tested using fecal trans-
plants from healthy donors [88]. 

1.3. Probiotics and Prebiotics Modulation of Microbiota-Gut-
Brain Axis 
 Recent advances in microbiota analyses indicate that this eco-
system plays a key role in maintaining normal brain functions [89]. 
The homeostasis of the gut microbiota can be manipulated by 
changing dietary ingestion of probiotics and prebiotics. These 
modifications can be viewed as new therapeutic strategies for the 
treatment of gastrointestinal and CNS-driven disorders. 
 Probiotics are defined “live organisms which, when adminis-
tered in adequate amounts, confer a health benefit on the host”. 
Prebiotics are defined as “food ingredients that induce the growth 
or activity of beneficial microorganisms affecting the composition 
of the gut microbiota”. 
 Lactobacillus and Bifidobacterium are the best-recognized mi-
croorganisms used as probiotics.  
 Probiotic health effects are related to the host immunomodula-
tion. For example, Bifidobacterium infantis has been shown to nor-
malize the Interleukine (IL) IL-10/IL-12 ratio [90].  
 Different studies in animal models reported the beneficial ef-
fects of prebiotics on the behaviour of the host. For example, de-
pression and anxiety were both reduced in mice after treatment with 
Lactobacillus rhamnosus [20]. Treatment with a specific Bifidobac-
terium infantis strain, rescued the behavioural deficits in the forced 
swim test in adult rats subjected to the early life stress of maternal 
separation [32]. This treatment also retrieved basal noradrenaline 
concentrations in the brainstem [91]. 
 Probiotics can meliorate cognition defects as described in a 
mouse model of autism [92], in which Bacteroides fragilis deter-
mined reduction of anxiety, sensorimotor gating and stereotypical 
behaviours. 
 Interestingly, combining probiotic strains results in additive 
therapeutic efficacy in brain disorders. Combined treatment with 
Lactobacillus rhamnosus and Lactobacillus helveticus was shown 
to rescue memory defects induced by stress in mice [93]. Moreover, 
healthy human volunteers had beneficial psychological effects 
when treated with a combination of Lactobacillus helveticus and 
Bifidobacterium longum [31]. 
 To date still few studies in humans have given attention to the 
gut microbial targeting for the treatment of brain diseases; however, 
the obtained results are really encouraging.  

 Dietary intake of fermented milk with probiotics was reported 
to affect the activity of brain regions involved in the central proc-
essing control of emotions and sensations [25]. A clinical trial on 
healthy subjects showed that treatment with Lactobacillus 
helveticus and Bifidobacterium for one month protected from psy-
chological distress [31]. Another study described that ingestion of 
milk added with probiotics improved mood and cognition in healthy 
subjects [94].  
 Dietary prebiotics are non-digestible fibres that selectively 
stimulate the bacterial growth improving host health [95]. Prebiotics 
reach the large bowel where they are utilized as substrate by micro-
organisms to produce energy, metabolites and micronutrients used 
by the host. In addition, they stimulate the selective growth of cer-
tain beneficial species (mainly Bibifidobacteria and Lactobacilli) or 
the metabolism of advantageous bacteria that in turn result in spe-
cific colonization. 
 The compounds known as the best prebiotics belong to the Inu-
lin-type Fructans (ITF) Fructo-oligosaccharides (FOS) and to the 
Galacto-oligosaccharides (GOS). Most of the health benefits asso-
ciated with the prebiotics were described using prebiotics as food 
ingredients or supplements. The ability of prebiotics to stimulate 
the growth of specific bacteria strains can result in significant 
changes in the gut microbiota composition. 
 The use of prebiotics represents an additional strategy for 
modulating the microbiota-gut-brain axis. Few studies have been 
performed using prebiotics with promising results both in humans 
and animals [96]. These studies showed an increase of BDNF brain 
level and of N-methyl-d-aspartate Receptor (NMDAR) signalling 
[24]. BDNF is a key neurotrophin involved in neuronal growth and 
survival [97], NMDAR is involved in normal brain function and it 
is linked to schizophrenia [98]. The results prompt to further inves-
tigate the utility of prebiotics in mental health and their potential 
efficacy for the treatment of psychiatric disorders. 
 A recent study has described that combined administration of 
FOS and a modified B immuno-galactooligosaccharides (B-GOS) 
had neuroendocrine effects.  
 Administration of B-GOS was shown to exert anti-depressive 
effects by modulating the Hypothalamic-pituitary-adrenal (HPA) 
axis, since it reduced cortisol awakening reactivity, usually elevated 
in individuals at high risk of depression [99]. 
 Several studies in mice and in humans reported that polysaccha-
rides could improve brain functions [100]. The isolichenan, an !-
glucan from the lichen Cetrariella islandica, reverted ethanol-
induced memory impairment in mice [101]. The Ambrotose com-
plex, a mixed polysaccharide formulation, significantly improved 
cognitive function and mood in healthy middle-aged adults [93]. 
 Interestingly, prebiotics not only modulate bacterial growth but 
they can directly affect signalling molecules in the brain. For exam-
ple, it has been reported that FOS and GOS increased hippocampal 
expression of BDNF and NMDAR1 subunit. Furthermore, GOS 
intake increased hippocampal NR2A subunit, frontal cortex NMDAR1 
and plasma PYY [24]. Thus, like probiotics, also prebiotics can 
modulate brain chemistry by increasing BDNF expression through 
gut hormones activity. Additional studies to understand whether the 
brain modulation induced by prebiotics leads to cognitive and mood 
outcomes are needed, with the aim to consider probiotic-based  
approaches as novel therapeutic strategies [102].  

1.4. Polyphenols: Chemistry and Bioavailability 
 Polyphenols are a large group of natural compounds, produced 
by plants as secondary metabolites, which defend against exoge-
nous stresses. They protect plants against Reactive Oxygen Species 
(ROS), Ultraviolet Radiation (UV), pathogens, parasites and plant 
predators. The difference in their structures reflects their distinct 
biological functions.  
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 Polyphenols are characterized by the presence of at least one 
phenol ring with the attached hydroxyl group(s). They can be dif-
ferentiated in flavonoids and non-flavonoids based on the number 
of aromatic rings and on the number of elements bound to the ring, 
and include simple molecules such as phenolic acids and complex 
molecules such as tannins (Fig. 3). These molecules can be conju-
gated to organic acids and sugars [103]. 
 Polyphenols act as natural antioxidants thanks to the metal-
chelating and free radical scavenger properties. The scavenging 
activity is linked to their structure. In fact, compounds with similar 
structures exhibited similar antioxidant activity. The antioxidant 
activity increase is related to the number of hydroxyl groups di-
rectly, and to glycosylation indirectly [104]. 
 Recently, there is a growing interest in the importance of the 
antioxidant activities of polyphenols and in their possible addition 
to food. In fact, several epidemiological studies in humans associated 
diet with chronic diseases, and indicated that prevention could be 
realized following correct lifestyles [105]. To this respect, the  
attention to the use of polyphenols as antioxidant has greatly  
increased.  
 Polyphenols bioactivity is related to absorption rate, metabo-
lism and bioavailability. These activities depend on the direct inter-
action with other dietary nutrients, such as proteins, carbohydrates, 
fat and fibres. In addition, the biological activity of the derivative 
metabolites may differ from the native compound.  
 Polyphenols absorption through the gut barrier can be increased 
after specific conjugation such as methylation, sulfation, and glucu-
ronidation. These processes facilitate biliary and urinary elimina-
tion by increasing their hydrophilicity [106]. Polyphenols metabo-
lites found in blood and target organs derive from gut microbiota 
activity.  

 Conjugation processes are needed to reduce the potential toxic 
effects of polyphenols. These reactions are extremely efficient, 
since aglycones are generally absent in blood, or present in low 
concentrations, after consumption of nutritional doses. Thus, circu-
lating polyphenols - as conjugated derivatives - can penetrate al-
most all tissues and exert biological activity. 
 To entry the brain, polyphenols must cross the gut enterocytes 
and the BBB. This process depends not only on the polyphenol 
chemical structure, but also on their interaction with BBB efflux 
transporter [107]. Interestingly, most plant polyphenols are ligands 
for brain efflux transporters and penetrate the brain in large 
amounts [108]. For this reason, a functional BBB might favour 
polyphenols-mediated neuroprotection.  

1.5. Polyphenols and Neuroprotection  
 Neurodegenerative diseases are characterized by neuron loss and 
neurodegeneration. It is thought that the onset of neurodegeneration 
starts long before the disease appears, when many neurons  
have already been destroyed. This can explain why therapeutic 
approaches have little or no effect. 
 Neurodegeneration may be induced by neuroinflammation and 
oxidative stress. Oxidative stress is a cell state in which ROS  
production overcomes the cellular antioxidant capacity. ROS are 
generated during cellular metabolism mainly by mitochondria. ROS 
excess determines severe cellular damage through lipid peroxida-
tion, protein oxidation and plasma membrane damage. ROS activity 
also acts on both DNA and RNA oxidation [109, 110]. 
 Oxidative stress is thought to contribute to the pathogenesis of a 
number of human diseases, in particular of neurodegenerative  
diseases. Nervous tissue is very sensitive to oxidative stress both for 
the high metabolic activity and oxygen consumption, and for the 

Fig. (3). Structures of polyphenols. Polyphenols are classified by the number of phenol rings in flavonoids (a) and non-flavonoids (b). The figure shows 
chemical structures and some typical representatives. 
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low levels of antioxidants enzymes (superoxide dismutase, catalase) 
and molecules (glutathione) [111, 112]. 
 Oxidative stress triggers the synthesis of superoxide and NO 
(Nitric Oxide), two neurotransmission regulators. Changes in the 
production and/or metabolism of these molecules result in patho-
logic consequences [113, 114]. 
 Protection from oxidative stress in the nervous tissue can be 
achieved increasing the endogenous defence mechanisms acting on 
diet changes, and using natural antioxidants to target specific 
mechanisms of oxidative damage [115]. 
 Novel therapeutic strategies, based on protection by antioxi-
dants or on decreased expression of oxidative stress regulatory 
genes, seem to be effective in ageing and neurodegeneration pre-
vention. These strategies aim to naturally increase the neuronal 
response to stress by acting on dietary consumption of foods that 
contain neuroprotective molecules such as polyphenols. 
 Several studies indicate that polyphenols are able to modulate 
cellular functions resulting in active neuroprotection. Examples are 
resveratrol from grape and wine, curcumin from turmeric, and epi-
gallocatechin from green tea. 
 Resveratrol has been shown to be protective against neurode-
generative diseases and to decrease the oxidative damage in synap-
tic membranes [116]. Resveratrol protects neurons against amyloid 
beta-induced toxicity by inhibiting the formation and extension of 
amyloid beta fibrils and destabilizing the formed ones [117]. 
 Curcumin is the first food-molecule described to have biologi-
cal activities [118]. Several in vitro and in vivo data suggest that 
curcumin exerts a protective effect against neurodegeneration in 
cerebral ischemia by protecting BBB integrity [119]. It has also an 
anti-aggregative effect in PD and in AD. Curcumin acts by binding 
amyloid fibres. This binding inhibits amyloid beta aggregation pre-
venting fibril and oligomer formation [120]. In PD curcumin has 
the same effect on alpha synuclein, the protein involved in this 
disease [121]. 
 The neuroprotective role of Epigallocatechin-3-gallate (EGCG) 
has been described in different studies. Interestingly, EGCG seems 
to protect neurons activating stress signalling pathways, survival 
genes and enzymes needed for processing the amyloid precursor 
protein [122]. EGCG has been shown to protect from age-related 
cognitive decline [123]. Studies performed in rodents have shown 
that EGCG is able to improve spatial cognition and learning ability 
and to reduce cerebral amyloidosis in Alzheimer [124]. 
 All these studies suggest that beneficial polyphenols effects 
may be linked to the capacity of reducing oxidative/inflammatory 
stress signalling, and of increasing protective signalling molecules.  
 Evidence highlights bioavailability of polyphenols metabolites 
in the systemic circulation [125] while little is known about how 
they may cross the BBB and enter into the brain. 

 Recent studies clearly indicate that polyphenols are able to ex-
ert their action through complementary and overlapping 
mechanisms, and that polyphenols metabolites produced by gut 
microbiota are the true active molecules. 
 The composition of the human gut microbiota can be modulated 
in vivo by polyphenols and this relationship can, in turn, be effec-
tive in brain neuromodulation.  

1.6. Polyphenols and Gut Microbiota Composition  
 Polyphenols are characterized by low bioavailability. They often 
are ingested in modified forms and are recognized as xenobiotics by 
the human body. In general, small polyphenols molecules - in form 
of monomers or dimers - after ingestion can be adsorbed in the 
small intestine. However, the majority of them have structural com-
plexity and they reach the large intestine without modifications. 
Complex polyphenols are modified into the gut by the microbial 
community that converts them into low-molecular-weight metabo-
lites that are readily absorbable [126]. Diet is thought to be the most 
important factor affecting both microbiota composition and its rela-
tionships with the host [127]. 
 Gut microbiota and dietary polyphenols affect each other: micro-
biota enzymatically transforms polyphenols improving bioavailability 
and health effects, while polyphenols modulate microbiota 
community composition avoiding the growth of pathogens. 
 In fact, bioactive dietary compounds as polyphenols can modify 
microbiota composition and functions by acting on their growth or 
metabolism [128]. Several studies indicated that aromatic metabo-
lites deriving from polyphenols could modulate microbiota compo-
sition exerting selective probiotic effects [129] (Table 2).
 On the other hand, the metabolizing activity of microbiota on 
polyphenols influences the host exposure to them and can act on 
their healthy effect. The importance of microbiota for polyphenol 
metabolism has been shown several years ago in germ-free or anti-
biotic-treated animals in which these metabolites were not produced 
[130]. Recent studies reported that flavonoids could be differently 
metabolized from different bacterial strains [131-133]. 
 It has been reported that specific polyphenols might modify the 
gut microbial composition, by inhibiting the growth of specific 
bacterial species and by increasing that of other species. Polyphe-
nols can change microbiota composition acting on the ratio Bacter-
oides/Firmicutes, which constitute the majority of the bacteria ge-
nus colonizing the distal gut [134]. The ingestion of different poly-
phenols might result in different microbiota composition since Bac-
teroides have higher number of glycan-degrading enzymes than 
Firmicutes.
 Polyphenols metabolism can be different among individuals 
since everyone has his/her own microbiota compositions. Thus, 
similar daily intake of polyphenols can have different effects on 
health in people with different bacterial content. In fact, the  

Table 2. Examples of polyphenols catabolites and their host health effects. 

Polyphenol Bacterial Catabolite Health Effects 

Curcumin Ferulaldehyde Reduced inflammatory response from LPS-stimulated blood lymphocytes 

Epigallocatechin-3-
O-gallate 

Pyrogallol Antibacterial activity (especially against Gram-negative enterobacteria), acetylcholinesterase 
inhibition greater than gallic acid parent; inhibition of Vibrio spp. quorum sensing 

  4-hydroxyphenylacetic acid Antimicrobial/antimycotic activity in vitro

Daidzein Equol Phytoestrogen important for heart and bone health and possible colon cancer protectant 

Resveratrol Resveratrol 3-O-beta-D-glucoside Antioxidation and antiproliferation activities in vitro

Proanthocyanidins 3,4-dihydroxyphenylpropionic acid Reduced inflammatory response from LPS-stimulated blood lymphocytes 
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majority of dietary polyphenols are glycosides that are transformed 
into bioactive aglycones by commensal bacterial glycohydrolases. 
This modification, changing polyphenols bioavailability, can modu-
late their activities and functional effects on the mammalian tissues 
[59]. 
 Polyphenols metabolites produced by gut microbiota are better 
absorbed in the intestine and remain in the plasma for a longer time.  
 Modification of gut microbiota composition by polyphenols is 
due to their “prebiotic- like” effects.  
 Examples are condensed and hydrolysable tannins present in 
grape seed, pomegranate, green tea as well as anthocyanins present 
in blueberry and deriving from microbial polyphenols degradation.  
 Different studies performed both in vitro using batch-culture 
fermentation or gastrointestinal simulators, and in vivo using animal 
models, showed that different polyphenols modulate specific bacte-
rial strains [135]. These studies indicated that polyphenols reduced 
the number of potential pathogens, such as C. perfringens and C. 
histolyticum, while increased beneficial strains as Bifidobacteria
and Lactobacilli.
 Unabsorbed dietary phytochemicals can affect the microbiota 
composition. These compounds accumulating in the ileal and colo-
rectal lumen exert antimicrobial activities by inhibiting pathogen 
growth and stimulating the growth of commensal bacteria, includ-
ing probiotics [136, 137].  
 The complex interactions between gut microbiota and the host 
are due to the different metabolic strategies that bacteria are able to 
undertake in response to diet. Gut microbiota modulates the host 
metabolism, regulating the expression of genes involved in the 
digestion of dietary compounds. They are involved in drug response 
and provide enzymes needed for molecules degradation [138].  
 Since microbiota composition is associated to health status, the 
understanding of these interactions is essential to identify genes and 
bacteria involved in polyphenol metabolism and conversion. This 
will lead to understanding strategies needed for delivering health 
benefits by microbiota modulation. 
 Therefore, gut microbiota plays a dual role, being both a target 
for nutritional intervention aimed to improve health and a factor 
able to modulate the polyphenols biological activity. 

CONCLUSION 
 Emerging evidence coming from the use of recent high-
throughput technologies, allows understanding in depth the mecha-
nisms that links gut microbiota and brain. Novel technologies, such 
as Functional Magnetic Resonance Imaging (fMRI), have led to 
decipher the gut-brain signalling in humans. This technology was 
used to demonstrate in humans that ingestion of SCFAs or fermented 
milk with probiotic affected the activity of brain regions that control 
central processing of emotions and sensations [139, 140]. 
 These methods clearly have indicated that gut microbiota 
modulation can be achieved at transcriptional or translational levels 
and that changing gene expression and metabolites production may 
directly affect brain functions. 
 Gut microbiota composition can be influenced by dietary inges-
tion of probiotics, prebiotics and polyphenols. These results under-
line the key role played by specific metabolites not only in the gut 
microbiota composition but also in the brain health maintenance. 
 These data strongly support the idea that gut microbiota regu-
lates brain biochemistry and that dysbiosis contributes to the onset 
of neurodegenerative diseases and to other CNS disorders.  
 Several studies have demonstrated that abnormalities of brain 
functions are associated with the altered composition of the  
gut microbiota, and can be partly or completely reversed by  
re-establishing the right microbiota composition. Probiotics,  

prebiotics, and polyphenols also as functional foods are funda-
mental to this rescue.  
 Modification of microbiota and its metabolites highlights a new 
scenario for novel therapeutic intervention in neuropathologies. As 
a consequence, understanding the early interaction between the 
intestinal microbiota and the host opens new possibilities for thera-
peutic interventions, mainly in neurodegenerative diseases. Moreo-
ver, deciphering the microbiota dysbiosis in neurodegenerative 
diseases could be useful to diagnose these pathologies at an early 
stage. 

LIST OF ABBREVIATIONS 
AD = Alzheimer Disease  
ALS = Amyotrophic Lateral Sclerosis 
A! = Amyloid-!
B-GOS = Bimuno-galactooligosaccharides 
BBB = Blood-brain Barrier 
BDNF = brain-derived Neurotrophic Factor  
CNS = Central Nervous System  
EGCG = Epigallocatechin-3-gallate 
ENS = Enteric Nervous System  
fMRI = Functional Magnetic Resonance Imaging 
FOS = Fructo-oligosaccharides 
GABA = Gamma-aminobutyric acid  
GDNF = Glial Cell Line-derived Neurotrophic Factor 
GI = Gastrointestinal Tract  
GOS = Galacto-oligosaccharides 
HD = Huntington Disease 
HDAC = Histone Deacetylase  
HPA axis = Hypothalamic-pituitary-adrenal axis 
5-HT = Serotonin  
Htt = Huntingtin  
IL = Interleukine 
ITF = inulin-type Fructans  
NMDAR = N-methyl-D-aspartate Receptor 
NMS = Non-motor Symptoms 
NO = Nitric Oxide 
PD = Parkinson Disease  
PYY = Plasma Peptide YY  
ROS = Reactive Oxygen Species 
SCFAs = Short-chain Fatty Acids  
UV = Ultraviolet Radiation 
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