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Introduction 

Bioactive food compounds, like polyphenols, are known for their positive effects on human 

health. Polyphenols are a large group of secondary metabolites in plants and are, therefore, present in 

the human diet. Interestingly, it has been reported that long-term consumption of a diet rich in 

polyphenols has a protective effect against several diseases. In addition to anti-inflammatory 

properties, many studies have confirmed that different polyphenol substances have antiglycation 

functions in vivo and in vitro.  

Advanced glycation end-products (AGEs) derive from spontaneous modification of proteins 

or amino acids through reducing sugars during Maillard reaction or non-enzymatic glycation. 

Glycation and the accumulation of AGEs are known to occur during physiological aging, diabetes, 

chronic diseases and in the development of tumors. Elevated blood glucose or methylglyoxal levels 

in diabetic patients result in an increase of AGEs. Despite the antidiabetic therapeutic options 

currently available, new, effective, and safe interventions are urgently required, because diabetes 

mellitus (DM) is still considered a health emergency. 

In this work we have characterized polyphenols-rich extract obtained from hazelnut skins, a food 

waste product. Qualitative and quantitative phenolic compounds contents and antioxidant capability 

were also determined for further studying their relationship with AGE-inhibitory activity. 

We have evaluated the possible inhibitory effects on AGEs formation, the cytotoxic effect and 

capacity of our extract to protect THP-1 derived macrophages from AGEs-induced damage in vitro, 

demonstrating that hazelnut skin polyphenols extract (HSE) shows positive effect on cell viability. 

After treatment with AGEs, macrophages express a high level of pro-inflammatory cytokines and 

reactive oxygen species (ROS), while co-treatment with polyphenol extract led to reduced levels of 

both TNF-α and IL1-β cytokines and reduced ROS production. 

To date, our studies suggest that polyphenols-rich extracts have positive effect although 

further analysis should be conducted to identify the molecular pathway involved in AGEs-

polyphenols interaction. 

Finally, we have characterized the interaction between some compounds in our hazelnut skin 

extract with glucose transporters of class I (GLUTs) to identify potential GLUT-targeting drugs, 

based on a combination of structural biology by bioinformatics analysis (molecular docking). Our 

studies, although preliminary, have revealed a possible interaction between glucose transporters and 

polyphenols, in agreement with studies in the literature. 

This research was funded by “Soremartec Italia Srl” (Alba, Cuneo, Italy) to promote a waste 

product, hazelnut skin, with bioactive potential. 
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Chapter 1 
 

1.1 Polyphenols 

Nowadays, the positive correlation between consumption of plant food rich in bioactive 

components and good health is well known. During the last decade, much research focused on the 

role of plant food in health maintenance and prevention of chronic disease [1],[2]. 

Polyphenols are secondary metabolites of plants with good antioxidants activities that can 

neutralize undesired reactive oxygen species (ROS) and reactive nitrogen species (RNS) produced 

during metabolic processes in the body [3]. These natural compounds show a broad range of 

biological activities as anti-inflammatory and anti-apoptotic activities, inhibition of α-amylase and 

glucosidase [4],[5],[6]. Furthermore, a diet rich in plant foods improve a diversity of intermediary 

markers of cardio metabolic risk, including blood pressure, glucose–insulin homeostasis, blood lipids 

and lipoproteins, endothelial function [7] and also to modulate functionality of the gut microbiota 

with a beneficial impact for human health [8]. 

There are different classes of polyphenols that share structural features of an aromatic ring and 

at least one hydroxyl group, classified by their chemical structures in phenolic acids, flavonoids, , 

stilbenes and lignans (figure 1) [9],[10].  

 

 

                                                                          A) 
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                                                                         B) 

 
Figure 1. A) Chemical structures of the different classes of polyphenols. B) Chemical structures of sub-classes 
of flavonoids. Pandey, K.B.; Rizvi, S.I. Plant Polyphenols as Dietary Antioxidants in Human Health and Disease. Oxid 
Med Cell Longev 2009 
 
 

Phenolic acids account for about a third of the polyphenolic compounds in our diet and are found 

in all plant material, but are particularly abundant in acidic-tasting fruits. Caffeic acid, gallic acid, 

ferulic acid are some common phenolic acids. Flavonoids are most abundant polyphenols in human 

diet and share a common basic structure consist of two aromatic rings, which are bound together by 

three carbon atoms that form an oxygenated heterocycle. Stilbenes contain two phenyl moieties 

connected by a two-carbon methylene bridge. The most extensively studied stilbene is resveratrol; 

lignans are di-phenolic compounds that contain a 2,3-dibenzylbutane structure that is formed by the 

dimerization of two cinnamic acid residues [11]. Based on the variation in the type of heterocycle 

involved, flavonoids are divided into six major subclasses: flavonols, flavanones, flavanols, flavones, 

anthocyanins and isoflavones. Individual differences within each group arise from the variation in 

number and arrangement of the hydroxyl groups and their extent of alkylation and/or glycosylation. 

Flavonols (such as quercetin and kaempferol), have a 3-hydroxy pyran-4-one group on the C ring, 

flavanones (such as naringenin and taxifolin) have an unsaturated carbon-carbon bond in the C ring, 

flavanols (such as the catechins) lack both a 3-hydroxyl group and the 4-one structure in the C ring 

and flavones (such as luteolin) lack a hydroxyl group in the 3-position on the C ring. Anthocyanins, 

such as cyanidin, are characterized by the presence of an oxonium ion on the C ring and are highly 

coloured as a consequence and in isoflavones (such as genistein), the B ring is attached to the C ring 

in the 3-position, rather than the 2-position as is the case with the other flavonoids [12]. 
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The bioavailability of the polyphenols present in foods is often very low. Thus, most of the 

dietary polyphenols reach the colon unmodified, where they interact with the commensal microbiota, 

being catabolized to provide relevant metabolites that are better absorbed and that show consistent 

biological effects [13]. 

The bioavailability of each polyphenol is different, but there is no relation between the quantity 

of polyphenols in food and their bioavailability in human body. As a consequence, the forms reaching 

the blood and tissues are different from those present in food and it is very difficult to identify all the 

metabolites and to evaluate their biological activity [14]. Polyphenols also differs in their site of 

absorption in humans. Some of the polyphenols are well absorbed in the gastro-intestinal tract while 

others in intestine or other part of the digestive tract. Accumulation of polyphenols in the tissues is 

the most important phase of polyphenol metabolism because this is the concentration which is 

biologically active for exerting the effects of polyphenols. Studies have shown that the polyphenols 

are able to penetrate tissues. Thus the health beneficial effects of the polyphenols depend upon both 

the intake and bioavailability [15]. 

Phenolic compounds have been reported to have different beneficial effects on human health, 

such as antioxidant properties, and, as demonstrated in previous studies, also an anti-glycation 

function [16]. Indeed, a recently published review reports the inhibitory effects of polyphenols and 

plant extracts on the formation of advanced glycation end-products (AGEs) [17]. 

 

1.2 Hazelnut skin: a food waste product 

According to the United Nation’s Food and Agriculture Organization (FAO, 2019) [18] about 

1.3 billion tons of food are wasted or lost each year worldwide. The phenolic compounds present 

abundantly in such residues have been successfully applied in different sectors, including the food 

industry, for the development of functional foods or supplements; the health industry, for medicines 

and pharmaceuticals and the cosmetic industry, among others [19]. Therefore, the recovery of active 

compounds from food waste residues can be an interesting strategy, because in addition to being a 

natural and safe source of polyphenols, they are inexhaustible, low cost, and sustainable resources 

[20]. Moreover, food waste products derived from food processing are still quite rich in interesting 

bioactive compounds, which could be extracted and used to produce nutraceutical supplements [21]. 

In this context hazelnuts represent an interesting source of by-products, producing a big amount 

of waste material such as leafy covers, skins, and shells. Hazelnuts are typically consumed whole or 

used as an ingredient in many processed foods. Recently, the study of their composition has gained 

attention with the aim to add economic value to waste from hazelnut processing. A wide investigation 

on hazelnut showed their antioxidant activity by different tests, revealing as they could potentially be 
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considered an excellent source of natural antioxidants. Recently published data indicated that roasted 

hazelnut skin is a richer source of total phenolics and has the highest antioxidant activity, followed 

by natural and roasted hazelnuts [22],[23]. The main bioactive molecules in hazelnut waste are phenol 

compounds and the skin is a richer source of these bio-active molecules, at least in quantitative terms 

[24],[25]. 

Moreover, hazelnut skin is an important by-product of the food industry, if we consider that more 

than 160,000 tons of hazelnuts are produced annually only by the Ferrero Hazelnut Company 

(https://www.hazelnutcompany.ferrero.com, accessed on 1 February 2021; Ferrero International S.A. 

Findel, Luxemburg). Worldwide hazelnut production in 2019/2020 was roughly 528,070 tons. Taking 

into account that roughly 67% of the total fruit weight is comprised of the shell leads to roughly 

353,807 tons of hazelnut shells each year [26],[27]. Hazelnut skin represents 2.5% by weight of the 

raw material, and it is discarded upon roasting. It has been traditionally used as animal bedding, but 

a lot of research underlined its potentiality as a source of natural antioxidants and dietary fibers [28]. 

Indeed, hazelnut skin represents an interesting source of bioactive molecules for nutraceutical or 

food supplements production, in a circular economy approach. Valorization of products defined as 

“waste” can contribute to both solving the problem of waste management and disposal, with a 

considerable economic advantage for companies, other than being greatly environmental-friendly and 

offering a vast range of molecules of natural origin easily available and eco-sustainable. 

 

1.3 Polyphenols as nutraceutical 

The healthy and conscious daily intake of micro- and macronutrients plays a key role in humans’ 

wellbeing. Food (unprocessed or processed, in whole or in its edible part) is a reserve of nutrients and 

substances with no nutritional relevance, namely nutraceutical compounds, with positive effects on 

human health [29]. According to the first definition of “The foundation for Innovation in Medicine” 

nutraceutical is a food or part of it that provides medical or health benefits, including the prevention 

or treatment of diseases [30]. For a long time, the intake of fruit and vegetable was associated with 

reduced risk of chronic and degenerative diseases onset. These findings are correlated to plants 

diversity and their richness in bioactive compounds, natural substances able to modulate one or more 

metabolic processes. Therefore, several scientific data supports the hypothesis that anti-oxidant 

phytochemicals in food and in their isolated pure form ensure health conditions [31],[32]. Indeed, 

polyphenols are able to prevent or massively slow-down oxidative stress related diseases, due to their 

intrinsic attitude to neutralize, deactivate or suppress free radical species, by donating an electron or 

hydrogen atom or, directly, to act as inhibitors of lipoperoxidation chain reaction [33]. Additionally, 
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agricultural by-products and food waste are natural sources of these food antioxidants, whose 

sustainable recovery, recycle and reuse is aimed at breaking down their environmental impact [34]. 

Nutraceuticals are gaining considerable attention due to their nutrition and therapeutic potentials. 

Based on their sources, they are classified as dietary supplements and plant-based bioactive 

compounds, which play a role in maintaining longevity, good health and quality of life [35]. 

Various in vivo and in vitro studies have been conducted to study the protective role of 

nutraceuticals against various diseases but it has not been clinically proved in many cases. From a 

toxicological point of view, nutraceuticals are usually safe at dietary doses, but their consumption in 

high doses can be toxic, mainly due to the presence of substances that may cause genomic changes 

in target tissues. So, it is important to take an optimum dose of any food item for health benefits [36]. 

For example, hazelnut is used in a wide range of applications with increased demands for them 

in the global markets, used mainly as a feedstock in the food industry, for example in the sweet sector. 

Moreover, hazelnut oil is used in cosmetic, medicinal and cooking products and hazelnut skin is used 

an ingredient in different processed foods like bakery and confectionery products [37]. The skin has 

good antioxidant activity and has been shown to have a potential role in disease prevention and 

treatment. Hazelnut consumption leads to an improvement in lipoprotein profile and α-tocopherol 

concentrations in mildly hypercholesterolaemic individuals, reducing the risk of cardiovascular 

disease (CVD). Furthermore, as hazelnuts are rich in polyphenols, they have high antioxidant 

potential, antimicrobial activity and reduce the risk of inflammatory diseases [38].  

Considering these properties, hazelnut skin may have the potential to be developed as 

nutraceutical or dietary supplements. 
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Chapter 2 

 

2.1 Advanced glycation end product (AGEs) 

AGEs are heterogeneous compounds that derive from the reaction of reducing sugars with the 

free amino groups in proteins, nucleic acids, and lipids in a non-enzymatic Maillard-reaction [39].  

The formation of AGEs occurs in three phases. First, glucose attaches to a free amino acid 

(mainly lysine and arginine) of a protein, lipid or DNA to form a Schiff base, a compound that has a 

carbon to nitrogen double bond where the nitrogen is not connected to hydrogen. The initiation of 

this first step depends on glucose concentration, takes place within hours and the reaction is 

reversible. During the second phase, the Schiff base undergoes chemical rearrangement over a period 

of days and form Amadori products (also known as early glycation products). The Amadori products 

are more stable compounds (for example hemoglobin A1c is the most well-known), but the reaction 

is still reversible. If there is accumulation of Amadori products, they will undergo complicated 

chemical rearrangements (oxidations, reductions, and hydrations) and form crosslinked proteins. This 

process takes place in weeks or months and it is irreversible. The final brownish products are called 

AGEs and some of them have fluorescent properties. They are very stable, and accumulate inside and 

outside the cells and interfere with protein function [40]. 

In addition, lipid and amino acid degradation, cleavage of di-carbonyl compounds from aldimins 

(Namiki pathway) as well as the formation of carbonyl compounds after autoxidation of 

monosaccharaides, such as glucose, ribose, fructose and glyceraldehyde (Wolff pathway) generate 

AGE precursor compounds and result in the formation of stable AGEs (figure 2) [41].  
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Figure 2. Formation of AGEs. Glucose and proteins produce Schiff bases through reversible reactions and 
finally Amadori products. Some Amadori products are converted to AGEs, and others are oxidized and cleaved 
to active dicarbonyl compounds. Active dicarbonyl compounds are further cross-linked with proteins to 
generate AGEs. Additionally, glucose autoxidation, Schiff base oxidative cleavage, Amadori product cleavage, 
and lipid peroxidation can all produce active dicarbonyl compounds, further generating AGEs. Song, Q.; Liu, 
J.; Dong, L.; Wang, X.; Zhang, X. Novel Advances in Inhibiting Advanced Glycation End Product Formation Using 
Natural Compounds. Biomedicine & Pharmacotherapy 2021. 

 

During the Maillard reaction, Amadori product breaks down to generate some di-carbonyl 

compounds such as glyoxal (GO), methylglyoxal (MGO), and deoxyglucosones (3-DG) following 

both oxidative and nonoxidative pathways. These compounds are very reactive products, and they 

represent a critical step in AGEs generation because they can also generate hydroxyl aldehydes and 

the corresponding oxidized acid analogues [42]. For example, MGO can react with lysine residues 

generating the adducts, through a mechanism that involves intermediates like aldimine that can 

oxidize through a metal-catalyzed process giving deaminated allysine (adipic semialdehyde). This 

latter further oxidizes to yield 2-amino adipic acid, which indeed accumulates in oxidative-based 

disorders [43]. Several colorimetric and fluorimetric methods are available to determine parameters 

that are indicators of AGE production, such as the modification rate of lysine and arginine side chains, 

fructosamine content, aggregation state of the modified proteins, and AGE-specific fluorescence [44].  

In addition to further rearrangements, reactive di-carbonyl compounds can lead to AGEs such as 

Nε -carboxyethyllysine (CEL), arginine pyrimidine, pentosidine, pyrralin and Nε -

carboxymethyllysine (CML) [45]. 

In addition to endogenous AGEs formation, these compounds are also derived from foods and 

are called dietary AGEs (dAGEs). Usually, food high in lipids and proteins have the highest levels of 

dAGEs. Due to their harmful effect, dAGEs are also called glycotoxins [46]. Various processes such 

us thermal food processing, storage, frying and cooking can contribute to increase AGEs content 

causing oxidative stress and inflammation [47],[48]. 

AGEs act through different mechanisms, such as: crosslinking extracellular and intracellular 

proteins that imply alteration in the biochemical and physiological properties of proteins [49]; the 

binding to the cell surface receptor for AGEs (RAGE), which leads to the activation of intracellular 

signaling cascades causing the transcription of genes that have a central role in the pathogenesis of 

several diseases and the increase in the production of reactive oxygen species (ROS) [50]. 

Accumulation of AGEs has been found also in healthy aging persons, and it is worth noting that 

the accumulation of glycation adducts is involved in several diseases such as diabetes, renal diseases, 

and Alzheimer’s disease [51] as well as in end stage renal disease, rheumatoid arthritis, sarcopenia 

and Parkinson’s disease [52]. It has also been suggested that AGEs are involved in the loss of bone 

density and muscular mass associated with aging [53]. 
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Figure 3. Biological effects of AGEs. Abate, G; Delbarba, A. Advanced Glycation End Products (Ages) in 
Food: Focusing on Mediterranean Pasta. J Nutr Food Sci 2015 
 

 

2.2 Pathological effects of AGEs 

The deleterious effects of AGEs in different tissues are attributed to their chemical, pro-oxidant, 

and inflammatory actions [54]. The biological effects of AGEs with RAGE involves the activation of 

the mitogen-activated protein kinases (MAPKs) and the phosphatidylinositol-3 kinase (PI3-K) 

pathways that will lead to the activation of the transcription factor NF-κB (nuclear factor kappa B). 

After activation, NF-κB translocates to the nucleus where it will activate the transcription of genes 

for cytokines, growth factors and adhesive molecules, such as tumor necrosis factor α (TNF-α), 

interleukin 6 (IL-6), well known inflammation promoters, and vascular cell adhesion molecule 1 

(VCAM1) [55]. NF-κB activation increases RAGE expression, creating a positive feedback cycle 

that enhances the production of inflammation promoters. In addition, AGE-RAGE interaction 

activates NAD(P)H oxidase (a complex of enzymes which produces superoxide) and when this 

complex is upregulated, it increases intracellular oxidative stress [56]. 

ROS play a crucial role in the defense of pathogens, suggesting the protective effect of mild doses 

of oxidative stress but elevated levels of ROS lead to oxidation of proteins, lipids and nucleic acids 

increases [57]. Normally, there is a balance between oxidants and antioxidant defense. During aging, 

the equilibrium of prooxidants and antioxidants shifts to the former, leading to a marked rise in ROS. 

Usually, oxidized proteins are degraded by the 20S proteasome of the Ubiquitin–Proteasome-System 

(UPS) [58]. Due to their bulky structure, AGEs are able to block the entry of the proteasomal core 
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resulting in an increased in oxidized and damaged proteins. Further, elevated levels of oxidants 

promote the oxidation of lipids and glucose, resulting in the accelerated formation of AGEs [59]. 

In hyperglycaemia (HG) condition there is a mitochondrial dysfunction in endothelial cells and 

macrophages and aberrant activation of cytoplasmic NADPH oxidases (NOX) that together 

exacerbate ROS production that is associated with promotion of M1-like macrophage phenotype that 

favors the progression of diabetic complications [60]. 

Macrophages are innate immune cells with broad and dynamic phenotype plasticity, that quickly 

adapts to changes in microenvironmental cues. However, the traditional M1/M2 nomenclature is still 

utilized to reflect macrophage ability to exist in more pro-inflammatory (M1-like) or anti-

inflammatory/immunosuppressive (M2-like) functional states [61]. For example, HG-activated 

endothelium recruits monocytes resulting in the release of pro-inflammatory cytokines and promotion 

of vascular damage. It is noteworthy that ROS production in diabetes is increased in both endothelial 

cells and monocytes/macrophages resulting in activation of pro-inflammatory pathways and 

reciprocal macrophage/endothelial cell interactions [62]. Another effect of HG is that glucose can 

chemically crosslink proteins, lipids and other molecules resulting in accelerated formation of AGEs. 

Endothelial cells and macrophages are the source of both AGEs and RAGE, thus the cross talk 

between these cell types is reciprocal. The engagement of AGEs and RAGE increase the production 

of ROS, especially hydrogen peroxide which serves as a mediator in pro-inflammatory response in 

endothelial cells and macrophages. As a result there is an increase in inflammatory response, 

oxidative stress and NF-κB activation [63]. 

 

2.3 AGEs and polyphenols 

The inhibition of AGE formation by synthetic aminoguanidine (AMG) has been documented. 

However, the treatment with AMG in type 1 diabetics has caused serious complications [64]. The 

search for natural AGE inhibitors could thus represent a valid alternative approach. Indeed, the use 

of plant extracts showed to inhibit the AGE development more effectively than aminoguanidine. 

Therefore, phenolic compounds could represent a natural source of glycation inhibitors, being able to 

reduce the production of early Maillard reaction products [65],[66]. In vivo and in vitro studies also 

revealed positive effects of gallic acid on AGE-induced inflammation [67]. Antiglycative effects of 

different fruit and seed extracts have also been tested, suggesting that green pepper, peach, and 

promegranate have the highest capability to inhibit AGE formation [68].  

Glycation inhibitors derived from natural compounds are good candidates for the development 

of new therapies against AGEs formation and other pathological conditions related to their 

accumulation such as diabetes and its complications [69]. 
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Studies have shown some natural substances, such as resveratrol and curcumin, can prevent 

AGEs-induced pathology. Resveratrol inhibited the AGE-induced proliferation of collagen in smooth 

muscle cells of blood vessels [70] and curcumin blocked the effect of AGEs on the RAGE expression 

[71]. Park et al. evaluated the phenolic compound content of peanut extracts using various methods 

and in vitro experiments revealed that peanut extract not only inhibits the formation of AGEs but may 

also break glycated bonds [72]. 
Because of the diverse structures and functions of natural compounds, the mechanisms through 

which they inhibit AGE formation are also different: covering the glycation sites of proteins, 

scavenging oxidative free radicals, regulating AGE receptors, trapping active di-carbonyl 

compounds, chelating metal ions, inhibiting aldose reductase, and lowering blood glucose levels. The 

main mechanisms are reducing the levels of active carbonyl compounds and scavenging oxidative 

free radicals [41]. 

Some natural compounds bind competitively to proteins through hydrogen bonds or van der 

Waals forces, effectively protecting the structural integrity of the proteins and inhibiting 

nonenzymatic glycation. Indeed, AGEs can significantly modify protein structure altering their 

function [73]. Many natural compounds exhibit significant trapping of α-di-carbonyl compounds and 

inhibit AGE formation in a dose-dependent manner. For example, in phloretin, a glycoside, the 3-

hydroxyl and 5-hydroxyl groups in its A ring are the main active centers that capture active di-

carbonyl compounds. Phloretin forms specific adducts with MGO and GO, with scavenging rates of 

80% and 68%, respectively, under normal metabolic conditions [74].  

However, polyphenols have not yet been widely applied in clinical medicine because the first-

pass effect in our bodies dramatically decreases the bioavailability of polyphenols through oxidation 

and glycosylation. Therefore, continued investigation of natural compounds and their specific 

mechanisms of action is necessary and will play a valuable role in inspiring drug discovery.  
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Chapter 3 
 

3.1 GLUTs 

The human glucose transporter (GLUTs) belongs to the Sugar Porter (SP) family, which as the 

largest branch of the Major Facilitator Superfamily (MFS). MFS proteins share a common fold 

comprising of 12 transmembrane helices (M1–M12) with a twofold pseudo-symmetry between the 

N-domain (M1-6) and the C-domain (M7-12). Due to the pseudo-symmetry, the A motif is found 

twice, located in the cytosolic loop connecting M2 and M3 of the N-domain and in the cytosolic loop 

connecting M8 and M9 of the C-domain. The importance of the SP motif has been demonstrated 

through mutational studies, and is highlighted by its strong conservation in the SP family. However, 

the functional role of the SP motif has not yet been established [75],[76]. SP proteins alternate their 

status exploring inward-facing and outward-facing conformations with respect to the central substrate 

binding site. When the transporter is in the outward-facing conformation (Cout), extracellular sugar 

can bind to the central binding site (CoutS), and be transported into the cell (CinS) as dictated by the 

concentration gradient across the membrane. The following conformational transition from the 

substrate-free inward conformation (Cin) to the substrate-free outward conformation (Cout) is needed 

to reset the transporter, and has been experimentally shown to be the rate-limiting step in GLUTs, 

consistent with thermodynamic model [77].  

 

 

 
 
Figure 4. A working model for GLUT1: the different conformations between inward- and outward-facing 
conformations with respect to the central substrate-binding site and the transition between these two states 
define sugar transport. The ICH domain is illustrated as a closure in the intracellular gate in outward-facing 
conformations. The extracellular gate comprises some residues of TM1, TM4 and TM7 (red bricks in the 'open 
inward' illustration). Deng D, Xu C, Sun P, Wu J, Yan C, Hu M, Yan N. Crystal structure of the human glucose 
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transporter GLUT1. Nature. 2014 Jun 5;510(7503):121-5. doi: 10.1038/nature13306. Epub 2014 May 18. PMID: 
24847886. 

 

It is well established that residues of the A-motif stabilize GLUT proteins in an outward 

conformation, ready to receive glucose, via inter-TM salt bridges, and disruption of these networks 

triggers favorable formation of the inward state [78]. 

GLUTs proteins are primarily responsible for mediating cellular uptake of hexoses. However, 

the global biological importance of membrane transport proteins is reflected by their role in multiple 

aspects of cell biology and that membrane transporters represent between 5 and 15% of all coding 

genes in mammalian genomes. Therefore, expression and function of specific GLUT isoforms 

represent two important clinical/therapeutic variables and opportunities: as biomarkers, facilitating 

the prediction of clinical prognosis, staging and potential response to treatment; and as therapeutic 

targets for modulation (inhibition or activation) of their transport function. Diseases, including cancer 

and diabetes, are related to the dysfunction or mis-regulation of these transporters, identifying them 

as potential drug targets [79],[80].  

The 14 GLUT isoforms present in humans show an amino acid identity of 19–65% (homology 

of 42–81%) but differ in substrate specificity, affinity, and tissue distribution. According to their 

sequence similarities, three classes of GLUTs have been defined with GLUT1-4 representing Class 

I, GLUTs 5, 7, 9, and 11 in Class II and GLUTs 6, 8, 10, 12, and 13 forming Class III [81]. 

GLUT1 is the most ubiquitously expressed GLUT isoform in human tissues. GLUT1 

overexpression is reported in several tumor types, with the level of expression of GLUT1 associated 

with metastasis and poor patient survival [82]. GLUT1 is expressed in most human cells, often along 

with other class I glucose transporters. The GLUT1 transporter is present in high amounts in human 

erythrocytes [83]. 

GLUT2 localize primarily to the basolateral membrane of intestinal enterocytes, renal proximal 

tubular epithelium, and hepatocytes, with the probable function of glucose and fructose transport. 

GLUT2 is nevertheless required to equilibrate intracellular and extracellular glucose concentrations 

to ensure a proper control of glucose sensitive gene expression in the liver. In hepatocellular 

carcinoma (HCC), GLUT2 mRNA is expressed at higher levels than other GLUT isoforms, and 

GLUT2 expression shows a positive correlation with advanced clinical stage [84]. 

The biological function of the adult human brain requires high amounts of glucose, which is 

facilitated by the expression of GLUT3 in neurons and the cerebral cortex. Glioblastoma, the most 

common malignancy of the human brain was reported to express high levels of GLUT3 that was 

associated with poor patient survival [85]. 
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GLUT4 is present mainly in the insulin-sensitive tissues of adipose, heart and skeletal muscle. 

Intracellular retention of GLUT4 in a specialized reservoir compartment is essential for maintaining 

a low rate of glucose transport in the basal state [86]. 

The features of class II GLUTs are the occurrence of the exofacial glycation site on the arginine 

in exofacial loop 5 (the linker between TM9 and TM10), with no glycation site on loop 1 as in class 

I and class III GLUTs. There seems to be preference for fructose rather than glucose as substrate. 

While, class III GLUT has the typical 12 TM spans. The asparagine N-linked glycation to asparagine 

occurs in loop 1. This class of GLUTs has intracellular targeting sequences, typically dileucine motifs, 

within the N-terminal domains. The presence of these sequences suggests at least some intracellular 

targeting and compartmentalized that may be related to function [87]. 

 

3.2 GLUTs-polyphenols interaction 

The control of GLUT function is necessary for a regulated supply of metabolites (mainly glucose) 

to tissues. Pathophysiological abnormalities in GLUT proteins are responsible for, or associated with, 

clinical problems including type 2 diabetes and cancer and a range of tissue disorders, related to 

tissue-specific GLUT protein profiles. The availability of GLUT crystal structures has facilitated the 

search for inhibitors and substrates that are specific for each GLUT and that can be used for 

therapeutic purpose. The specificity and transport kinetic features of the GLUT proteins for hexose 

analogues and transport inhibitors have been most extensively studied for class 1 (GLUTs1-4) and 

for GLUT5 for defining differences between each of the GLUT proteins and ultimately for defining 

routes to the development of high affinity transport inhibitors [87]. 

Several compounds were discovered that effectively inhibit glucose uptake via GLUTs in cell 

lines. Flavonoids are known to have an inhibitory effect on GLUT2, including quercetin, phloretin, 

isoquercitrin and myricetin. However, most show little potency (IC50>60 µM), and the more potent 

inhibitors quercetin and phloretin (IC50 < 4 µM) inhibit not only GLUT2 but also other GLUTs. 

Identifying new, potent, and specific GLUT-2 inhibitors is desirable but challenging due to GLUT2 

low affinity for glucose and fructose and a background uptake of these substrates by other GLUT 

isoforms in human cell lines [88],[89]. 

The consumption of tea flavonoids and other polyphenolic compounds are reported to have health 

benefits in individuals with or at risk of T2DM, for example, by improving glucose tolerance, 

enhancing insulin sensitivity, reducing oxidative stress and acting on glucose absorption in the 

proximal gut by inhibiting sugar transporters in the small intestine [90]. 
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Chapter 4 

Objectives 

Numerous studies have attributed a wide range of biological activities to polyphenols, including 

anti-inflammatory, antioxidant and anti-cancer actions. Antiglycative effects have also been 

investigated. Several studies on natural compounds identified as waste products have showed their 

antioxidant activity in various tests, revealing that they could potentially be considered as an excellent 

source of natural antioxidants. 

In our research, we characterized the possible properties of hazelnuts skin. Hazelnut represent an 

interesting source of by-products, producing a big amount of waste material with different 

polyphenols contents and molecular bio-diversity. 

Accumulation of AGEs plays an important role in the pathogenesis of diabetic complications as 

well as in natural aging, renal failure, oxidative stress, and chronic inflammation. 

Since AGEs contribute to the pathogenesis of several diseases, foods enriched or supplements 

containing natural bioactive molecules capable of inhibiting their production could represent an 

interesting new strategy to support therapeutic approaches with positive effect on human health.  

The polyphenolic extract obtained by hazelnut skin has been characterized in qualitative and 

quantitative terms and its antioxidant activities was determined: polyphenols were extracted and 

characterized with HPLC-DAD/MS analysis. The concentration of total phenolic content obtained 

was quantified by Folin-Chocalteau method and then analyzed for evaluate their antioxidant activities 

with specific assay. Subsequently, we have product AGEs, reproducing the glycation reaction in vitro, 

considering several parameters such as the concentration of BSA and MGO (two component used for 

AGE production) and incubation time. Measurement of AGE-relative fluorescence gives an 

indication to AGEs formation. 

To evaluate the anti-glycation activities of HSE, we have performed an in vitro analysis 

considering the capability of our extract compared to other compounds. Then, to assess the capability 

of HSE to prevent AGEs-derived damage, such us increased inflammation and ROS production, we 

chose THP-1 (human monocytes-derived macrophage) cellular model. 

The formation of AGEs depending by the amount of glucose present in cells and tissues. In 

hyperglycemic condition, AGEs, both those that form endogenously as well as exogenous, contribute 

to the pathogenesis of obesity and diabetes. In humans, glucose transporter is facilitated by members 

of the glucose transporter family (GLUT, SLC2 gene family) and alterations in the functions or 

expression are involved in diabetes and cancer. 

In silico approaches (molecular docking analysis) usually yield many compounds that need to be 

evaluated for their effect on hexose transport by GLUTs to select the best candidates for possible 
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(pre)clinical trials. Plant extract as polyphenols has been revealed a good candidate for the inhibition 

of GLUTs. We have performed, initially, in silico analysis with some compounds of HSE with GLUT1 

and GLUT3, whose crystallographic structure are known. The interaction ligand-protein allowed as 

to evaluate the possible interaction between every single polyphenolic compound with these glucose 

transporters. Since the crystallographic structure of GLUT2 is not present, we propose to obtain it, in 

the future, following a more detailed study of the sequence based on the characteristics of GLUTs 

belonging to the same class and already characterized in this study. 

GLUT2 plays an important role in maintaining glucose homeostasis in many human tissue like 

intestine, kidney and brain and for these reason GLUT2 is considered an important pharmaceutical 

target.  
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Chapter 5 

Materials and methods 
 

5.1 Preparation of HSE  

Hazelnut skin was provided by Ferrero Hazelnut Company to evaluate the bioactive component 

and the possible use as nutraceutical following biological analysis. 

The HSE was obtained following the procedure reported by Del Rio et al. [24] with some 

modifications. Two sequential extractions were applied: an amount of 0.5 g of hazelnut skins was 

added to 5 mL of 1% (v/v) aqueous formic acid solution in a 15 mL centrifuge tubes and was extracted 

for 30 min in an ultrasound bath (Elmasonic S30H, Elma Schmidbauer GmbH, Singen, Germany) at 

room temperature, frequency of 37 kHz, and heating power of 200W. Then, the sample was heated 

at 70 °C for 1 h and centrifuged for 10 min at 2151 g. The procedure was repeated two times, the 

supernatant was recovered and a second extraction was performed on the sample remaining after 

centrifugation. A solution of 5 mL of methanol/H2O (75:25, v/v) was added and it was put for 15 min 

in an ultrasound bath (Elmasonic S30H, Elma Schmidbauer GmbH, Singen, Germany) and vortexed 

for 15 min. This procedure was repeated twice. After centrifugation, 10 min at 2151 g, the supernatant 

was recovered and added to the extract obtained with the first extraction step. The solvent of the total 

extract, was evaporated under vacuum at 30°C in a rotary evaporator (Eyela, Tokyo, Japan). The 

extract was then dissolved in 1 mL of MeOH and analyzed through HPLC-PDA/ESI-MS. 

 

5.2 HPLC-PDA/ESI-MS analysis of HSE 

HSE were analyzed using a Shimadzu Prominence LC-20A instrument (Shimadzu, Milan, Italy) 

equipped with two LC-20 AD XR pumps, SIL-10ADvp, CTO-20 AC column oven, and DGU-20 A3 

degasser coupled to an SPD-M10Avp PDA detector and a mass spectrometer detector (LCMS-2010, 

Shimadzu, Tokyo, Japan) equipped with electrospray (ESI) interface. Separation was performed 

using a Core Shell column (150 µm,4.6 mm I.D., 2.7 µm d.p.) (Merck KGaA, Darmstadt, Germany), 

with the mobile phase composed by 1% aqueous formic acid (A) and acetonitrile (B), pumped at a 

flow rate of 1 mL/min.  Phenolic compounds separation was obtained applying the following gradient: 

t = 00 0%B; t = 40 30%B; t = 41 100%B; t = 48 100%B; t = 49 0%B; t = 56 0%B. The injection 

volume was 2 µL. Data were acquired using a PDA in the range 210–400 nm and chromatograms 

were extracted at 360 nm and at 280 nm. MS-chromatograms were acquired in negative ionization 

mode, using the following parameters: nebulizing gas flow rate (N2): 1.5 mL min−1; event time: 1 s; 

mass spectral range: m/z100–800; scan speed: 1000 amu/s; detector voltage: 1.5 kV; interface 
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temperature: 250 ◦C; CDL temperature: 300 ◦C; heat block temperature: 300 ◦C; interface voltage: 

−3.50 kV; Q-array voltage: 0.0 V; Q-array RF: 150.0 V. 

 

5.3 Determination of Total Phenolic Content 

The total extract of hazelnut skin was dried as described above and resuspended in 5 ml of 

methanol/H2O (50:50; v/v) solution, filtered with 0,22 µm filter in sterile conditions for use in cell 

cultures and subsequently analyzed for the total polyphenols content through a chemical reduction, 

measured by the Folin-Ciocalteau method [91]. Briefly, an aliquot of 20 µL of extract or standard 

compound was mixed with 100 µL of Folin reagent in 1580 µL of methanol/H2O (50:50; v/v) 

solution, followed by incubation for 8 min. Then, 300 µL of Na2CO3 0,2g/mL solution was added. 

The absorbance was measured after incubation at room temperature for 2 h, in the dark, using a 

microplate reader (Infinite 200 Pro, Tecan, Männedorf, Switzerland). The total phenolic content was 

determined from a standard curve using gallic acid (0−2000 µg/mL) as a standard and expressed as 

milligrams of gallic acid equivalents per grams of hazelnut fresh weight (mg GAE/g). All chemicals 

and reagents were purchased from Sigma (Sigma-Aldrich, Milan, Italy). 

 

5.4 Determination of Antioxidant Activity  

The antioxidant activity of hazelnut skin extract was determined by the TEAC and ORAC assays, 

according to a previously described method with some modification [92],[93]. The Trolox equivalent 

antioxidant capacity (TEAC) assay is based on the ability of the antioxidant present in a sample to 

scavenge the radical cation 2,20 -azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) by 

spectrophotometric analysis. The radical cation ABTS˙ was produced by reacting 7 mM ABTS with 

2.5 mM potassium persulfate in aqueous phosphate buffer (5 mM, pH = 7,4) solution, stored in the 

dark at room temperature for 16 h. ABTS·+ is a blue-green chromogen with a characteristic 

absorption at 734 nm with an absorbance of 0.70 ± 0.04 [92]. Briefly, 10 µL of extract solution, gallic 

acid, or a standard compound were mixed with 190 µL of ABTS·+ solution diluted in phosphate 

buffer (5 mM, pH = 7.4) in a 96-multiwell plate. Antioxidant compounds in the reaction medium 

capture the free radical with a loss of color and therefore a reduction in absorbance, corresponding 

quantitatively to the concentration of antioxidants present. The absorbance was monitored after 10 

min using a microplate reader (Infinite 200 Pro, Tecan, Männedorf, Switzerland). A calibration curve 

was prepared with Trolox as a standard (0–700 µM). Results were expressed as mmol Trolox 

equivalent (TE) per grams of hazelnut fresh weight or acid gallic.  

Oxygen radical antioxidant capacity (ORAC) is another method used to estimate the total 

antioxidant capacity (TAC) of food or natural products based on the inhibition of the peroxyl-radical-
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induced oxidation initiated by thermal decomposition of azo-compounds such as [2-20 -azo-bis(2-

amidino-propane) dihydrochloride (AAPH)]. Fluorescein (FL) is used as the fluorescent probe. 

According to the method described previously [93], 50 µL of FL (78 nM) and 50 µL of sample, blank 

or standard were placed in a 96-multiwell-plate, which was heated to 37 ◦C for 15 min and then 25 

µL of AAPH (221 mM) were added in each well. The fluorescence was measured immediately, and 

fluorescence intensity (excitation wavelength 485 nm and an emission wavelength of 535 nm) 

measurements were then taken every 5 min to 90 min using a microplate reader (Infinite 200 Pro, 

Tecan, Männedorf, Switzerland). A calibration curve was prepared with Trolox as a standard (0–50 

µM). The ORAC values are expressed as mmol Trolox equivalents (TE) per grams of hazelnut fresh 

weight or acid gallic. All chemicals and reagents were purchased from Sigma (SigmaAldrich, Milan, 

Italy). 

 

5.5 In Vitro Glycation Assay with BSA-MGO  

AGE-BSA was prepared by reacting BSA with MGO according to the method described by 

Starowicz et al. with some modifications [94]. Briefly, BSA (100 mg/mL) and MGO (500 mM) were 

dissolved separately in PBS 1× (pH 7,4). Then, 2 mL of each sample were prepared by incubating 

BSA solution (4 mg/mL) with MGO solution at different concentrations (20-30-50-100 mM) in PBS 

1× (pH 7.4) containing 0.02% NaN3 (to prevent microbe development) for 168 h at 37 ◦C, in the 

dark. Subsequently, BSA solution at different concentrations (2-4-10-25-50 mg/mL) with MGO (20 

mM) were prepared in the same way. BSA solution without the addition of MGO was incubated under 

the same conditions and used as a control (BSA-non glycated).  

Subsequently, to evaluate anty-glycation properties a solution of HSE, gallic acid or 

aminoguanidine at different concentrations (25–50–100–200– 400–500 µg/mL), was incubated in the 

dark with 4 mg/mL of BSA and 20 mM MGO (in phosphate buffer, pH 7.4, with 0.02% sodium 

azide). For each experimental condition, 2 mL of sample have been prepared and then incubated at 

37 ◦C for 168 h. All chemicals and reagents were purchased from Sigma (Sigma-Aldrich, Milan, 

Italy). 

After setting up the method to obtain AGEs, we choose one concentration of BSA and one 

concentration of MGO to prepare the AGEs to use in the cell line (THP-1 macrophages). We have 

used the same protocol described above with some modifications. Briefly, BSA (4 mg/mL) was 

dissolved in Phosphate buffer saline 1×, pH 7,4 (PBS, Corning, NY, USA) with the addition of 1% 

pen/strep (to prevent microbe development). BSA with or without addition of 20 mM MGO (BSA 

glycated and BSA-non-glycated respectively) were incubated for 168 h at 37°C, in the dark. All 

solution were filtered with 0,22 µm filter, in sterile conditions. 
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5.6 Measurement of AGE Fluorescence  

The fluorescence of BSA-MGO model system (AGEs) was measured after incubation as 

described in detail previously using a microplate reader (Infinite 200 Pro, Tecan, Männedorf, 

Switzerland) at excitation/emission wavelengths 365/440 nm. Additionally, changes in intrinsic 

protein fluorescence were detected at excitation/emission wavelengths of 280/350 nm [44].  

The inhibitory effect of treatment to gallic acid, aminoguanidine or hazelnut extracts was 

calculated using the following equation: [%] Inhibition = [1 − (fluorescence intensity of 

extract/fluorescence intensity of blank)] × 100. 

Data are expressed considering IC50 concentrations, defined as the amount of extract or standard 

compound (µg/mL) required to reduce AGE formation by 50% and were determined by logarithmic 

regression analyses (n = 3) using GraphPad Prism software. 

 

5.7 AGEs quantification 

Quantification of the BSA-MGO or BSA samples was performed by BCA assay (Merck, 

Darmstadt, Germany) according to the protocol. Briefly for micro-scale assay were pipetted 25 µl 

each standard (BSA standard curve 0-25-125-250-500-1000 µg/ml) or sample replicate into 

individual wells of a 96-well plate. Then 200 µl BCA working reagent have been added to each well. 

For standard assay the plate was incubated at 37°C for 30 min. Subsequently the absorbance at 562 

nm was measured in a microplate reader. To obtain the corrected absorbances, the absorbance of the 

blank standard was subtracted from the absorbance measurement or all other standard and protein 

samples. Using the standard curve, the absorbance of samples was interpolated within the linear range 

of the standard curve to obtain sample concentration. 

 

5.8 Cell viability 

Differentiated THP-1 macrophages (25.000 cells/well in 96-well plates) were exposed to 

different concentration of HSE (25-50-100-200-400-500 µg/mL GAE) and with BSA or BSA-MGO 

(100-150-300-450-600 µg/mL). Cells were treated with or without HSE for 1 h prior to BSA-MGO 

(300 µg/mL) treatment. Cytotoxicity was determined after 24 h of incubation by the MTT assay: cell 

culture medium was discarded, and each well was washed with 200 μL PBS. MTT solution 0.5 

mg/mL (Sigma-Aldrich, Milan Italy), was added to cells (100 µL in each well) and the plate was 

incubated at 37° C + 5% CO2 for 3 hours. Then MTT solution was removed, and 150 μL/well of 

dimethyl sulfoxide (DMSO, Sigma-Aldrich, Milan, Italy) was added to each well for dissolving the 

formazan crystals. Optical density (OD) was measured at 570 nm using a multifunctional microplate 
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reader (InfiniteM 200 Pro, TECAN, Männedorf, Switzerland). Cell viability was expressed as % of 

control (macrophages untreated). 

 

5.9 ROS measurement  

For measuring intracellular ROS, macrophages were used at density of 5x10^4 cells/well in 96-

well black plates. Cells were loaded with 100 µL/well of H2DCF-DA (Merck, Darmstadt, Germany) 

diluted to 20 µM in PBS and incubated for 10 minutes at 37°C. Then the solution with probe was 

removed and replaced by 100 µL/well basal medium. Basic fluorescence intensity was measured at 

495 nm excitation and 525 nm emission. Medium was removed and treatments were applied. After 

60-minute fluorescence intensity was measured as described above [95]. 

 

5.10 Quantitative real-time PCR 

Total RNA was isolated from cell by column-based method, Monarch Total RNA Miniprep Kit 

(New England BioLabs, Frankfurt am Main, Germany) according to manufacturer’s instructions 

including DNAse I-treatment. Concentration and quality of isolated RNA was spectrophotometrically 

assessed by NanoDrop (Thermo Fisher Scientific Inc). Ready-to-use kit (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) was used to reverse transcription of 0.5 µg RNA, according to 

manufacturer’s protocol. Quantitative real-time PCR was performed using SYBR green master mix 

(Applied Biosystems, Waltham, Massachusetts, USA). Primer sets for TNF-α (NM_000594.4; Fw: 

5′-CTCCTCACCCACACCATCAGCCGCA-3′; Rv: 5′-ATAGATGGGCTCATACCAGGGCTTG-

3′) and IL-1β (NM_000576.3; Fw: 5’-CTCGCCAGTGAAATGATGGCT-3’; Rv: 5’-

TGGTGGTCGGAGATTCGTAGC-3’), were used. Actin-β (NM_001101.5; Fw: 5’- 

GGGAAATCGTGCGTGACATT-3’; Rv: 5’-TCGTAGATGGGCACAGTGT-3’) was used as 

housekeeping gene to normalize data. All reactions were performed in triplicates. ΔΔCt method was 

used for data analysis. Values of genes of interest were first subtracted from the values of actin-β 

(ΔCt). N-fold change of gene expression was then calculated as 2^- (ΔCt treated-ΔCt untreated). 

 

5.11 Cytokine quantification 

The levels of human TNF-α and IL-1β were measured in the harvested supernatants by solid-

phase sandwich Enzyme-Linked Immunosorbent Assay (ELISA kit; Thermo Fisher Scientific, 

Waltham, USA). THP-1 monocytes were seeded into six-well (1x10^6 cell/well) and differentiated 

into macrophages-M0. Cells were treated with 50 µg/mL HSE or 300 µg/mL BSA-MGO or in 

combination. After 24 h cell supernatant for each sample was collected and analysed according to the 

https://www.google.com/search?sxsrf=ALiCzsb3ZcTChOKxbHlsmS-bAtZ7oJFG4Q:1666707079541&q=Waltham&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyzMkuUuIAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWNnDE3NKMhJzd7Ay7mJn4mAAADj9e9pWAAAA&sa=X&ved=2ahUKEwjwn67bx_v6AhW-hf0HHSnTAgEQmxMoAXoECFoQAw
https://www.google.com/search?sxsrf=ALiCzsb3ZcTChOKxbHlsmS-bAtZ7oJFG4Q:1666707079541&q=Waltham&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyzMkuUuIAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWNnDE3NKMhJzd7Ay7mJn4mAAADj9e9pWAAAA&sa=X&ved=2ahUKEwjwn67bx_v6AhW-hf0HHSnTAgEQmxMoAXoECFoQAw
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manufacturer’s recommendation. Optical density (OD) was measured using the microplate reader 

(InfiniteM 200 Pro, TECAN, Männedorf, Switzerland) at 450 nm.  

 

5.12 Molecular modeling and docking analysis 

To investigate the interaction between polyphenolic compounds in hazelnut skin and GLUTs we 

have performed in silico ligand screening. The structure of natural compounds tested were searched 

on PDB server [96]. The structure of GLUT1 in the inward-facing conformation (PDB ID: 5EQi) was 

used as experimental model. The structure of GLUT3 in the inward-facing conformation was obtained 

by homology modeling, using the crystal structure for GLUT1 inward-facing conformation (PDB ID: 

6THA) as a template. We use the I-TASSER software [97] and excluded some templates such as all 

GLUT structures in outward-facing conformations. Two sites of interest for both GLUT1 and 

GLUT3, that represent the active sites of interaction of two specific inhibitors with receptors, were 

identified based on literature and verified for selected PDB files via the VMD software [98]. The 

docking prediction was performed with Haddock 2.4 software [99], [100]. Haddock returns, after a 

cluster analysis a series of models, to which a score is attributed to classify the model quality. The 

models with the highest Haddock score were selected for our analysis of receptor-ligand complex. 

We explicitly used Van der Waals energy and electrostatic energy as additional parameters to evaluate 

the interaction affinity for each model. 

 

5.13 Statistical Analysis 

The graphics and all statistical analysis were performed using GraphPad Prism version 5.0. The 

data were expressed as mean ± standard deviation of two/three independent experiments, with at least 

three technical replicates in each experiment. p-value, *p < 0.05, ** p < 0.01, *** p < 0.001 were 

considered statistically significant and was calculated using one-way ANOVA and Tukey as post-test 

or t-test of multiple or two comparisons, respectively. Different letters indicate a significative 

difference among samples. 
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Chapter 6 

Results 
 
6.1 HPLC-PDA/ESI-MS Quali-Quantitative Analysis of Phenolic Compounds in total Extracts of 

Hazelnut Skin 

The HPLC-PDA/ESI-MS method, previously described, was applied for phenolic compounds 

determination in hazelnut skin. Qualitative analysis was performed considering the retention time, 

UV and MS spectra, use of standard compounds and data available in literature. Seventeen phenolic 

compounds have been identified in the extract. Twelve flavan-3-ols and two organic acids were 

detected at λ=280 nm while four flavonols and one dihydrochalcone were detected at λ=360 nm 

(Figure 5). All identified compounds, retention time and their mass-to-charge ratio (m/z) are 

summarized in Table 1. Gallic acid, protocatechuic acid, procyanidin B2 dimer, (-) epicatechin, 

epigallocatechin-gallate, myricetin rhamnoside, quercetin-3-rhamnoside, kampferol rhamnoside, 

myricetin, phloretin-2-o-glucoside, quercetin and kaempferol were identified based on retention time 

of standard molecules and the mass-to-charge ratio (m/z) of the molecular ion. 
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Figure 5. HPLC-PDA chromatograms, extracted at γ= 280nm and γ= 360nm, of hazelnut skin phenolic 
compound profile. Peak numbers refer to table 1. 

 
 
For Procyanidin beta type dimer gallate, procyanidin C2 trimer, prodelphinidin B dimer and 

procyanidin dimers, molecular standards were not available and only mass-to-charge ratio (m/z) of 

the molecular ion was considered; (+) -catechin, and (-) -epicatechin, having the same mass-to charge 

ratio (m/z), were identified using purified (-) epicatechin as standard molecules and comparing the 

retention times. All the detected phenolic compounds were previously identified in hazelnut skin [24], 

[101]. Calibration curves with external standard were constructed for each available standard 

molecules and linearity concentration range was between 1 and 100 mg/L for each curve. Phenolic 

compounds were quantified using calibration curve of their standard molecule, if available, while 

procyanidins and prodelphinidins were quantified using the calibration curve of procyanidin B2 

dimer, and (+) catechin using the calibration curve of (-) epicatechin. A total phenolic compounds 

concentration of 445 mg/100g was revealed. As previously reported by Del Rio et al. [24], flavan-3-

ols represent the main class of phenolic compounds in hazelnut skin. Procyanidin dimers resulted to 

be the two compounds present in high quantity with a concentration of 100 and 93 mg/100g 

respectively, following by (+) catechin with a concentration of 62 mg/100g. Among detected 

flavonols, quercetin-3-rhamnoside showed the main quantity, with a concentration of 40 mg/100g, 

confirming data reported in literature [24]. Concentration of each identified phenolic compounds are 

reported in table 2.  

 
N Phenolic compound tR m/z [M-H]- 

Detected at λ=280 nm 

1 Gallic acid 7.4 169 

2 Protocatechuic acid 12.6 153 

3 Prodelphinidin B dimer 13.3 593 

4 Procyanidin C2 trimer 13.5 865 

5 Prodelphinidin B dimer 15.1 593 

6 Procyanidin dimer 16.8 577 

7 Procyanidin dimer 17.9 577 

8 (+) Catechin 18.4 289 

9 Procyanidin B2 dimer 19.4 577 

10 (-) Epicatechin 21.3 289 

11 Procyanidin beta type dimer gallate 23.7 729 

12 Epicatechin gallate 27.6 441 
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Detected at λ=360 nm 

1 Myricetin rhamnoside 27.3 463 

2 Quercetin 3-rhamnoside 30.6 447 

3 Kampferol rhamnoside 33.4 431 

4 Phloretin-2-o-glucoside 34.9 435 

5 Quercetin 39.7 301 

Table 1. HPLC-PDA/ESI-MS identification of phenolic compounds in hazelnut skin extract. 

 

Phenolic compounds Concentration 

mg (100 g)-1 ± SD 

Gallic acid 15.683 ± 0.159 

Protocatechuic acid 13.908 ± 1.440 

Prodelphinidin B dimer 13.477 ± 0.000 

Procyanidin C2 trimer 4.197 ± 0.058 

Prodelphinidin B dimer 21.189 ± 0.400 

Procyanidin dimer 100.480 ± 3.207 

Procyanidin dimer 92.652 ± 1.115 

(+) Catechin 62.137 ± 4.732 

Procyanidin B2 dimer 15.552 ± 0.515 

(-) Epicatechin 7.173 ± 0.000 

Procyanidin beta type dimer gallate 16.803 ± 0.135 

Epicatechin gallate 0.828 ± 0.099 

Myricetin rhamnoside 16.465 ± 0.667 

Quercetin-3-o-rhamnoside 39.623 ± 1.176 

Kampferol rhamnoside 2.504 ± 0.048 

Ploretin-2-o-glucoside 12.595 ± 0.568 

Quercetin 10.658 ± 0.659 

Total phenolic compounds 445.923 ± 7.312 

Table 2. Phenolic compounds content in hazelnut skin extract 

 
6.2 Total phenolic content and antioxidant capacity 

Quantification of total phenolic content (TPC) in food or biological sample is based on the 

reaction of phenolic compounds with a colorimetric reagent which allows measurement in the visible 

spectrum. This approach is considered to give an approximation of the real polyphenol content. Total 

phenolic content (TPC) and antioxidant activities of hazelnut skin extract were determined by the 
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method previously described. Table 3 shows total phenolic compounds and the values of antioxidant 

power. Our results indicate that polyphenols in the skin represent about 70 mg GAE/g, (7 g of 

polyphenol/100 g of hazelnut skin) in line with literature data.  

 

Compound  TPC  
(mg GAE/g)   

TEAC 
(mmol TE/g)  

 ORAC 
(mmol TE/g)  

HSE 
100 mg/mL  

70.07 ± 1.38  0.28 ± 0.03  0.35 ± 0.02  

GA     
1 mg/mL  

 
10.98 ± 1.89  42 ± 3.34 

 

Table 3. Total phenolic content (TPC) and antioxidant capacity (TEAC and ORAC). TPC of HSE expressed 
as mg of gallic acid per g of fresh weight. TEAC and ORAC expressed as mmol of trolox per g of fresh weight. 
All values are expressed as mean ± SD (n = 3). HSE, hazelnut skin polyphenolic extract; GA, gallic acid. 
 

 

In relation to the antioxidant capability, it is worth noting that, although the antioxidant capability 

of skin extract was much lower than that of purified gallic acid (Table 3), no remarkable differences 

were evident between the two methods of analysis used. On the other hand, the antioxidant capability 

of gallic acid was about four times higher when measured by the ORAC assay than that observed by 

TEAC assay. Consequently, the difference in antioxidant capacity between HSE and purified gallic 

acid remarkably depend on the used methods. This is probably due to the presence in the skin extract 

of different molecules able to optimize the scavenging properties against the different oxidant species 

used in the two methods for the determination of antioxidant capacity. Meanwhile, when a purified 

molecule is used, different sensitivity/specificity in reacting with other chemical species could explain 

the remarkable difference in its antioxidant capacity.  

 

6.3 AGEs quantification 

Several methods are reported in the literature for measuring AGEs, many of which use the 

glycosylation of a standard protein by a standard glycosylation agent [16],[44],[102]. To evaluate 

whether AGEs formation was dependent on protein (BSA) or intermediate (MGO) concentration, 

different concentrations of MGO were incubated with BSA at a standard concentration (4 mg/mL). 

Figure 6 shows the formation of AGEs during 168 h of glycation reaction. The presence of total AGEs 

was characterized by fluorescence with respective excitation and maxima emission at 365 and 440 

nm. The BSA-MGO model system shows a significant formation of fluorescent AGEs, which is 

already clear with the lowest MGO concentration uses (20 mM). As expected, in the control sample 
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(non-glycated BSA), a very low fluorescence was observed (Figure 6A). To confirm the MGO-

dependent BSA glycation, the alterations in the fluorescence of BSA were analyzed: non-glycated 

BSA showed maximum fluorescence at 280/350 nm, while the 280/350 nm BSA fluorescence 

intensity strongly decreased as the consequence of MGO treatment (Figure 6B), thus confirming 

AGEs formation by inducing a conformational change in the protein [44]. 

 

 
                                         A                                                                     B 

 
Figure 6. Fluorescence measurement of AGE after 168 h of incubation. All values are expressed as M ± SD 
(n = 3). Data represent relative fluorescence units (A) RFU λexc 365 nm/λem 440 nm and (B) RFU λexc 280 
nm/λem 350 nm of BSA non-glycated (BSA) and BSA glycated (BSA+MGO). Different letters represent 
significant differences among sample (ANOVA one-way and Tukey post-test). 
 

AGEs formation with dependence on protein concentration was also confirmed by using a range of 

2–50 mg/mL BSA (Figure 7). The comparison between the amount of BSA and BSA-MGO complex 

at 365/440 nm and 280/350 nm indicates that, at 4 mg/mL, most of BSA was converted in the glycated 

form, while, at higher BSA concentrations, an increased amount of protein remained in the native 

form. Therefore, in the following set of experiments, 4 mg/mL BSA was used. 

 

 
                                     A                                                                                 B 
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Figure 7. Fluorescence measurement of AGE after 168 h of incubation. All values are expressed as M ± SD 
(n = 3). Data represent relative fluorescence units (A) RFU λexc 365 nm/λem 440 nm and (B) RFU λexc 280 
nm/λem 350 nm of BSA non-glycated (BSA) and BSA glycated (BSA+MGO). Different letters represent 
significant differences among sample (ANOVA one-way and Tukey post-test). 
 

The comparisons of different fluorimetric analysis and timing suggests that, in our conditions (BSA 

4mg/mL as standard protein and MGO 20 mM as glycosylated agent), the best time of incubation is 

seven days, since an incubation time over seven days did not determine a further increase in AGE 

formation (Figure 8). All fluorescent intensities were measured by a spectrophotometer (Infinite 200 

Pro, Tecan, Männedorf, Switzerland). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Comparison of Fluorescent AGE measurement at different time. The AGEs formation in dependence 
of BSA 4mg/ml incubated with 20 mM of MGO. All values are expressed as mean ± SD (n =3). 
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6.4 Inhibitory effect of hazelnut skin extract on AGEs 

The capability of HSE to inhibit AGE formation was also investigated and compared with that 

of gallic acid, the efficiency of which inhibiting the in vitro AGE formation is known, in addition to 

that of AMG [102]. The effect of HSE on the inhibition of AGE formation was dose dependent 

(Figure 9). Interestingly, hazelnut skin capacity to inhibit AGE formation is slightly and much higher 

than that of aminoguanidine and gallic acid, respectively, as it is evident by their IC50 value (Table 

4). The efficiency of a mix of bioactive molecules being higher than a single purified one has been 

reported for other molecules and biochemical/physio-pathological processes [103]. 

 

 
 
Figure 9. Inhibitory effect on AGE formation. Evaluation of HSE dose-response effect on AGE formation in 
vitro. BSA-MGO represents the control group. Different letters represent significant differences among sample 
(ANOVA one-way and Tukey post-test). 
 
 

Compounds IC50 (µg/ml) 

HSE 109,7 

GA 147,6 

AMG 117,8 
 
Table 4. IC50 value of synthetic or natural compounds: HSE (hazelnut skin polyphenolic extract), GA (gallic 
acid), and AMG (aminoguanidine). The concentration required for a 50% inhibition of the intensity of 
fluorescence (λ = 365/440 nm) was calculated from the dose–inhibition curve, obtained by GraphPad analysis 
(n = 3) 
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6.5 AGEs quantification for cell line treatment  

In our work, we have used the BSA-MGO model for AGEs formation, as mentioned in materials 

and methods. The presence of total AGEs in the sample was characterized by fluorescence assay: the 

BSA-MGO sample shows a significant increase of specific AGE relative fluorescent unit at λex 365 

nm/ λem 440 nm (figure 10A). On the contrary, non-glycated BSA showed maximum fluorescent at 

λex 280 nm/ λem 350 nm, as expected (figure 10B). 

 

 
                                       A                                                               B 

Figure 10. Fluorescence measurement of AGEs after 168 h of incubation. Data represent relative fluorescence 
units (RFU) at A) λex 365 nm/λem 440 nm and B) λex 280 nm/λem 350 nm for BSA non-glycated (BSA) and 
BSA glycated (BSA+MGO). The analysis of variance was carried out using T-test analysis; ***p<0.001 value 
was considered significant (BSA vs BSA-MGO). All values are expressed as M ± SD (n = 3). 
 
6.6 THP-1 derived macrophages 

Monocyte-derived macrophages play a crucial role in inflammation, host defense, and tissue 

repair and have important pathogenic roles in many chronic diseases, such as asthma, inflammatory 

bowel disease, atherosclerosis, rheumatoid arthritis, and fibrosis [104],[105]. In vivo, human 

macrophages can be classified into two categories according to their activation states. A classical M1 

phenotype driven by the cytokine interferon-(IFN-) γ and the activation of Toll-like receptors (TLRs) 

by lipopolysaccharide (LPS) and an alternative M2 phenotype triggered by interleukin IL-4, as well 

as IL-13 [106].  

For our experiment we have chosen THP-1 cell line, monocyte isolated from peripheral blood 

from an acute monocytic leukemia patient. THP-1 was differentiated into macrophages and used for 

HSE or AGEs treatment to evaluate different biological aspects. 
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Figure 11. THP-1 cell line was differentiated into macrophages following PMA treatment for 72h. To obtain 
the resting state, cells were cultured for another day in medium without PMA and then used for the 
experiments. 

 

6.7 Protective role of HSE on cell viability affected by AGEs  

To assess whether the administration of the HSE could induce toxicity in a biological system, 

we performed cytotoxicity analysis. Macrophages were treated for 1 h with different concentration 

of HSE and then with BSA-MGO at 300 µg/mL for 24 h. MTT assay showed that HSE failed to 

display toxicity in macrophages up to the concentration of 400 µg/mL gallic acid equivalent (GAE) 

and only the administration of 500 μg/mL GAE was toxic (figure 12). This could explain why 

phenolic compounds lose their antioxidant capacity at high concentration and start to behave as 

prooxidants [107]. 

 

 
 
Figure 12. Cell viability after HSE treatment on THP-1 macrophages (M0). MTT assay was performed at 24 
h post-treatment. Cell viability was expressed as % of control (non-treated). All data represent the means of at 
least 3 replicates ± standard deviation. The analysis of variance was carried out using the One-way ANOVA 
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test followed by the Tukey’s Multiple Comparison Test One-way-Anova + Tukey’s post-test: letters denote 
significant differences among sample. 

 

On the contrary, BSA-MGO treatment resulted in the reduction of cell viability, in a dose-

dependent manner (figure 13B), whereas administration of BSA alone did not significantly reduce 

macrophages viability (figure 13A). 

 

 
                                     A                                                            B 

Figure 13. Cell viability after A) BSA or B) BSA-MGO treatment on THP-1 macrophages (M0). MTT assay 
was performed at 24 h post-treatment. Cell viability was expressed as % of control (untreated). All data 
represent the means of at least 3 replicates ± standard deviation. The analysis of variance was carried out using 
the One-way ANOVA test followed by the Tukey’s Multiple Comparison Test One-way-Anova + Tukey’s 
post-test: letters denote significant differences among sample. (Ctrl vs 300 µg/ml BSA p=ns; Ctrl vs 300 µg/ml 
BSA-MGO **p<0.01). 
 

In the co-treatment, HSE protects against the reduction in viability following BSA-MGO 

treatment (figure 14). Macrophages treated with BSA-MGO show a reduction in cell viability which 

increases following HSE treatment at low concentration. When using HSE at high concentrations 

(from 100 to 400 µg/mL GAE) seem to be a slight increase in viability but not significant compared 

to low concentration (50 µg/mL GAE).  

In this contest, in order to evaluate ROS scavenging activity and the inhibition of inflammation 

induced by AGE (used at 300 µg/mL) the concentrations chosen for HSE was 50 µg/mL GAE. 
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Figure 14. Cell viability after HSE co-treatment with BSA-MGO on THP-1 macrophages (M0). MTT assay 
was performed at 24 h post-treatment. Cell viability was expressed as % of control (non treated). All data 
represent the means of at least 3 replicates ± standard deviation. The analysis of variance was carried out using 
the One-way ANOVA test followed by the Tukey’s Multiple Comparison Test One-way-Anova + Tukey’s 
post-test: letters denote significant differences among sample. 

 

 

6.8 Reduction of ROS by HSE 

AGEs determine an increase in oxidative stress derived by different mechanism of actions [108]. 

Polyphenols have the ability to scavenge reactive carbonyl compounds and to donate an electron or 

hydrogen atom to free radicals [109]. Therefore, to evaluate if HSE exhibit protective effect against 

ROS, we have stimulated macrophages with AGEs and our results show that BSA-MGO leads to an 

increase in ROS production slightly higher than that observed in the control cell culture (Fig. 15). 

Interestingly, treatment with HSE remarkably inhibits ROS production increase. In addition, as 

shown in figure 15, the HSE at 50 μg/mL reduced ROS production induced by BSA-MGO (Mix). 

 

 
Figure 15. ROS production in macrophages. THP-1 macrophages M0 were treated with BSA-MGO, HSE or 
in combination (MIX) for up to 60 min. Production of intracellular ROS was determined using fluorescent 
probe H2-DCFDA and measurement of fluorescence intensity. Basic measurement (t=0) represents 
fluorescence intensity after loading with H2-DCFDA, without addition of any treatment. All data represent the 
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means of at least 3 replicates ± standard deviation. The analysis of variance was carried out using the One-way 
ANOVA test followed by the Tukey’s Multiple Comparison Test: letters denote significant differences among 
sample (***p<0.001 BSA-MGO vs MIX, t=60 min). 
 
 
6.9 Modulation of inflammatory gene expression by HSE 

Inflammation plays a crucial role in the human body’s defense against pathogens and other 

harmful stimuli. However, uncontrolled inflammation can trigger activated macrophages to secrete 

excessive inflammatory mediators, leading to damage of otherwise healthy tissue [110].  

Here, we have demonstrated that BSA-MGO (our AGEs model system) leads to a slight but 

significant increase in mRNA expression for TNF-α gene expression, while co-treatment with BSA-

MGO and HSE (Mix) has shown a reduction (figure 16A ). BSA-MGO treatment have shown no 

effect on the IL-1β gene expression (figure 16B). Treatment of cell with LPS served as positive 

control for the pro-inflammatory cytokines gene expression (figure 16 A, B). 

   
                                    A 

 

 
                                    B 

 

                        
Figure 16. Expression of TNF-α and IL-1β. THP-1 macrophages (M0) were treated with BSA-MGO, HSE or 
in combination (MIX). Expression of A) TNF-α and B) IL-1β gene was quantified using qPCR after 24h. Data 
was normalized to untreated control cells. All data represent the means±SD of relative mRNA expression of 2 
independent experiments. The analysis of variance was carried out using the One-way ANOVA test followed 
by the Tukey’s Multiple Comparison Test: letters denote significant differences among sample. **p<0.01 
BSA-MGO vs MIX for TNF-α; p=ns BSA-MGO vs MIX for IL-1 β). 

 

TNF-α

0

5

10

15

20

a a a

b

c

Ctrl
LPS
BSA-MGO 300 µg/mL
HSE 50 µg/mL
Mix

R
el

at
iv

e 
fo

ld
 c

ha
ng

e



35 
 

 

6.10 Reduction of pro-inflammatory cytokines secretion 

Production of pro-inflammatory cytokines TNF-α and IL-1β in THP1 cells was determined after 

24 h treatment. Results showed that HSE attenuated macrophages inflammation caused by BSA-

MGO stimulation for both TNF-α and IL-1β secreted protein levels after co-treatments of cells with 

BSA-MGO and polyphenolic extract (Mix) (figure 17 A, B). 

                                 
                                   A 

 

 
                                              B 
 
 
Figure 17. Quantification of pro-inflammatory cytokines TNF-α and IL-1β. THP-1 macrophages (M0) 
were treated with BSA-MGO, HSE or in combination (MIX). Levels of a) TNF-α and b) IL-1β secreted 
proteins was determined by ELISA assay, after 24h. Data were expressed as pg standard/ml. All data represent 
the means±SD of 2 independent experiments. The analysis of variance was carried out using the One-way 
ANOVA test followed by the Tukey’s Multiple Comparison Test: letters denote significant differences among 
sample. **p<0.01 BSA-MGO vs MIX for TNF-α; *p<0.05 BSA-MGO vs MIX for IL-1 β).   
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6.11 In silico screening: protein-ligand interaction 

Depending on which side of the cell membrane the substrate cavity opens to, GLUTs have two 

major conformations captured by the crystal structures of some isoforms and GLUT bacterial 

homologs. For Class I GLUTs, inward-facing conformations have been determined for GLUT1, and 

outward-facing conformations for GLUT3 [111].  

The structural model of the GLUT1 open-inward facing conformation with cytocalasin B (PDB 

ID: 5EQi) represents our experimental model to study the possible interaction between GLUTs and 

some compounds present into our (poly)phenolic extracts, HSE. For the analysis, we chose four 

representative compounds such us epicatechin and catechin belonging to the flavan-3-ols, quercetin 

and gallic acid belonging to the flavonols and phenolic acid respectively.  

Previous biochemical studies have shown that cytochalasin B inhibit GLUT1-mediated sugar 

transport by binding at or close to the GLUT1 sugar export site [112]. The virtual ligand screening 

by VMD software revealed the aminoacid interaction between GLUT1 and cytochalasin B, selected 

based on ligand-aminoacid distance (distance less lower than 3.5 angstroms). Protein-ligand 

interaction include SER80, TRP412, ANS411, THR137, PRO141, THR137, GLY384, TRP388, 

PHE291, PHE379, GLU380, PHE26, GLY408, HIS160, GLN161, ASN415, ILE287, GLN282, 

GLN283 (figure 18b). Two of these residues, TRP388 and GLY384 were used for molecular docking 

analysis for (poly)phenolic compounds of HSE. These residues were in common with glucose, that 

represent the substrate of GLUT1. The residues that characterized glucose-protein interaction were 

VAL165; GLN161; ASN317; TRP388; GLY384; GLN282; PHE379; GLU384 (figure 18a).  

 

 

 
 
 
 
 
 
Chapter 7 
 
                             a                                                               b 
Figure 18. Docking sites of glucose (a) and cytocalasinB (b) in the inward-open facing conformation GLUT1 
(PDB ID: 5EQi) model. Ligand docks in the internal cavity. In figure A the glucose molecule (red) is 
represented with GLUT1 interacting aminoacids of interaction (yellow). In figure B the cytocalasin B (yellow) 

glucose cytocalasinB 
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and the corresponding aminoacid interaction (orange) are represented. To view the residues in the inner 
receptor pocket, some helices of the structure are not represented. 
 

We modelled the interaction of other compounds with the receptor performing a docking calculation 

with HADDOCK2.4 software (as mentioned in materials and methods). We have specified two active 

sites, TRP388 and GLY384, to guide the haddock calculation. Comparing the Haddock scores we 

can rationalized that epicatechin, catechin and quercetin bind GLUT1 with higher affinity than 

glucose, while gallic acid has a lower affinity (figure 19). In table 4 we report the parameters used to 

quantify the ligand-binding interaction.  

  

 

Figure 19. Docking sites of polyphenolic compounds with inward-open facing conformation GLUT1 (PDB 
5EQi) model. Ligands dock in the internal cavity. a) epicatechin in blue, aminoacid in gray; b) catechin in red, 
aminoacid in green; c) quercetin in purple, aminoacid in light green; d) gallic acid in pink, aminoacid in brown.  
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Table 5. Data obstained by Haddock 2.4 software. Three quantities are reported sthat indicate the difference 
between different compounds when interacting with the receptor. The docking process was driven by 
specifying the active residues, TRP 388 and GLY 384. 
 
The structural model for the GLUT3 inward-facing conformation (Figure 20) was modeled based on 

the crystal structure of GLUT1 (PDB ID: 6THa) with I-TASSER software.  

 

 

                                          a                                                                            b 

Figure 20. a) Crystal structure of human sugar transporter GLUT1 in the inward conformation as template and 
b) crystal structure of GLUT-3 inward -open obtained. 

 

We have tested the interaction between phenolic compounds and GLUT3. For these analysis we have 

choose two active sites, THR 135 and GLN280, based on literature [113]. As shown in figure 21 and 

in table 6 catechin, epicatechin and quercetin bind GLUT3 with higher affinity than glucose. Gallic 

acid binds with lower affinity compared to other molecules. The low affinity of gallic acid can be 

rationalized, in both cases, based on the small dimensions of the ligand with respect to the other 

considered molecules. Overall, all considered phenolic compounds present a good capacity to bind 

both receptors, relying on the same binding site of glucose. This docking investigation has to be 

considered a zero-level study of the interaction between ligand and receptor, as further modelling 

methods should be used to refine the results by including, for example, the explicit effect of the 
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solvent, and the kinetics and dynamics effects. Other important effects, as the role of concentration 

and the competition effects, cannot be easily modelled at present.  

 

 

Figure 21. Docking sites of polyphenolic compounds with inward-open facing conformation GLUT3 (I-
TASSER model). Ligands dock in the internal cavity. a) glucose in green; b) epicatechin in blue, c) catechin 
in red; d) quercetin in purple; e) gallic acid in pink.  
 

 

Table 6. Analysis by haddock 2.4 software. We report three parameters that indicate the difference between 
different compound use for evaluate the possible interaction with receptor. The docking process was driven by 
specifying, as active residues, THR 135 and GLN 280. 
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Establishing the selectivity of GLUT inhibitors, particularly for class I, is crucial for future 

applications. Indeed, several GLUTs often coexist in the same tissue, and the ability to selectively 

modulate a single GLUT provides a powerful tool for unravelling its pathophysiological role. For 

GLUT2 the analysis presents some challenges, because the aminoacidic sequence of GLUT2 differs 

if compared with GLUT1 and GLUT3 (belonging to the same class), in the first 85 aminoacid. 

Furthermore, the GLUT2 isoform-2 differs from both GLUT2 and the other receptors, which made 

screening analysis more difficult. In figure 22 it is shown the initial part of the amino-acid sequence 

(aminoacids 1-84) of the GLUT2, GLUT2isoform2, GLUT3 and GLUT1 receptors. These and other 

differences in the sequence made us not possible, until now, to obtain a reliable homology model of 

GLUT2, using GLUT1 or GLUT3 as models. However, GLUT2 would represent an optimal model 

for performing polyphenol interaction analyses and it will deserve further investigations. 

 

Figure 22. Align sequence of GLUT obtained with UniProt software:SP-P11168 GLUT2; SP-P11168-2 glut2 
isoform2; NP_006507.2 GLUT3; NP-008862.1 GLUT1. 
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Chapter 7 

Discussion 

Diet is an important factor in preventing or modulating chronic and systemic inflammation 

and can influence normal physiology, whereas an unhealthy diet can have the opposite effect [114]. 

AGEs are a group of highly reactive chemical species and their accumulation contributes to 

hyperglycemia, metabolic burden, increase ROS production and inflammation which, along with 

insufficient production of endogenous antioxidants, induces oxidative stress leading to the 

development of chronic diseases [115],[116]. It is known that AGE accumulation in tissues is a 

natural consequence of aging, but it is accelerated in pathological conditions as well as in case of 

unhealthy diets where AGEs formation is enhanced by high-fructose diets [117].  

During the last two decades, a large number of synthetic compounds have been tested for their 

inhibitory effect against AGEs formation but their use in clinical trials has been limited due to 

unwanted effect [118]. Plant-derived polyphenols have been shown to have glucose lowering 

activities and, in some cases, direct AGE inhibitory functions [119].  

Recently, many studies have proposed the antiglycation activities by polyphenols based on 

different properties of polyphenol substances, including their structures, antioxidant abilities, and 

metabolism in the body. In literature is reported that (-)- epigallocatechin-3-gallate (EGCG), the 

major bioactive green tea polyphenol, efficiently traps reactive di-carbonyl compounds (MGO or GO) 

to form mono- and di-MGO or GO adducts under physiological conditions, reported to be less 

harmful. Also, EGCG was more reactive to trapping MGO than the pharmaceutical agent AMG [120]. 

Gallic acid (GA) showed a protective role in preventing AGE-mediated cardiac complications, 

through the attenuation of RAGE expression and also modulating inflammatory downstream 

signaling pathways [67]. 

The polyphenolic composition of hazelnut skins by HPLC-PDA/ESI-MS revealed that this food 

waste represents a rich source of several polyphenolic compounds. According to literature data, a mix 

of flavan-3-ols like procyanidins with their oligomerization forms, (+)-catechin and (−)-epicatechin 

is the main phenolic component in hazelnut skin (95%). Flavonols and dihydrochalcones represented 

an additional 3.5% while phenolic acids were responsible for less than 1% of the total identified 

phenolics in the HPLC-MS/MS method [24]. This confirms that hazelnut skin could be a relevant 

polyphenol source compared to the total phenol content (TPC) in hazelnut kernels that represent about 

0.07–0.47 mg GAE/g [121]. 

In the last few years, accumulating evidence from epidemiological and clinical studies indicates 

that the daily intake of foods rich in polyphenols may possess protective effects in humans [5]. In this 
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context, a positive association between nut, including hazelnut, consumption, and lower risk of all-

cause mortality and cardiovascular disease, has been observed [122],[123].  

Hazelnut skin has been investigated as a functional ingredient rich of bio-active molecules, 

showing that its addition to coffee, bread, and yogurt improved their physiologically positive effects 

and antioxidative activity [124],[125]. The hazelnut skin extracts also revealed functional activity 

significantly improving the growth of two probiotic strains (Lactobacillus plantarum P17630 and 

Lactobacillus crispatus P17631), when added in bacterial media [126].  

In vivo, hazelnut skin administration in hamsters improved their plasma lipid profile, following 

a high fat diet [127]. A recent report also shows a potential role for phenolic hazelnut skin extract as 

a UV protection booster [128]. 

It is known that antioxidant activity of polyphenols relies on their capability to give electrons 

or hydrogen ions to free radical molecules as well as to free radical scavenging compounds [129]. 

Moreover, polyphenols can also react with lysine and arginine residues, thus inhibiting the bond 

between MGO or GO, two major precursors of AGEs, and free aminoacids [130]. The capability of 

reducing AGE formation has been reported for several phenolic molecules, which are not present or 

present only as minor components in hazelnut skin [91]. Ferulic acid inhibited the advanced phase of 

the glycation [66]; epicatechin, p-coumaric acid, and gallic acid decreased protein carbonyls and AGE 

formation [102]; protocatechuic acid, dihydroferulic acid, p-coumaric acid, p-hydroxybenzoic acid 

and salicylic acid showed strong inhibition of AGEs formation, with better results in an oleic acid-

BSA system than in a glucose-BSA system [16].  

Other compounds like (-)-epigallocatechin-3- gallate (EGCG) and proanthocyanidins 

inhibited AGEs formation trapping MGO, with different flavonoids with vicinal dihydroxyl groups 

in the B-rings, such as myricetin, rhamnetin, quercetin, inhibiting fluorescence AGE development. 

Indeed, in the BSA-MGO system, quercetin traps MGO directly and then significantly inhibits the 

formation of AGEs [131],[132],[133]. 

Our data shows that HSE is able to counteract AGEs-induced damage in vitro. BSA-MGO (AGEs 

model system) in our study increased production of pro-inflammatory cytokines such as TNF-α and 

IL-1β in macrophages (M0) and HSE exert anti-inflammatory activity in particular against the 

expression of TNF-α. Instead, the protein secretion of both TNF-α and IL-1β was reduced 

significantly after administration of HSE. We have also demonstrated the antioxidant capacity of 

HSE, which reduced ROS production in macrophages stimulated by AGEs. 

In light of this experimental evidence, we aim to further study in the next future the possible 

influence of HSE on AGE-RAGE signaling and on the activation of NF-κB pathway for a better 

understanding of the mechanism of action and the reduction of the inflammatory response caused by 
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AGEs, because these are correlated with the toxic effects linked with accumulation of AGEs that 

ultimately causes health complications [134]. 

Finally, we have investigated the relationship between polyphenols compounds of hazelnut skin 

and GLUTs transporter. Several flavonoids have inhibitory effect on GLUT2 like quercetin, phloretin, 

iso-quercetin and myricetin. These compounds inhibits also other GLUTs and for this reason the goal 

is identified specific GLUT inhibitors for understanding biological role in health and disease [135]. 

The protein-ligand interaction has been studied by in silico ligand screening. These 

computational approaches offer valuable alternative, opening the possibility to describe, at atomic 

level, physiologically relevant macromolecular complexes [136]. 

In our case we obtained those polyphenolic compounds such as catechin, epicatechin and 

quercetin bind with high affinity in the internal pocket both GLUT1 and GLUT3 transporter. Ligand 

interaction is driven by active residues, which represent interaction between GLUT and their 

inhibitor. Glucose, as expected, have low affinity with GLUT protein. Indeed, glucose moves into the 

cell by facilitated diffusion thought these transporters. Gallic acid has shown low binding affinity, 

probably due to the small size of the molecule compared to other compounds. 

Use crystallographic structure of GLUT1 and GLUT3 we proposed to identified the crystal 

structure of GLUT2 to evaluate the interaction with polyphenol compounds to further studies. 

The analysis of GLUT2 sequence revealed substantial difference in the first part of protein 

aminoacidic chain between GLUT of class I and probably these can explain the difficult in obtaining 

GLUT2 structure (with I-TASSER software) suitable for analysis. 

Future studies will be conducted on the different conformations assumed by GLUTs, and in 

particular on the search for interactions between polyphenols and GLUT2, aiming to find molecules 

that can act as specific inhibitors. 
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