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Summary 

The present PhD thesis summarises evidence from all the studies performed during the three-year PhD 

Course in Pharmaceutical Science, at the NutraPharmaLabs of the Department of Pharmacy, University of 

Naples Federico II, having as mail goal the evaluation of the nutraceutical potential of Taurisolo®, a novel 

nutraceutical formulation based on grape pomace polyphenolic extract. In particular, the present PhD 

project has been conducted in cooperation with both industrial (MBMed Company, Turin, Italy) and foreign 

University (University of Balearic Islands, Palma del Mallorca, Spain) partners. The entire project was 

planned with a dual view:  

 design and formulate a novel nutraceutical product starting from re-use of agri-food by-products, 

following all the steps required by the nutraceutical industry, including preventive characterisation 

of the chemical profile, evaluation of bioaccessibility and bioavailability of bioactive compounds, 

optimisation of the productive processes and their translation in large-scale, marketing techniques 

 evaluation of the biological activities, following a pharmacological approach including pre-clinical 

and clinical studies. 

More specifically, results herein presented refer to all the studies performed in our Labs and in collaboration 

with other Departments and Research Institutes. They include in vitro studies, animal-based studies and 

randomised clinical trials conducted on both healthy and pathological subjects.  

Further studies are still ongoing with the aim to clarify the main putative mechanisms of action for the 

cardioprotective role played by Taurisolo® or to provide novel insight regarding the observed clinical 

results. 

In summary, data so far collected allow concluding that Taurisolo® is a useful and valid polyphenol-based 

formulation with promising nutraceutical properties in reduction of risk factors related to both development 

and progression of cardiovascular diseases, in particular atherosclerosis. 
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1. Introduction 

Oxidative stress (OxS) is nowadays universally considered as one of the leading causes of chronic 

and degenerative diseases, among which cardiovascular disease (CVD) are the most representative. 

Therapeutical approaches aimed to contrast the OxS, thus, have been licensed by both research and 

physicians as effective strategies for prevention and management of such diseases. In this context, 

Nutraceutical plays a key role, since the health-promoting effect of food-derived bioactive compounds 

administered in concentrated forms is well-established and -accepted. Among these, polyphenols emerge as 

the most effective and studied, probably due to their ubiquitous presence in plant kingdom. During the last 

decades, indeed, a very large number of authors studied about polyphenols, spacing in various field of 

application, from the food chemistry to the pharmacology, from the pharmaceutical technique to the clinical. 

This allowed obtaining a very solid and remarkable body of evidence of the efficacy of polyphenol-based 

nutraceuticals. 

Our research group has been engaged for years in the study of Nutraceutical, by conceiving this 

relatively novel field likewise its name suggests: exactly between NUTRition and pharmACEUTICAL. In 

this sense, the present PhD project was planned with the scope to develop a novel nutraceutical formulation, 

following all the necessary steps from its production to the evaluation of its effects on human health. In this 

thesis I will describe all these phases that characterised my research during the three-year PhD projects, 

following a step-by-step approach. In particular, after a general overview about the main topics on which 

our research has been based, I present our results starting from a basic chemical analysis and formulation of 

our studied product. Then, I describe all the results obtained from in vitro, ex-vivo, animal-based studies and 

clinical trials, focusing on both antioxidant and anti-atherosclerotic potential of our product. All these 

studies have been conducted with multidisciplinary collaborations with various National and International 

Universities, giving the opportunity to enlarge the expertise of our research group. 

This thesis wants to be not only a mere report of the research activities of a PhD student, but a proof-

of-concept for the health-promoting potential of Nutraceutical obtained from a multi-stages research 

approach, maybe providing a novel point of view on this research field. 
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1.1 Oxidative stress, the iceberg underwater side 

In 1936, Hans Selye proposed the concept of “stress” defining it as a “non-specific response of the 

body to any demand” (Selye, 1976, 1936; Sies et al., 2017). The term “oxidative stress”, instead, was introduced 

in 1970 to describe the treatment of erythrocytes with H2O2 (Paniker et al., 1970). However, the concept of 

OxS, as we understand it, was formulated in 1985 as “a disturbance in the pro-oxidant/antioxidant balance in 

favour of the former” (Sies et al., 2017). According to this definition, thus, OxS refers to an unbalance between 

production and elimination of oxidants, mainly free radicals, in favour of their generation, leading to 

alterations of redox signalling and control (Sies et al., 2017). Among the main oxidant agents there are 

reactive oxygen species (ROS) (including •OH, O2•−, HO2•, and ROO•) and reactive nitrogen species (RNS) 

(including NO• and •ONOO) (Berlett and Stadtman, 1997). Physiologically, ROS/RNS serve as signalling 

molecules involved in important biological processes, including cell proliferation, programmed cell death 

and gene expression (Dowling and Simmons, 2009; Scherz-Shouval and Elazar, 2011), as discussed below in 

this section. However, the chronic and progressive accumulation of both ROS and RNS damages biological 

macromolecules, such as sugar, lipids, proteins and nucleic acids, leading to both pathophysiological 

alterations and accelerating ageing, finally culminating in development of several diseases (Luo et al., 2020), 

including cardiovascular diseases, cancer, diabetes and neurodegenerative disorders (Acharya et al., 2010; 

Castro and Freeman, 2001). Notably, when the increase of ROS/RNS is within certain limits, the organism is 

able to counteract the OxS activating antioxidant defence systems, including specific enzymes that act as free 

radical scavengers (Truong et al., 2018). Nevertheless, whether OxS exceeds and endogenous antioxidant 

defence are not able to contrast it, the use of exogenous molecules in form of antioxidant supplements may 

represent a useful tool for prevention and management of OxS-related diseases. 

1.1.1 Reactive oxygen species 

Free radicals (namely ROS) are produced as by-products as a result of mitochondrial respiration, 

metabolism or by specific enzymes. Several environmental factors (i.e. UV radiation, cigarette smoking, 

excessive alcohol consumption) promote ROS production, resulting in development of OxS-related 

pathological conditions, including CVD (Dubois-Deruy et al., 2020). O2 is recognised as the starting point for 

ROS formation, due to its ability to the superoxide anion (•O2−) by capturing an electron. These anions are 

the most abundant in cells and are responsible for production of other ROS, including hydroxyl and 

hydroperoxyl radicals, hydrogen peroxide. This latter, in presence of ferrous ions, can be involved in Fenton 

reaction forming hypochlorous acid by the action of myeloperoxidases (MPO). Finally, hydrogen peroxide is 

enzymatically detoxified in water by the action of glutathione peroxidase (GPx), catalase (CAT) and 

peroxiredoxins (Prx), while hypochlorous acid interact with hydrogen peroxide forming singlet oxygen (1O2) 

(Dubois-Deruy et al., 2020). Moreover, superoxide anions interact with nitric oxide (NO) forming 
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peroxynitrite that. in turn, can be converted in peroxynitrous acid via protonation (Dubois-Deruy et al., 

2020).   

1.1.2 Biological effects of ROS  

Free radicals (namely ROS) are directly involved in several mechanisms and pathways at cellular 

level (Burton and Jauniaux, 2011), including:  

 activation of redox-sensitive transcription factors activation (i.e. AP-1, p53, NF-κB) involved 

in regulation of pro-inflammatory, cell differentiation and apoptosis gene expression 

  activation of protein kinases, such as mitogen-activated protein kinases (MAPK), ROS-

induced activation of extracellular regulated kinases (ERK1/2), stress-activated protein 

kinase–c-Jun amino terminal kinases (SAPK–JNK), that promote various cell functions, 

including survival, proliferation and apoptosis 

 activation of Ca2+ ion channels in endoplasmic reticulum, resulting in increased release of 

calcium that, in turn, activates Ca2+-sensitive processes. The increased [Ca2+]i affects 

mitochondrial function, resulting in further ROS production. Also, increased [Ca2+]i and 

oxidation of thiol groups on protein in the inner mitochondrial membrane promote the 

opening of the membrane permeability transition, resulting in collapses of both 

mitochondrial membrane potential and ATP synthesis. This process causes reduced ATP 

production, loss of ionic homeostasis and cellular necrosis. 

Also, when produced in excessive amount, ROS tend to attack biomolecules (lipid, protein and 

nucleic acids), causing their oxidation (Burton and Jauniaux, 2011). In particular, ROS are responsible for:   

 lipid peroxidation in biological membranes containing polyunsaturated fatty acids. Oxygen, 

indeed, react with a carbon-centred radical, C•, forming a peroxyl radical (–C–O–O•), that 

in turn abstracts hydrogen from an adjacent fatty acid, so propagating the reaction 

 protein modification secondary to oxidative damage at aminoacidic level. Direct oxidation of 

the side chains, indeed, results in carbonyl group (aldehydes and ketones) formation. Also, 

abstraction of hydrogen ions from the thiol group of cysteine causes the formation of 

disulfide bonds, with consequent abnormal protein folding, that affects protein function and 

promotes protein aggregation and cell death 

 DNA oxidation caused by attacks on the sugar moieties (causing strand breakages) or 

histone proteins (causing cross-linkages that interfere with chromatin folding, DNA repair 

and transcription, resulting in mutations or aberrant gene expression). Due to the presence 
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in the same site of ROS production (mitochondria), the lack of histone protection, and the 

existence of minimal repair mechanisms, mitochondrial DNA is particularly vulnerable to 

ROS attack. 

1.1.3 Endogenous antioxidant defences 

Physiologically, both enzymatic and non-enzymatic endogenous defences help the human body to 

contrast the OxS. Non-enzymatic ones include ascorbate (vitamin C) and α-tocopherol (vitamin E) that act 

synergistically and in concert (vitamin C promotes regeneration of reduced vitamin E). Also, thiol 

compounds (i.e. thioredoxin) contribute to detoxification of hydrogen peroxide, but it needs to be 

reconverted in reduced form by thioredoxin reductase (Burton and Jauniaux, 2011). Another thiol with 

antioxidant properties is glutathione, that acts as cofactor of GPx, as chelator of transition metals and plays a 

role in regeneration of ascorbate and α-tocopherol. The reduced glutathione (GSH)/oxidated glutathione 

(GSSG) ratio is recognised as a valid marker of OxS, and more specifically of lipid peroxidation (Dubois-

Deruy et al., 2020). Proteins such as ceruloplasmin and transferrin are able to inhibit the Fenton reaction (and 

the consequent OH• production) via sequestrating free iron ions (Burton and Jauniaux, 2011).  

Enzymatic antioxidant defences are represented by specific enzyme, such as: 

 Superoxide dismutase (SOD) – it is a metalloproteins catalysing the transformation of 

superoxide anion into hydrogen peroxide. There are three isoforms with different 

subcellular localization (SOD1 in cytosol, SOD2 in mitochondria, SOD3 in extracellular 

compartments). For their activity they require different cofactors and dimerization: SOD1 

dimer and the SOD3 tetramer require a copper (Cu) and to zinc (Zn) (Cu-ZnSOD), while the 

SOD2 tetramer requires manganese (Mn) (MnSOD) 

 CAT – it is a tetrameric heme protein detoxifying hydrogen peroxide into water. Its function 

is dependent on hydrogen peroxide concentration: in case of high H2O2 concentrations the 

most important activity is catalytic detoxification; on the contrary, in case of low H2O2 

concentrations, peroxidase activity is the main function 

 GPx – it is a cytosolic, nuclear and mitochondrial tetrameric selenoproteins that acts 

detoxifying hydrogen peroxide in water and the eliminating peroxide residues from lipids 

through the reducing capacities of GSH/GSSG. This reaction system can proceed only if 

GSSG is continuously reduced to GSH (by the activity of glutathione reductase) 

 Prx – it is an enzyme able to reduce the peroxide functions of several molecules, including 

hydrogen peroxide and peroxynitrite. In humans have been identified six different isoforms 

with different subcellular locations (Dubois-Deruy et al., 2020). 
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The involvement of OxS in both development and progression of several chronic and degenerative 

diseases will be extensively discussed in following sections focusing, in particular, on CVD. 
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1.2 Cardiovascular risk and cardiovascular diseases 

Cardiovascular diseases are multifactorial diseases with a complex physiopathology comprising 

various phenomena, including functional and morphological alterations of cardiovascular structures (heart 

and blood vessels), such as blood vessel remodelling, occurring at different body districts. According to the 

World Health Organization (WHO), CVD are the leading causes of death in the World (Benjamin et al., 

2017). From 1990 to 2010 the incidence of CVD raised by one third, and 2015 one in three deaths are to 

cardiovascular events (Lozano et al., 2012). 

The main disorders included into the global definition of CVD are coronary artery diseases (CAD), 

stroke, hypertension, heart failure, congenital heart disease (CHD), vascular diseases, for which various risk 

factors have been identified, including obesity, diabetes, cigarette smoking, a sedentary and unhealthy 

lifestyle, and genetic predisposition (Benjamin et al., 2017). Interestingly, ageing represents another risk 

factor for development and progression of CVD is played by ageing, due to the accumulation of oxidative 

damage. In particular, studies evidenced an age-related loss of the heart tolerance to the OxS due to a 

reduction of both concentration and activity of antioxidant enzymes (i.e. GPx and SOD) (Abete et al., 1999). It 

appears clear, thus, the central role played by OxS in cardiovascular risk (CVR).  

Notably, when present in low concentrations, ROS exert physiological roles in cardiovascular tissues 

(Dubois-Deruy et al., 2020), suggesting the so-called hormesis concept. More specifically, ROS are 

physiologically involved in a specific cellular function, named redox signalling, consisting of reversible 

oxidation/reduction modification of cellular signalling components that regulate gene expression, excitation–

contraction coupling, or cell growth, migration, differentiation, and death (Burgoyne et al., 2012; Sack et al., 

2017). A number cellular components take part in the redox signalling and are involved in various functions, 

including excitation-contraction coupling, antioxidant enzyme activity, vasodilation and vascular tone, as 

schematically reported in Figure 1.2I.  

 



  

 

 

Figure 1.2I. Physiological roles played by ROS in cardiovascular tissues. Abbreviations: CAMKII, Ca/calmodulin-dependent kinase II; RyR, ruanodine receptor; PKA, 

cAMP-induced protein kinase A; PKG, protein kinase G; Nrf2, nuclear factor erythroid 2-related factor 2; p38 MAPK, p38 mitogen-activated protein kinase; JNKs, c-Jun N-

terminal kinase.  
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Despite the physiological effects exerted when OxS is relatively limited, increased production of 

ROS is responsible for a wide range of complications that increase the CVR. A number of studies, indeed, 

reported increased ROS production in several CVDs, such as myocardial fibrosis, cardiac hypertrophy, heart 

failure, myocardial infarction, as previously reviewed (Dubois-Deruy et al., 2020). As aforementioned, ROS 

cause oxidation of biomolecules, such as lipids, proteins and nucleic acids, resulting in modifications of 

cellular and subcellular structures. With reference to cardiovascular tissues, ROS-induced oxidation of sarco-

endoplasmic reticulum Ca2+-APTasa (SERCA) and contractile proteins (i.e. tropomyosin and actine) causes 

contractile dysfunctions (Lancel et al., 2010; Steinberg, 2013).  

A key role in modulation of OxS in CVD is played by NADPH oxidases (NOX), a family of 

enzymatic complexes involved in ROS production via catalysing the production of superoxide anions by 

dioxygen using NADPH or NADH as electron donors. NOX family comprises seven members (NOX 1-7) 

found in neutrophils, inner ear, thyroid, pulmonary epithelium and colon. Isoforms 1, 2, 4 and 5 are 

particularly expressed in cardiovascular tissues. More specifically, NOX 1, 4 and are expressed in human 

aortic smooth muscle cells, while NOX 2 and 4 in other cardiac cells (such as cardiomyocytes, fibroblasts, 

endothelial cells, or smooth muscle cells) (Dubois-Deruy et al., 2020). Cardiac NOX are activated by AngII, 

edothelin-1, growth factors, cytokines or mechanical force-induced stress (Dubois-Deruy et al., 2020), and its 

activity has been found increased in patients with metabolic syndrome as well as plasma levels of oxidized 

low-density lipoprotein (oxLDL) and nitrotyrosine (Fortuño et al., 2006). Animal based studies reported 

increased NOX-dependent production of superoxide anion in left ventricle after three weeks of aorta binding 

(Li et al., 2002). Interestingly, it has been described the ability of NOX 2-derived ROS to activate apoptosis by 

ASK-1/p38MAPK and the CAMKII pro-apoptotic pathway after myocardial infarction or AngII stimulation 

(Erickson et al., 2008). 

As reported in section 1.1.1 (Reactive oxygen species), mitochondria are the principal site of ROS 

production (about 90%). Oxidative damages at mitochondrial level result in mitochondrial dysfunction that, 

in turn, contributes to CVD development (Bhatti et al., 2017). In particular, increased mitochondrial 

production of ROS causes alterations at mitochondrial DNA (mtDNA) and reduced expression of genes 

encoding for respiratory complexes I, III and IV. Similarly, ROS produced in this cellular organelle are 

responsible for oxidation of proteins from complexes I and II. Overall, these oxidative damages result in 

reduced mitochondrial respiration that, in turn, is associated with further increases in OxS and ROS 

production, culminating with the activation of many protein kinases and transcription factors involved in 

hypertrophic signalling (Dubois-Deruy et al., 2020). Dysfunctions of the various the mitochondrial 

respiratory chain complexes have been observed in the non-infarcted zone of the myocardium in in vivo 

models of myocardial infarction, associated with a decrease in mitochondrial respiration (Bugger and Pfeil, 

2020). Evidence reported the involvement of mitochondrial ROS production in diabetes-related 
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cardiovascular complications. In mice fed with a high-fat high-sucrose diet it was observed the development 

of mitochondrial OxS, mitochondrial dysfunction, and cardiac hypertrophy (Jeong et al., 2016; Sverdlov et 

al., 2016). Similarly, increased production of mitochondrial ROS was observed in diabetic patients (Anderson 

et al., 2009) and in right atrial cardiomyocytes from obese patients (Niemann et al., 2011).  

1.2.1 Atherosclerosis  

Atherosclerosis is a chronic, multifactorial disease involving medium- and large-calibre arteries. It is 

characterised by typical lesions at intimal level resulting in a progressive arterial lumen narrowing. Such 

lesions are generally distributed within single or multiple arterial districts; they develop during the first 

decades of life, but the clinical symptomatology occurs when the normal arterial flux is severely impaired. 

Clinical manifestations are ischemic and result in the onset of different disorders on the bases of the arterial 

district involved (Mancini et al., 2011; Marzocchi and Magnani, 1986; Menotti, 1987; Puato et al., 2002). 

An accurate analysis of the atherosclerosis epidemiology is difficult, since it is an asymptomatic 

condition. However, epidemiological studies estimated that about 75% of acute myocardial infarction cases 

occur from plaque rupture, suggesting the strong relationship between atherosclerosis and incidence of 

cardiovascular diseases. Interestingly, gender differences have been reported in relation to the 

atherosclerosis prevalence. In particular, the risk increase in men over 45 years and in women beyond age 50 

years. It is supposed that this gender difference is due to the protective role played by female sex hormones, 

that is lost after menopause onset (Pahwa and Jialal, 2020). 

The etiology of atherosclerosis is multifactorial and still not clear. However, several risk factors have 

been identified, including hypercholesterolemia, hypertension, diabetes, cigarette smoking, 

overweight/obesity, sedentary lifestyle and unhealthy dietary patterns. Overall, these factors increase the 

risk of development and progression of atherosclerotic disease mainly through their impact on both LDL-

cholesterol and inflammation (Pahwa and Jialal, 2020). 

As mentioned above, arterial lesions are the main features of atherosclerotic disease and leading 

causes of clinical manifestations. According to the American Heart Association, atherosclerotic lesions are 

differently classified into six classes (I-VI) on the basis of both progression degree and disease severity. More 

specifically: 

 lesions I and II are considered as early lesions. They are characterised by accumulation (class 

I) or layering (class II) of macrophages, foam cells, smooth muscle cells (SMCs) and T 

lymphocytes. Only a small portion of early lesions progresses to the advanced stage 
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 lesions III are considered as intermediate lesions. Also defined as pro-atheroma, these lesions 

are characterised by extracellular lipid stores that may alter the intimal SMCs organization 

 lesions IV-VI are considered as advanced lesions. Lesions IV (atheroma) present a dense 

extracellular lipid storage within the intima, resulting in formation of a lipid core, where 

calcium particles may be present. A layer of macrophages, SMCs, lymphocytes and mast 

cells is localised between the lipid core and the endothelium, where they can cause plaque 

rupture. Also, neoangiogenesis processes may occur, resulting in formation of numerous 

blood vessels on the plaque external surface. Lesions V (fibro-atheroma) are formed by 

increased fibrous connective tissue that alters the intima structure, causing a lumen 

narrowing. Both the lipid core and the plaque may present calcifications; neoangiogenesis is 

higher than lesions IV. Lesions VI are considered as the last stage of atherosclerotic 

progression and the severest one. They are more susceptible to rupture, causing thrombosis. 

For this reason they are responsible for morbidity and mortality (Mancini et al., 2011; 

Marzocchi and Magnani, 1986; Menotti, 1987; Puato et al., 2002).  

Advanced lesions develop as result of chronic and proliferative mechanisms, including increased 

number of SMCs, macrophages and lymphocytes into the intima, secretion of extracellular matrix and 

accumulation of lipids in SMCs and macrophages, resulting in foam cells formations. These mechanisms are 

at the base of different pathogenesis theories proposed, such as (i) response to endothelial damage and role 

of (ii) lipoproteins, (iii) SMCs, (iv) growth factors and (v) inflammation (Puato et al., 2002). 

i. Response to endothelial damage – mechanic, chemical, toxic, viral and immunological 

stimuli are responsible for modifications of the intrinsic permeability and adhesion 

features of the endothelium, causing a physical damage that results in development of 

the atherosclerotic lesion. In response to this damage, firstly lipoproteins accumulate into 

the vessel wall and endothelial cells begin to express adhesive glycoprotein (i.e. selectin), 

Intercellular Adhesion Molecule (ICAM) and Vascular cell adhesion protein (VCAM). 

Subsequently, circulating monocytes and lymphocytes adhere to the endothelial surface 

and penetrate into the sub-endothelial region. Monocytes transform into macrophages 

and accumulate lipids, resulting in foam cells formation. In the site where macrophages 

penetrate, mechanisms of platelet activation and aggregation are induced. Activated 

platelets release the Platelet Derived Growth Factor (PDGF), a mitogen factor that 

stimulates SMCs migration and proliferation in the tunica media, resulting in further 

production and secretion of connective matrix and growth factors. 
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ii. Role of lipoproteins – according to this pathogenesis hypothesis, lipoproteins, in particular 

low-density lipoproteins (LDL) play a crucial role in development and progression of 

atherosclerotic plaque. Such lipoproteins are physiologically metabolised by 

macrophages; on the contrary, when in excess, they are transported across the 

endothelial barrier and accumulate in monocytes-macrophages and SMCs originating 

foam cells. During this transport, LDL undergo various modifications, including 

oxidation and glycation, processes favoured by high serum levels of cholesterol or 

glucose, respectively. LDL oxidation occur in two steps. Firstly, they are slightly oxidised 

and act as chemotactic factor for monocytes promoting their penetration across the 

endothelial barrier. Then, when monocytes are transformed in macrophages, LDL are 

further oxidised (becoming named oxLDL), presenting modifications to the protein 

portion. oxLDL, thus, are not recognised by the LDL receptor, but have high affinity with 

the scavenger receptor of macrophages. In endothelial cells, oxLDL activate the nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB) and promote its nuclear 

translocation, resulting in up-regulation of specific genes associated to atherosclerosis, 

including genes encoding for adhesion molecules and cytokines. Also, oxLDL are able to 

stimulate the platelet aggregation, thus promoting the release of PDGF. 

iii. Role of SMCs – vascular SMCs express two different phenotypes: contractile (or quiescent) 

and synthetic (active). In contrast to the contractile phenotype, the synthetic one 

expresses genes encoding for growth factors and cytokines, and is able to migrate, 

proliferate and secrete matrix. During the atherosclerotic process, contractile phenotype 

SMCs convert to synthetic, giving lesions the ability to counteract atherogen stimuli. 

When damaged, SMCs release Fibroblast Growth Factor (FGF) that stimulates 

neighbouring SMCs and endothelial cells.    

iv. Role of growth factors – the main growth factors involved in atherosclerotic process derive 

from platelet, endothelial cells, macrophages and SMCs. As described above, PDGF is 

produced and secreted by platelet; it is a mitogen factor activating migration and 

proliferation of SMCs in tunica media. The basic Fibroblast Growth Factor (bFGF) is 

produced by SMCs and promotes the angiogenesis. Another SMC-derived growth factor 

is the Transforming Growth Factor beta (TGFβ), that increase the synthetic activity of 

SMCs, promoting their extracellular matrix production. The Vascular Endothelial 

Growth Factor (VEGF) is specific for endothelial cells and promotes the angiogenesis in 

synergy with bFGF. Moreover, other molecules are involved in pathogenesis of 

atherosclerosis, including Insulin-like Growth Factor-I (IGF-I), Tumor Necrosis Factor α 
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(TNFα), angiogenin, Heparin-Binding Epidermal Growth Factor-like Growth Factor (HB-

EGF), promoting proliferation, migration and angiogenesis. 

v. Role of inflammation – it is well-established that the endothelial damage causes a chronic 

inflammatory response. This is confirmed by the presence of immune cells in the 

atherosclerotic lesion, such as monocytes-macrophages and T-lympocytes. In this 

context, a central role is played by chemokines, a family of cytokines. Two groups of 

chemokines are directly involved in the atherosclerotic process: Interferon-inducible 

Protein 10 (IP-10) and Monocyte Chemoattractant Protein-1 and -4 (MCP-1 and -4), that 

exert a chemotactic action specific for activated T-lymphocytes and monocytes, 

respectively. The inflammatory cascade is triggered by oxLDL that promote activation 

and adhesion of monocytes via induction of various molecules, including P-selectin, 

MCP-1, Monocyte Colony Stimulating Factor (M-CSF) and Growth-Regulated Oncogene 

(GRO)-chemokine (Puato et al., 2002).      

Generally, atherosclerosis remains clinically silent during various years, and pathological 

manifestations occur when lesions become advanced, causing arterial lumen narrowing, thus the flux is 

severely impaired. The clinical picture will be different on the basis of the arterial district involved in the 

atherosclerotic process: 

 heart: angina pectoris, acute myocardial infarction, arrhythmia, sudden cardiac death 

 kidney: renovascular hypertension, renal infarction 

 lower limbs: claudicatio intermittens, gangrene 

 brain: stroke, cerebral infarction with transient signs (CITS), transient ischemic attack (TIA), 

dementia 

 mesenteric circulation: angina abdominis, intestinal infarction 

 aorta: aneurysm, Leriche syndrome (Puato et al., 2002). 

A number of anamnestic criteria and techniques have been licensed for diagnosis of atherosclerosis, 

as reported in Table 1.2.1I. Anamnesis and physical examination aim to evaluate family history, risk profile, 

clinical pictures suggesting atherosclerosis and the presence of other predisposing diseases (i.e. diabetes, 

hypertension) (Puato et al., 2002). 
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Table 1.2.1I. Techniques for diagnosis of atherosclerosis 

Blood parameters 

Glucose, cholesterol (total, LDL-c, HDL-

c), triglycerides, Lp(a), homocysteine, C-

reactive protein 

Non-invasive instrumental diagnostics 

ECG (at rest and under exercise), 

Doppler velocimetry, cardiac 

ultrasound, computerized axial 

tomography (CAT) and CT 

angiography, Nuclear magnetic 

resonance (NMR) and NMR-

angiography, scintigraphy, radiography  

Invasive diagnostics 
Arteriography, angioscopy,intra-arterial 

ultrasound  

 

Epidemiological studies suggest that correction of the risk factors is the first-line intervention for 

prevention of the atherosclerosis-related pathological consequences. On the other hand, surgery is the best 

approach to reverse or remove the atherosclerotic lesion. However, pharmacological approaches have been 

licensed. They include the use of fibrinolytic drugs and tissue plasminogen activators. Also, studies reported 

beneficial effects on the atherosclerotic plaques after treatments with anti-hypertensive (calcium channel 

blockers, ACE-inhibitors, beta-blockers) alone or in association with cholesterol lowering therapy (statins) 

and antioxidants (Puato et al., 2002).   

The strong relationship between atherosclerosis and OxS is historically-known and well established. In 

an holistic view, thus, using therapeutic strategies with the scope to counteract the OxS is a desirable 

approach. However, no specific antioxidant treatments have been licensed for prevention of cardiovascular 

complications (Pignatelli et al., 2018). Also, it should be take into account that the conventional anti-

atherosclerosis pharmacological approaches only aimed to target the traditional risk factors (Zhu et al., 

2020), resulting in a permanence of the CVR (Fihn et al., 2012; Fruchart et al., 2008). This underlines the need 

to individuate novel targeted therapeutic strategies for management of atherosclerotic patients. In this sense, 

the use of antioxidant-based nutraceutical products (generally characterised by no side-effects neither drug 

interactions) might be a useful tool. 

1.2.2 The role of TMAO as a novel prognostic biomarker for CVR 

A very large body of evidence, during the decades, established that several factors contributed to 

increasing CVR, including smoking, obesity, hypercholesterolemia, and hyperglycaemia, and numerous 
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studies have been performed in order to clarify the exact role of these risk factors and the main molecular 

mechanisms underlying this increased risk. Not recently, however, several findings have added a new piece 

to the complex puzzle of the CVR, suggesting the existence of a novel prognostic biomarker for CVR, 

trimethylamine N-oxide (TMAO). TMAO is an amine oxide with structural formula (CH3)3NO 

(Subramaniam and Fletcher, 2018; Ufnal et al., 2015) that is currently recognised as a novel risk factor for 

CVD, including atherosclerosis (Randrianarisoa et al., 2016), heart failure (Tang et al., 2014), stroke (Haghikia 

et al., 2018; Liang et al., 2019; Nie et al., 2018; Wu et al., 2018), and other major adverse cardiovascular events 

(Koeth et al., 2013; Lever et al., 2014; Li et al., 2017; Mente et al., 2015; Tang et al., 2013; Trøseid et al., 2015; Z. 

Wang et al., 2011). Observational studies reported a direct relationship between high serum levels of TMAO 

and increased risk of infarct relapse (Li et al., 2017), rehospitalisation (Suzuki et al., 2019) and mortality (Li et 

al., 2017; Suzuki et al., 2019) in patients with CVD. Moreover, TMAO has been positively correlated with 

levels of inflammatory and endothelial dysfunction biomarkers in patients with T2DM and chronic kidney 

disease (Al-Obaide et al., 2017). Overall, this evidence suggests that TMAO plays a crucial role in increasing 

CVR (Janeiro et al., 2018). Interestingly, TMAO has been suggested by several authors as “a prognostic 

biomarker for CVD beyond the traditional risk factors” (Dong et al., 2018; Li et al., 2017; Senthong et al., 

2016; Tang et al., 2014), suggesting the importance to evaluate its levels for management of CVD. Preclinical 

studies revealed a mechanistic association between TMAO and CVD, in particular exerting a pro-

atherosclerotic effect; furthermore, a meta-analysis demonstrated that TMAO serum levels are positively and 

dose-dependently associated with cardiovascular events and mortality (Schiattarella et al., 2017). 

Interestingly, TMAO seems to be related to the CVR independently of other risk factors, especially in 

patients with acute coronary syndrome (Li et al., 2017). According to several studies, TMAO seems to be 

involved in various pathways related to the CVR; in particular, evidence reported that TMAO is able to 

increase recruitment of leukocyte, expression of pro-inflammatory cytokine and adhesion molecules, 

resulting in enhanced vascular inflammation (Janeiro et al., 2018). Moreover, TMAO is also responsible for 

the accumulation of cholesterol in peripheral endothelial cells (Seldin et al., 2016), platelet aggregation and 

adhesion induced by both ADP and thrombin (Zhu et al., 2016). 

In the last ten years, studies investigating TMAO significantly increased, as shown in Figure 1.2.2I, 

reflecting the growing interest of scientific research in elucidating the main mechanisms involving TMAO in 

CVR. 
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Figure 1.2.2I. The number of papers on TMAO per year. Papers have been selected typing the words 

“trimethylamine N-oxide” and “TMAO” in titles. 

In a very large number of studies, high serum or urinary levels of TMAO have been associated with a 

plethora of CVD, acting by specific mechanisms, that will be extensively discussed above. Interestingly, 

evidence also reported high TMAO levels in patients with high-CVR pathologies, such as obesity, metabolic 

syndrome (MetS) (Barrea et al., 2018) and vitamin D deficiency (Barrea et al., 2019d), with the existence of an 

interesting gender-specific relationship (Barrea et al., 2019b); thus, it is plausible to speculate that TMAO 

might be also involved in metabolic-endocrine disorders in which coexists a high CVR, representing, once 

again, a novel interpretation. More specifically, it we reported a direct association between TMAO and both 

visceral Adiposity Index (VAI) and Fatty Liver Index (FLI), that are recognized as a gender-specific indicator 

of adipose dysfunction and a predictor of non-alcoholic fatty liver disease (NAFLD), respectively (Barrea et 

al., 2018). Also, it is extensively described in literature that TMAO is a highly oxidant and reactive molecule, 

closely associated to OxS-related diseases (Pignatelli et al., 2018). In particular, evidence reported that TMAO 

is able to (i) promote ROS generation and nitrogen oxide reduction (Chen et al., 2019; George et al., 2012), 

resulting in increasing OxS and (ii) down-regulate Il-10, resulting in increasing inflammation (Chen et al., 

2019). These mechanisms suggest the role played by TMAO in onset of cardiovascular alterations, such as 

endothelial dysfunction (Zhu et al., 2020). Notably, both the pro-oxidant and pro-inflammatory effects have 
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been indicated as key mechanism for the observed reduction in circulating endothelial progenitor cells in 

stable angina patients (Chou et al., 2019). However, the main interest in clinical implication of TMAO levels 

is related to its role as pro-atherogenic factor, playing a central role in both development and progression of 

atherosclerosis trough different mechanisms (including foam cell formation, endothelial dysfunction, plaque 

instability and platelet activation) (Zhu et al., 2020), as schematically represented in Figure 1.2.2II. 

 

Figure 1.2.2II. The role of TMAO in atherosclerosis development and progression [source: Article in press] 

Interestingly, studies reported the ability of TMAO to up-regulate the expression of oxLDL-induced 

scavenger receptor CD36 in macrophages (Geng et al., 2018; Mohammadi et al., 2016), promoting the 

transformation of macrophages into foam cells (Koeth et al., 2013; Z. Wang et al., 2011), and suggesting the 

role played by TMAO in early stages of atherosclerotic plaque formation. Also, it was reported the close 

involvement of TMAO in plaque instability (Zhu et al., 2020) via favouring the formation of microvessels 

within the plaque (Virmani et al., 2005). Furthermore, TMAO positively correlates with the percentage of 

intermediate CD14++CD16+ monocytes (Haghikia et al., 2018), a subset promoting both (i) plaque rupture 

through matrix metalloproteinase overproduction (Newby, 2008) and (ii) angiogenesis (Jaipersad et al., 

2014). Finally, evidence suggests that TMAO is involved in increasing platelet aggregation via triggering the 

[Ca2+]I release (Zhu et al., 2016). Overall, this evidence clarifies the role played by TMAO in atherosclerotic 

risk and suggests this compound as a potential target for management of atherosclerosis.  

1.2.2.1 The relationship between gut microbiota, TMAO and CVR 
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Gut microbiota, thus, is directly involved in the synthesis of TMAO. In the colon, indeed, bacteria 

metabolise diet-derived compounds, mainly choline, phosphatidylcholin, L-carnitine, and betaine (contained 

in several foods, including eggs, red meat and fish), producing trimethylamine (TMA), by the activity of 

specific TMA lyase, carnitine oxygenase and betaine reductase (Ascher and Reinhardt, 2018; Nam, 2019). 

Through the portal circulation, TMA reaches the liver where is oxidised by flavin mono-oxygenases 3 

(FMO3) to TMAO (Figure 1.2.2.1I). After the hepatic oxidization, circulating TMAO is mainly excreted 

through urine, breath, and sweat (Ayesh et al., 1993; Smith et al., 1994; Zhang et al., 1999), while the 

remaining part is further metabolised by microbiota to TMA (Fennema et al., 2016; Kwan and Barrett, 1983). 

Diet, thus, plays a pivotal role in modulation of the TMAO serum levels; in particular, high and prolonged 

consumption of foods rich in TMA precursors seems to be responsible for increased serum levels of TMAO 

(Velasquez et al., 2016).  

 

Figure 1.2.2.1I. TMA to TMAO conversion occurring in the liver by FMO3 [source: Article in press] 

There is evidence, however, that in addition to an unhealthy diet, microbiota per se contributes to 

increasing the circulating levels of TMAO (Tang et al., 2013). In this sense, studies in animals fed high-

carnitine diet showed that antibiotic treatment intended to decimate the commensal microbiota resulted in 

reduced serum levels of TMAO and abolished cardiovascular consequences, including atherosclerotic 

lesions, the content of cholesterol in macrophages and foam cell formation (Koeth et al., 2013; Z. Wang et al., 

2011). Furthermore, the atherosclerotic risk increased or decreased after microbial transplantation with 

TMA-producing strains or non-TMA producing strains, respectively (Gregory et al., 2015).  

Interestingly, specific bacterial strains have been indicated as more responsible than others to produce 

TMA. In particular, studies demonstrated the existence of a direct relationship between TMAO serum levels 

and the abundance of Tenericutes and Desulfovibrio (Nam, 2019). Further studies reported that bacteria 

belonging to the Clostridiaceae or Lachnospiraceae families and Ruminococcus, Allobaculum and Candidatus 

arthromitus genera are also implicated, and their abundance results in an increased risk of atherosclerosis and 

arterial thrombosis via increased TMAO serum levels (Z. Wang et al., 2015; Zhu et al., 2016). In line with this 

evidence, studies investigating human microbiota identified TMA-producing bacterial species, mainly 
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belonging to Firmicutes and Proteobacteria phyla (Romano et al., 2015). It is possible to speculate that the 

strain-specific ability of such bacteria to produce TMA is mainly due to the fact that some of them 

predominantly express enzymes involved in the metabolism of TMA precursors, including lyases (Clostridia 

and Eubacteria) and carnitine oxygenases (Proteobacteria) (Rath et al., 2017; Z. Wang et al., 2011). Notably, a 

gender-specific diversity has been found, suggesting that in male mice, Clostridiaceae play a major role in the 

microbiota-TMAO relationship, while in the female it is due to Ruminococci (Z. Wang et al., 2015). 

1.2.2.2 Analytic methods for circulating TMAO quantification 

An extensive literature widely described several methods developed for the determination of TMAO 

levels in various biological fluids (i.e. serum and urine), including nuclear magnetic resonance spectroscopy 

(NMR) (Lam et al., 2014; Murphy et al., 2000; Podadera et al., 2005), gas chromatography (GC) (Mills et al., 

1999; Zhang et al., 1995), high-performance liquid chromatography (HPLC) (Cháfer-Pericás et al., 2004) and 

mass spectrometry (MS) (Hsu et al., 2007; Mamer et al., 1999; Zhao et al., 2015). Among these, MS and NMR 

are the most effective (Albert and Tang, 2018; Cheng et al., 2017). However, these two methods have pros 

and cons, as reported in Table 1.2.2.2I. 
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Table 1.2.2.2I. Pros and cons of nuclear magnetic resonance spectroscopy and mass spectrometry 

methods for identification and quantification of TMAO levels 

Method Description Pros Cons Reference 

NMR The compound 

identification and 

quantification is 

based on chemical 

shifts in resonance 

frequency when it is 

undergone 

electromagnetic field 

Samples are 

minimally 

processed 

Low sensitivity, 

expensive, 

useful for 

identification of 

the most 

representative 

compounds in a 

sample  

(Cheng et al., 2017; 

Deidda et al., 2015; 

Tenori et al., 2013)  

MS Compounds are 

identified on the base 

of their unique 

mass/charge (m/z) 

ratio 

High 

sensitivity, can 

be routinely 

used, can be 

performed in 

“targeted” or 

“untargeted” 

fashion 

Complex 

sample 

preparation 

(requiring 

compound 

extraction from 

the matrix) 

(Albert and Tang, 

2018; Cheng et al., 

2017) 

 

 

In 2019 our research group developed and validated a novel LC/MS-based method for detection and 

quantification of TMAO serum levels without using marked/isotopic internal standard (Annunziata et al., 

2019b). Materials and methods used are detailed in Appendix A. For the method validation we evaluated: 

 precision and accuracy – the intra-day and inter-day accuracy (% bias) and precision (% C.V.) 

were determined at the concentrations of 0.033, 0.333, 0.667, 3.333, 6.667, 13.333, and 26.667 µM 

(Table 1.2.2.2I, Figure 1.2.2.2I). As expected, the higher % C.V. was measured at lower 

concentration tested (0.0025 ppm) with intraday and inter-day % C.V. of 12.12 and 8.25%, 

respectively. The same was for the accuracy, where the lower values of % bias were obtained at 

the lower concentration tested, with % bias of −5.82% (intra-day) and of −1.41% (inter-day). 

Generally, we have found that % C.V. values ranged from 12.12 to 3.92% and from 8.25 to 1.07% 

for intraday and inter-day precision, respectively; the % bias ranged from −5.52 to 0.5% for the 

estimation of intraday accuracy and from −1.42 to 3.08% for the evaluation of inter-day 

accuracy. TMAO recoveries from serum ranged from 99 to 97% depending on the three 

different standard dilutions used (Table 1.2.2.2II, Figure 1.2.2.2II)  
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 linearity and sensitivity – linearity studies were conducted by the preparation of calibration 

curves on a wide range of analytical standard concentrations (seven dilutions ranging from 

0.033 to 26.667 µM). All the analyses were conducted in triplicate, the ratio of standards 

concretions versus peak area ratio (analyte peak area/internal standard peak area) was plotted 

with a correlation coefficient of R2  0.999. Our results have indicated the LOD is 2 ng/mL while 

LOQ is of 6 ng/mL. 
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Table 1.2.2.2I. Intra-day and inter-day precision and accuracy of the LC/MS method [source: (Annunziata et 

al., 2019b)] 

TMAO 

concentration 

tested (µM) 

Intra-day 

precision  

(% C.V. n=6) 

Intra-day 

accuracy  

(% bias n=6) 

Inter-day 

precision  

(% C.V. n=6) 

Inter-day 

accuracy  

(% bias n=6) 

0.033 8.25 -5.52 12.12 - 1.42 

0.333 8.12 -3.52 10.5 1.02 

0.667 1.78 0.89 7.20 1.42 

3.333 1.54 2.6 4.89 0.85 

6.667 1.10 0.62 5.20 0.79 

13.333 1.52 0.66 3.95 0.65 

26.667 2.75 0.45 4.68 -0.69 

 

 

 

Figure 1.2.2.2I. Calibration curve of TMAO over the concentration range of 0.033–26.667 µM [source: (Annunziata 

et al., 2019b)] 
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Table 1.2.2.2II. Recovery of TMAO in pooled patient serum (n=3) [source: (Annunziata et al., 2019b)] 

Baseline TMAO 

concentration in 

polled t0 patients’ 

serum 

Spiked 

concentration 

(µM) 

Measured % recovery 

5.347±0.003 0.333 5.679±0.360 99.99 

 3.333 8.532±0.063 98.30 

 13.333 18.121±1.083 97.01 

 

 

Figure 1.2.2.2II. Linearity for TMAO over the concentration range of 0.033–26.667 µM. All the analysis are run in 

duplicate [source: (Annunziata et al., 2019b)] 
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Figure 1.2.2.2III. Typical extracted ion chromatograms from LC/MS analysis of (A) TMAO and (B) glycine standard 

dilution (ion extracted at m/z = 76.0 in positive mode). As glycine is present in plasma and having both the same 

TMAO molecular weight and ability to be ionized in positive mode, the two different retention times allow to 

discriminate TMAO in biological fluid from other compounds with similar chemical features [source: (Annunziata 

et al., 2019b)] 

 

With this study we proposed a useful, rapid, versatile and valid method for detection and 

quantification of TMAO serum that should be considered for clinical and diagnostic applications. The 

methods used in our study is an optimization of a MS method previously developed (Beale and Airs, 2016) 

for quantification of TMAO concentration in seawater. Our validation studies were performed not for a 

comparison with other previously reported results, but with the aim to confirm the validity of our 

experiments. Overall, our method has good precision, accuracy and sensitivity.     
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1.3 Other diseases related to oxidative stress and/or atherosclerotic processes 

1.3.1 Aged brain-associated cognitive impairment 

The prevalence of age-dependent diseases, mainly brain ageing-related diseases, is dramatically 

increasing in developed and developing countries, resulting in both social and health-care cost problems. 

This scenario highlights the need to develop novel strategies to improve the life quality of aged people 

(Gareri et al., 2002; Hedden and Gabrieli, 2004; Sarubbo et al., 2015). For a general comprehension of this 

phenomenon, it should be taken into account that aged brain-associated cognitive impairments are just the 

tip of an iceberg built on a plethora of biochemical and molecular alterations occurring during ageing, and 

that have been demonstrated to be crucial in the development of neurodegenerative diseases (Gareri et al., 

2002; Hedden and Gabrieli, 2004; Sarubbo et al., 2015). In particular, there is evidence that ageing-related 

alterations of the brain physiology, including cognitive alterations and synaptic dysfunction, are generally 

due to an increased OxS (Harman, 1956; Sarubbo et al., 2018d, 2018a) and inflammation (Salminen et al., 

2008; Sarubbo et al., 2018d, 2018a) and reduced endogenous antioxidant defences (Bishop et al., 2010; 

Sarubbo et al., 2018d; Venkataraman et al., 2013). Notably, studies reported the association between 

increased OxS-related biomarkers and raised levels of pro-inflammatory cytokines with cognitive 

performance in institutionalised elderly people (Liguori et al., 2018). 

Interestingly, increased OxS has also been indicated as one of the main causes of neurotransmitter 

system alterations (Haider et al., 2014; Pieta Dias et al., 2007). Indeed, during ageing the increased oxidative 

stress negatively affects the activity of limiting enzymes involved in the synthesis of the monoamines, 

including tryptophan hydroxylase (TPH) and tyrosine hydroxylase (TH); particularly, this reduction of the 

enzymatic activity is mainly related to oxidative damages and/or inefficient phosphorylations due to ROS 

injury (Cash, 1998; De La Cruz et al., 1996; Hussain and Mitra, 2000). Reduced activities of both TPH and TH 

result in decreased levels of monoamines, which is responsible for memory disorders development and 

neurodegenerative diseases onset (Collier et al., 2004; Cools, 2011; Esteban et al., 2010; Haider et al., 2014).  

Another mechanism for the involvement of OxS in neurodegenerative diseases is related to the 

ability of oxidative status to induce stress granules (SGs) formation. Nuclear SGs contain pre-mRNA 

processing factors and heat-shock transcription factor 1/2; cytosol SGs contain proteins and non-translating 

mRNA. Under pathological conditions, SGs form super-stable aggregates that exert protective and anti-

apoptotic effects. In cognitive impairment, SGs interfere with neuronal function via silencing transcripts and 

sequestering ribonucleoproteins (Liguori et al., 2018). 

Equally noteworthy, altered homeostasis of ROS production and bioactive metals may have a role in 

pathogenesis of neurodegenerative diseases affecting amyloid-protein precursors or directly binding to 



 

29 

amyloid promoting its aggregation. Also, redox metals promote Tau protein phosphorilation. ROS, amyloid 

and Tau proteins affect the N-methyl-d-aspartate (NMDA) receptor activity, resulting in triggered excessive 

Ca2+ influx in post-synaptic neurons mediated by NMDA. This, in turn, leads to a cascade of events 

culminating in increased production of ROS, Tau phopshorilation and oxidative damage (mainly lipid 

peroxidation), ultimately leading to synaptic dysfunction (Liguori et al., 2018). 

1.3.2 Age-related macular degeneration 

Age-related macular degeneration (AMD) is an ophthalmology disease affecting about 64 million 

people worldwide, mainly middle-aged (over 65 years), that can culminate with legal blindness and sight 

loss (Gehrs et al., 2006). It is defined as a progressive degeneration of macula, a central retina specialized 

region, responsible for fine and color vision (Pawlowska et al., 2019). In advanced stages, AMD can be 

classified into two types: dry and wet (Lim et al., 2012). Diagnosis of AMD is based on combination of 

clinical examination and investigations, including photography, angiography, and optical coherence 

tomography (OCT) (Lim et al., 2012). The pharmacological treatments currently licensed for AMD comprise 

intraocular injection of anti-VEGF agents (i.e. ranibizumab and bevacizumab), which tolerability is different 

among patients (Lim et al., 2012). AMD pathogenesis is multifactorial, and several risk factors are 

implicated, including age (Pawlowska et al., 2019), genetic factors (Warwick and Lotery, 2018) and 

environmental/lifestyle factors, such as smoking, obesity, unhealthy diet, prolonged exposure to blue light 

and UV (Sobrin and Seddon, 2014). Both ageing and environmental/lifestyle factors have been recognized as 

responsible for increased OxS, whose role in AMD pathogenesis is commonly accepted (Bungau et al., 2019; 

Pawlowska et al., 2019). More specifically, OxS has been demonstrated to be implicated in AMD 

development via different mechanisms (Datta et al., 2017; Pawlowska et al., 2019), as schematically reported 

in Figure 1.3.2I. 
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Figure 1.3.2I. The role of oxidative stress in development of ophthalmology diseases 

Additionally, it should be taken into account that ageing, per se, features high OxS, due to both 

reduction in endogenous antioxidant defenses and increase in free radical production (Harman, 1968; Jones 

et al., 2002; Petersen and Smith, 2016; Sohal and Weindruch, 1996). The involvement of OxS in both AMD 

development and progression, thus, is rooted in consequences of environmental factors and physiological 

conditions. From a clinical point of view, increased OxS at eye level is responsible for a progressive 

degeneration of several inner parts of retina (i.e. macula), resulting in disease development. This, in turn, 

leads to a progressive clinical evolution, due to limited self-repair and regeneration ability of retina 

(Pawlowska et al., 2019). In this scenario, therapeutic approaches aimed to counteract the OxS, are 

considered as effective strategies for AMD patient management. 

In addition to OxS, evidence reported the existence of a close correlation between cardiovascular and 

inflammatory markers AMD (Al-Janabi et al., 2018; Kauppinen et al., 2016; Molins et al., 2018). In particular, 

thromboembolic and/or atherosclerotic processes are among the leading causes of acute retinal artery 

occlusion (RAO) (Dunlap et al., 2007; Hayreh, 2011; Hayreh et al., 2009), which clinical evolution leads to 

development of macular degeneration. According to several studies, AMD is associated with atherosclerosis 

(Vingerling et al., 1995) that, in turn, is linked to diabetes, obesity and altered gut microbiota (Armstrong et 

al., 2013; Karlsson et al., 2012; Tang et al., 2013; Turnbaugh et al., 2009). Interestingly, altered gut microbiota 

has also been reported in AMD patients (Rowan et al., 2017; Zinkernagel et al., 2017), suggesting the possible 

role played by such gut microbiota-derived metabolites with negative cardiovascular implication in AMD 

pathogenesis. Among these, TMAO is emerging; studies, indeed, demonstrated higher TMAO serum levels 

in patients with RAO than in healthy controls (Zysset-Burri et al., 2019). 
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In general, according to the available literature, AMD can be considered as an OxS-related disease with 

relative vascular implications. This justifies the use of polyphenol-based nutraceutical formulation that are 

commonly included in therapeutic schemes in clinical practice. As confirmation of this, it has been 

demonstrated that orally administered polyphenols can cross the blood-retina barrier (Pawlowska et al., 

2019). Also, a number randomized clinical trials investigated the effects of different food-derived bioactive 

compounds (i.e. polyphenols) on AMD, including the Carotenoids in Age-Related Eye Disease Study 

(CAREDS), the Antioxydants, Lipides Essentiels, Nutrition et Maladies Oculaires (ALIENOR) study, the 

Taurine, Omega-3 Fatty Acids, Zinc, Antioxidant, Lutein (TOZAL) study (Carneiro and Andrade, 2017). 

Such promising, these results highlight the interest of both researchers and clinicians in individuating 

novel nutraceutical approaches for the management of this degenerative and debilitating disease. 

1.3.3 Endothelial dysfunction  

Endothelial dysfunction is recognised as the leading risk factor for several CVD, including stroke, 

myocardial infarction, heart failure. In particular, endothelial dysfunction and vascular remodelling are 

considered as early determinants in the development of hypertension and atherosclerosis (Siti et al., 2015). 

It is defined as a progressive reduced nitric oxide (NO) production and availability, with or without 

an imbalance between endothelium-derived contracting and relaxing factors associated with a pro-

inflammatory and prothrombotic status (Scioli et al., 2020). Also, for this pathological condition, OxS plays a 

central role. In particular, ROS are responsible for a disruption of the vaso-protective NO signalling 

pathways that results in endothelial dysfunction and vascular abnormalities, and culminates in NO synthase 

(NOS) uncoupling. NOS are enzymes synthesising NO from L-arginine in presence of dioxygen as cofactor, 

producing superoxide anions. There are three types of NOS identified in different tissues: neuronal NOS 

(NOS1 or nNOS, type I), inducible NOS (NO2 or iNOS, type II) and endothelial NOS (NOS3 or eNOS, type 

3). NOS1 and 3 are expressed in heart and endothelial cells, and present Ca2+-dependent activity, while 

NOS2 possesses a Ca2+-independent activity, and is not constitutively expressed in healthy heart, but it is 

expressed in pathological conditions (i.e. inflammation) (Loyer et al., 2008; Umar and Van Der Laarse, 2010). 

NOS uncoupling results in switch from NO to •O2− production and ONOO- via association of the two 

preceding, causing reduced NO bioavailability and consequent vasoconstriction(Santillo et al., 2015). ONOO- 

plays a role in atherosclerosis progression by by inhibition of vasorelaxation, decrease in the beneficial 

effects of NO on platelet aggregation and vascular smooth muscle cell proliferation, and oxidation of DNA 

and lipids (Cai and Harrison, 2000).  

Interestingly, ageing augments OxS in resistance arteries via increasing the production of ONOO- 

(Ma et al., 2014). In healthy humans, brachial artery flow-mediated dilation (that is licensed as the golden 
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standard for the study of endothelial function) has been found to be negatively related to nitrotyrosine in 

vascular endothelial cells (Donato et al., 2007). Also, in old adults the expression of endothelin-1 (the main 

vascular endothelium-derived vasoconstrictor compound) in higher than in young; moreover, it is 

negatively related to endothelium-dependent dilation and directly related to nitrotyrosine (Donato et al., 

2009).  
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1.4 Nutraceutical, the health-promoting effect from nature 

In 1989 Dr. Stephen DeFelice, founder and chairman of the Foundation for Innovation in Medicine 

coined the term “nutraceutical” as a crasis of the words “nutrition” and “pharmaceutical” (Santini and 

Novellino, 2014), to describe a novel science studying the effects of food-derived bioactive compounds on 

human health (Cicero et al., 2017). Although the term nutraceutical let it be understood a potential 

pharmacological effect of such bioactive substances, it should be taken into account that nutraceuticals 

cannot be considered as product with prophylactic or therapeutic properties against human diseases (like 

conventional drugs), since they properly refer to foods, thus their consumption cannot have as ultimate 

purpose the treatment of diseases (Bianchi et al., 2017). More specifically, the use of nutraceutical 

supplements in clinical practice is currently licensed as (i) add-on therapy, in addition to the standard 

pharmacological treatment, for management of multi-treated patients, (ii) for long-term treatment of 

borderline conditions, where the clinical criteria for pharmacological treatments are not met, or (iii) for 

prevention and maintenance of wellness.  

In general, nutraceuticals are considered as food supplements, although this definition in improper. 

According to the European Committee, indeed, food supplements are defined as food products intended to 

integrate the common diet and containing a concentrated source of nutrients (i.e. vitamins, minerals, 

aminoacids, fats, fibre) in pre-dosed formulations (Bianchi et al., 2017; European Parliament and Council, 

2002). It appears clear, thus, that, although not considerable as drugs with pharmaceutical properties, 

nutraceutical products cannot be properly defined as food supplements, since their purpose is not integrate 

the common diet but support the physiological functions, eventually altered. This discrepancy is probably 

due to a not complete knowledge and comprehension of the health-promoting effect of nutraceuticals that is 

far to a mere supplementation with micro- and macronutrients, although no close to pharmaceutical 

treatments. In a double meaning, nutraceuticals, indeed, take place in the perfect middle between (i) healthy 

and disease, and (ii) diet and drugs, or more specifically as Prof. Novellino stated “Beyond diet before drugs” 

(Santini and Novellino, 2014). 

Marketing researches suggest that the nutritional supplements (and nutraceuticals) business is rapidly 

and progressively growing among ordinary consumers worldwide. It was described in details in the 

Euromonitor International “Top 10 Global Consumer trends for 2017” that highlighted an increased 

appreciation of consumers for nutraceuticals that are associated with the concepts of wellness and 

prevention (Stallone et al., 2017). This is reinforced by the growing body of studies investigating the health-

promoting properties of nutraceutical.  

The growing interest of ordinary consumers in using nutraceuticals for preventive purposes has an 

important role also in reducing the healthcare costs. As an examples, as reported by the Frost&Sullivan 
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business consulting company involved in market research and analysis, considering the CVR-reducing effect 

of omega-3, their use as supplements results in a healthcare cost saving of about 13 billion/year in Europe 

(1.3 billion/year in Italy) (Stallone et al., 2017). This represents, thus, another relevant aspect for the use of 

nutraceutical. On the other hand, such promising, these data should encourage Government to promote 

research in this field.      

In addition to various Government agencies and organizations, a relevant role is played by the 

European Food Safety Authority (EFSA) in summarise and evaluate the scientific evidence on nutraceuticals 

with the purpose to harmonise the legislation of European Member States regarding both nutrition and 

health claims reported on commercial product labels, in marketing or advertising. A nutrition claim is a 

statement or suggestion describing the beneficial nutritional properties of a food (i.e. “low fat”, “high in 

fibre”, “no added sugar”). A health claim refers to the health benefit(s) resulting from consumption of a food 

or its components (i.e. “Calcium may help improve bone density”, “Plant sterol have shown to reduce 

cholesterol levels, a risk factor in the development of coronary heart disease”). In addition to these claims 

(also called “general function health claims”), applicants can submit relative dossiers to the Member States in 

order to seed a risk assessment from EFSA on new function claims for a specific product. Such dossiers will 

be based on newly developed scientific evidence and will be transmitted to EFSA for a case-by-case 

assessment by the EFSA’s Novel Foods and Food Allergens (NDA) Panel (“European Food Safety Authority, 

EFSA,” 2021). Also, EFSA provide specific indications regarding the dosage of food components 

administered in nutraceutical forms. This is another crucial aspect regarding both efficacy and safety of 

nutraceuticals, since pharmacokinetic and optimal dosing studies are not frequently conducted. For 

example, the Commission Regulation (EC) No. 258/1997 considers 1000mg as the maximum safe 

polyphenolic extract daily amount compatible with a good health state in human. However, specific 

maximal doses have been established for some single polyphenols, such as caffeine (200mg), 

epigallocatechingallate (300mg), flavonoids (1000mg), quercetin (200mg), quercitrin (300mg), rutin (300mg), 

spirenoside (300mg), esperidin (600mg), esperitin (300mg), isoflavones (80mg), lycopene (15g) (Cicero and 

Colletti, 2017).   

1.4.1 The use of agri-food by-products as sources of bioactive compounds 

In last few years, scientific research in nutraceutical field focused on the individuation of alternative 

sources of bioactive compounds, including agro-food by-products. This is mainly promoted by both economic 

(in terms of reduced production costs) and ecological needs (development of eco-friendly productive process 

aimed to reduce the waste-caused environmental pollution). It should be taken into account, indeed, that 

about the 60% of raw material used by the food industry represents waste material, that is intended to be 

used for animal feed or production of fertiliser, compost or biogas. In this context, thus, the proverbial 
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assumption to convert the necessity into a virtue gained a well-consolidated meaning, representing the 

primum movens of the scientific rationale also for research in nutraceutical field. More specifically, it is widely 

reported in literature that by-products from agro-food industry represent a valid source of bioactive 

compounds (Teixeira et al., 2014) that, in some cases, are present in greater amount than in the edible part. 

The most fitting example is represented by polyphenols, bioactive compounds more concentrated under the 

skin of fruits and vegetables, where protect against UV radiations, pathogens and physic damages (Manach 

et al., 2004). It appears clear, thus, that by-products represent a precious resource for extraction of this class of 

bioactive compounds. 

On the base of these knowledge, last-decade researches demonstrated the nutraceutical potential of 

such agro-food by-products and their useful employment in nutraceutical as well as cosmetic industry 

(Barbulova et al., 2015). Previous evidence highlighted the significant nutraceutical potential of winemaking 

by-products (Teixeira et al., 2014), also called grape pomace. Studies reported that grape pomace exert a more 

marked lipid profile-regulating effect in vivo than red wine, due to the higher amount of polyphenols (de 

Oliveira et al., 2017), such as procyanidins A and B (De Camargo et al., 2014; Melo et al., 2015; Oldoni et al., 

2016). This makes grape pomace good candidates for production of nutraceuticals. In this sense, remarkable 

were the studies on the beneficial effects of the polyphenolic fraction from Aglianico cultivar red grapes 

(Carola et al., 2012; Urquiaga et al., 2015).   

1.4.2 The antioxidant and cardio-protective activity of polyphenols 

Among the food-derived bioactive compounds, polyphenols are undoubtedly the most investigated 

and abundant. They represent the largest class of bioactive substances present in plants, where are produced 

as secondary metabolites with protective functions against UV radiations, pathogen aggression, and 

oxidative stress protection (Annunziata et al., 2020a). The great research interest in this class of bioactive 

compounds is due to their well-demonstrated beneficial effects on human health, in particular antioxidant 

and anti-inflammatory activities, that will be discussed in detail in following sections. Interestingly, a large 

body of evidence reported further activities of polyphenols, including anti-diabetic (Annunziata et al., 2020a, 

2019a; Barrea et al., 2019a; Daliu et al., 2020; Tenore et al., 2020), plasma lipid lowering (Farzaei et al., 2019; 

Feng et al., 2019; Schiano et al., 2020), and antiviral properties against a large number of pathogens, 

including EpsteinBarr virus (De Leo et al., 2012; Yiu et al., 2010), enterovirus 71 (Zhang et al., 2015), herpes 

simplex virus (HSV) (Annunziata et al., 2018b; Faith et al., 2006), influenza virus (Lin et al., 2015), MERS-

/SARS-coronavirus (Annunziata et al., 2020c) and other virus causing respiratory tract-related infections (Liu 

et al., 2014; Mastromarino et al., 2015). This latter potential of polyphenols, that at this time (2021 COVID-19 

pandemic) gained a relevant interest, seems be due to a viral replication inhibition exerted by polyphenols 

via different mechanisms (Annunziata et al., 2020c): (i) inhibition of immediate-early virus protein 
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expression (i.e., ICP-4 and−27), (ii) inhibition of the NFκB signaling pathway, and (iii) activation of the 

AMPK/Sirt1 axis in the host cell (14).  

Polyphenols are a very complex class of food-derived bioactive compounds presenting a variety of 

chemical, biochemical and pharmacological features that will be presented in the present section. 

1.4.2.1 Chemistry and food sources of polyphenols  

Besides the various thousands of different molecules, polyphenol compounds share the same basic 

chemical structure based on one or more phenolic rings with hydroxyl groups. The molecular structure of 

polyphenols derives from phenylalanine (or from its precursor shikimic acid), conjugated with one or more 

sugars, carboxylic, organic acid, amine, lipid or phenol residues via hydroxyl groups (Kondratyuk and 

Pezzuto, 2004). Based on their chemical structure, polyphenols are classified into flavonoids, phenolic acids, 

polyphenolic amides, stilbens and lignans (Table 1.4.2.1I). 

 Flavonoids – the general chemical structure is based on two aromatic rings (C6, A and B 

rings) bound together by an additional three-carbon atoms ring forming an oxygenated 

heterocycle (C ring). Based on the type of the heterocycle involved, flavonoids are dived into 

six different subclasses: flavonols (i.e. quercetin, kaempferol), flavones (i.e. luteolin, 

apigenin), isoflavones (i.e. Genistein, daidzein, glyciten), flavanones (i.e. naringenin, 

hesperetin, eriodictyol), anthocyanidins (i.e cyanidin) and flavanols (i.e. catechins, 

proanthocyanidins). Among the general chemical characteristics, such flavonoids present 

specific features that result strongly related to their biological activities. The most peculiar 

example refers to isoflavones that, although they are not steroids, have structural similarities 

to estrogens, and for this reason they are also named phytoestrogens. More specifically, 

isoflavones have hydroxyl groups in positions 7 and 4’ in a configuration analogous to that 

of estradiol. This confers their ability to bind to estrogen receptors. The flavonoid 

distribution in foods varies among the single subclasses. Flavonols are the most ubiquitous 

in foods, and are generally present in concentrations of about 15-30mg/kg of fresh weight. 

Their richest sources are onions, curly kale, leeks, broccoli, blueberries, leafy vegetables, 

cherry tomatoes. Conversely, flavones are less common and mostly identified in parsley and 

celery. Food source of flavanones are tomatoes, aromatic plants (i.e mint) and fruits (i.e. 

grapefruits, orange and lemon). Isoflavones are exclusively present in plants belonging to 

the leguminous botanical family, where soya is the main dietary source; isoflavones content 

in soybeans ranges 580-3800 mg/kg of fresh weight. Although some fruits (i.e. apricot) and 

beverages (i.e wine) contain appreciable amounts of catechins (flavanols), tea and chocolate 

are the richest sources. A green tea infusion, indeed, contains more than 200mg of catechins. 
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Interestingly, the flavanols content in tea varies on the base of the productive process; in 

particular, the fermentation of tea leaves used for the production of black teas causes an 

oxidation of monomer flavanols, resulting in production of condensed polyphenols, such as 

theaflavin and thearubigin. Finally, the most important dietary sources of anthocyanins are 

cereals, leafy and root vegetables, fruits (in particular red fruits) and wine, where their 

content is about 200-300mg/L (Manach et al., 2004).  

 Phenolic acids – compounds belonging to this class are non-flavonoid polyphenols presenting 

only one phenol ring bound to 1-3 carbon chain. Phenolic acids can be distinguished into 

two classes: cinnamic acid derivatives (hydroxycinnamic acids) and benzoic acid derivatives 

(hydroxybenzoic acids). The most representative hydroxycinnamic acids are p-cumaric, 

caffeic, ferulic, and sinapic acids. Generally, there are glycosylated or esterified with quinic, 

shikimic or tartaric acids. Their main food sources are coffee (70-350mg of chlorogenic acid 

per cup), fruits (such as blueberries, kiwis, plums, cherries, apples that contain on average 

0.5-2.0g of hydroxycinnamic acids per kg of fresh weight) and certain cereals (such as wheat, 

rice and oat containing on average 0.5-2.0g of ferulic acid/kg of fresh weight). On the other 

hand, hydroxybenzoic acids are mainly found in red fruits (i.e. strawberries, raspberries, 

blackberries) and tea leaves (on average 4.5g/kg of fresh weight) (Manach et al., 2004).  

 Phenolic amides – these are polyphenols with N-containing functional substituents. Among 

these, capsaicin contained in chilli peppers is the most representative (Annunziata et al., 

2020a). 

 Stilbenes and lignans – stilbenes are phenylpropanoids characterised by a 1,2-

diphenylethylene backbone; the most representative and studied is resveratrol. The main 

sources are medicinal plants, fruits (i.e. grapes) and wine. Lignans are phenylpropanoid 

dimers containing two phenylpropane units (C6-C3) linked by their carbon 8. 

Secoisolariciresinol and matairesinol are examples of lignans. The main food source of 

lignans are cereals, grain, fruit and vegetables; however, the richest one is linseed (Manach 

et al., 2004). 



  

Table 1.4.2.1I. Classification of the main polyphenols [source: (Annunziata et al., 2020a)] 

Major class Basic description Subclass Main examples 
Dietary 

source 
References 

Flavonoids 

Two phenolic rings 

(C6) bounded by an 

additional carbonyl 

ring of three 

carbons (C3) 

 

Anthocyanins 

Aurantinidin, Capensinidin, Cyanidin, Delphinidin, 

Europinidin, Hirsutidin, Malvidin, Pelargonidin, Peonidin, 

Petunidin, Pulchellidin, Rosinidin 

Strawberry, 

plum, black 

grape, 

blueberry, 

blackcurrant, 

cherry, 

rhubarb 

(D’Archivio 

et al., 2010; 

Pandareesh 

et al., 2015; 

Salucci and 

Falcieri, 

2020; Tsao, 

2010; 

Tsopmo et 

al., 2013; 

Xiao and 

Kai, 2012) 

 

 

Flavones 

Apigenin, luteolin, tangeritin, chrysin, 6-hydroxyflavone 

Parsley, 

celery, hot 

pepper, 

thyme 

 

Flavanones 

Blumeatin, butin, eriodictyol, hesperidin, homeoriodictyol, 

isosakuranetin, naringenin, naringin, pinocembrin, poncirin, 

sakuranetin, sakuranin, sterubin 

Lemon juice, 

orange juice, 

grape fruit 

juice 



  

 

Flavonols 

3-hydroxyflavone, azaleatin, fisetin, gelangin, gossypetin, 

kaempferide, kaempferol, isorhamnetin, morin, myricetin, 

natsudaidain, pachypodol, quercetin, rhamnazin, rhamnetin 

Onion, curly 

kale, leek, 

cherry, 

tomato, 

broccoli, 

apples, green 

and black 

tea, 

blueberry 

 

Isoflavones 

Biochanin A, calycosin, daidzein, formononetin, genistein, 

glycitein, irilone, orobol, pratensein, prunetin, 

pseudobaptigenin, puerarin 

Legumes, 

soymilk, 

tofu, miso 

 

Flavan-3-ols 

Catechins and derivatives  

Cereals, 

legumes, 

fruits, 

vegetables, 

wine and tea. 



  

Phenolic acids 

One phenol ring 

bounded to 1-3 

carbon chain 

 

 

Benzoic acid 

Fruits, 

vegetables, 

red fruits, 

tea, coffee, 

cider 

 

Caffeic acid 

 

Cinnamic acid 

 

Gallic acid 



  

 

p-Coumaric acid 

Polyphenolic 

amides 

Polyphenol 

compounds with 

N-containing 

functional 

substituents 

 

 

 

Capsaicin 

Chilli pepper 

Stilbenes or 

lignans 

Stilbenes: 

phenylpropanoids 

characterised by a 

1,2-

diphenylethylene 

backbone 

 

Lignans: 

 

 

 

Resveratrol (stilbene) 

Grains: 

barley, 

buckwheat, 

millet, oat, 

rye, wheat, 

brown rice 

Nuts: 

cashew, 



  

phenylpropanoid 

dimers containing 

two phenylpropane 

units (C6-C3) 

linked by their 

carbon 8 

 

 

Magnolol (lignan) 

hazelnut 

Seeds: 

sesame, 

sunflower, 

flax, 

chickpea, 

lentil, pea, 

soybean 

Fruits: apple, 

banana, 

cantaloupe, 

grape, kiwi, 

lemon, 

orange, 

pineapple, 

red 

raspberry, 

strawberry 

Vegetables: 

asparagus, 

avocado, 

cabbage, 

carrot, 



  

cauliflower, 

cucumber, 

eggplant, 

garlic, onion, 

potato, 

radish, 

tomato 

Coffee and 

tea 

Wine 
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1.4.2.2 Bioavailability of polyphenols 

Bioavailability is defined as “the fraction of both nutrients and non-nutrients that are absorbed and available 

for the human body, in particular at the site of action, where they can exert their functions” (Annunziata et al., 

2020a). In general, this represents a major concern for the nutraceutical industry in order to ensure the 

optimal absorption of bioactive compounds, including polyphenols. Due to their peculiar chemistry, indeed, 

polyphenols are rather known for their very low intestinal bioaccessibility and consequent bioavailability. 

This is mainly due to their hydrophobic nature, that results in low water solubility (Dutta et al., 2018). 

Moreover, their chemical instability under different physicochemical conditions during the transit in the 

gastrointestinal tract, the difficult diffusion across the cell membranes and their rapid metabolism also 

severely impair the polyphenol bioavailability (Dias et al., 2015; Feng et al., 2019). Overall, the main factors 

affecting the polyphenol bioavailability are represented in Figure 1.4.2.2I, and summarised as follow: 

 degrading factors: natural bioactive compounds (i.e. polyphenols) are particularly susceptible 

to light, temperature and pH, that cause their degradation and, consequently, bioactivity 

reduction (Ozkan et al., 2019). Also, once ingested, polyphenol structures are altered by enzyme 

activity and physico-chemical variations during the transit into the gastrointestinal (GI) tract, 

resulting in compromising their solubility. Generally, polyphenols present three different 

features: (i) high solubility and poor permeability across the cell membrane (i.e. 

epigallocatechin gallate), (ii) low solubility and poor permeability across the cell membrane (i.e. 

curcumin) and (iii) low solubility and high permeability across the cell membrane (i.e. 

resveratrol) (Hu et al., 2017)  

 release from food matrix: natural bioactive compounds, and in particular polyphenols, exist in 

glycosidic form, linked to fibre via a glycosidic bond with a glucose residue. To promote the 

permeation across the intestinal barrier, this bond needs to be broken, releasing the aglycon. 

This occurs not only in foods, but also in nutraceutical formulations, where extracted 

polyphenols are still linked to residual fibre, resulting in impaired absorption (Annunziata et 

al., 2018a) 

 intestinal permeation: there is no evidence of specific receptors for polyphenols in enterocytes. 

It is plausible, thus, that polyphenols are absorbed via diffusion/efflux mechanisms (Dias et al., 

2015). In general, polyphenols with a low molecular weight can be absorbed by passive 

diffusion (Barrington et al., 2009). On the other hand, some compounds (such as resveratrol) are 

absorbed via mechanisms involving transcellular transports (Kaldas et al., 2003) and other (such 

as curcumin) via passive diffusion, due to their lipophilic nature (Yu and Huang, 2011) 
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 metabolic transformation: natural bioactive compounds undergo both intestinal and hepatic 

modification through phase I and II metabolisms (Hu et al., 2017; Rotches-Ribalta et al., 2012; 

Walle, 2011). 

 

 

 

Figure 1.4.2.2I. Factors affecting polyphenols bioavailability. Fruit, vegetables, functional foods and 

nutraceuticals are sources of bioactive compounds, mainly polyphenols; their beneficial effects are affected by 

several factors compromising their bioavailability, in particular, low water solubility. Additionally, after the 

oral consumption, the polyphenols undergo drastic degradation processes due to the transit in the diverse 

organs of the gastrointestinal tract, where the unaffected compounds need to be released from the food matrix 

in order to be absorbable. A further critical point is the scarce permeation through the intestinal barrier; it 

means that the release into the bloodstream occurred in a very low amount of bioactive compounds which, 

however, undergo complex metabolism both in gut and liver [source: (Annunziata et al., 2020a)]. 

The low bioavailability of polyphenols, thus, is a very crucial concern for the biological effects of 

nutraceutical. Several studies investigated in this sense reporting, for example, the very low bioavailability 

of orally administered catechins from green tea (<3.5%) (Kida et al., 2000). An interesting study conducted by 

our research group evaluated both bioaccessibility (using an in vitro model of gastrointestinal digestion) and 

bioavailability (via a Caco-2 monolayer permeation model) of tea catechins, reporting that only the 2-15% of 

the intestinal content permeated across the intestinal barrier model (Tenore et al., 2015). The same in vitro 
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model of bioaccessibility study was used to investigate the digestive fate of tea polyphenol-based 

nutraceutical formulations. In this study we observed that, in contrast to the low upper intestine 

bioaccessibility (13.00-23.77%), that at lower intestine level was significantly increased (108-112%), 

suggesting the potential role played by gut microbiota in metabolism of polyphenols that results in their 

enhanced absorption rate (Annunziata et al., 2018a). Similarly, we also demonstrated that after 

gastrointestinal digestion the intestinal bioaccessibility of abscisic acid in an okra-based nutraceutical 

formulation significantly decreased (Daliu et al., 2020). 

As previously reported in this section, the peculiar chemistry of polyphenols plays a key role in their 

bioavailability. For example, polyphenols with a lipophilic structure have a low intestinal bioaccessibility 

(due to their low water solubility) but a high ability to permeate across the intestinal barrier (Dias et al., 

2015). Resveratrol is among the most investigated polyphenols for its historically-known beneficial effects on 

human health. Evidence reported that, due to its chemistry, resveratrol is poorly soluble in water (about 0.03 

g/L) (Mattarei et al., 2013). Notably, its oral absorption rate in human is relatively high (about 75%); 

however, due to an extensive metabolism at both intestinal and liver level, its bioavailability is very low 

(about 1%) (Rotches-Ribalta et al., 2012; Walle, 2011).  Furthermore, pharmacokinetic studies reported that, 

when orally administered, this polyphenol reaches two plasma concentration peaks (at 1h and 6h), 

suggesting an enteric recirculation, also confirmed by its 9.2h half-life (Almeida et al., 2009; Zu et al., 2016). 

1.4.2.3 Metabolic fate of polyphenols – Absorption, Distribution, Metabolism, Excretion (ADME) 

As per other xenobiotics, polyphenols undergo a very complex metabolism. Once ingested through 

the diet or nutraceutical formulations, indeed, polyphenols follow the physiological gastrointestinal 

digestion, undergoing several physic-chemical and biochemical conditions naturally occurring during these 

processes, which may severely affect both their chemical features and absorption rate. Overall, the metabolic 

fate of these bioactive compounds can be summarised as following described at different levels: 

 stomach: some polyphenols (mainly in glycosidic form) are resistant at gastric acid pH, thus reach 

the intestine in an intact form (Gee et al., 1998). Also, some flavonoids (i.e. quercetin and daidzein) 

can be absorbed across the gastric mucosa (Crespy et al., 2002; Piskula et al., 1999). 

 upper intestine: the majority of polyphenols are absorbed at intestinal level, although most of them 

are too hydrophilic to be absorbed across the gut mucosa via passive diffusion. Membrane carrier 

and active transporters have been identified (Ader et al., 1996). In general, only aglycones can be 

absorbed at intestinal level, while glycosides need to be previously hydrolysed by gut microbiota 

(Hollman and Katan, 1997; Manach et al., 1995), glucosidases of the brush border of enterocytes (i.e. 

lactase phloridzine hydrolase) (Day et al., 2000) or cytosolic β-glucosidases (Day et al., 1998) after 
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being transported into the enterocytes by sodium-dependent transporter (SGLT)-1 (Hollman et al., 

1995) 

 lower intestine: the enzymatic activities of gut microbiota contribute to further metabolise 

unabsorbed polyphenols, favouring their absorption in the colon (Manach et al., 2004). In particular, 

microbiota is particularly able to hydrolyse glycosides into aglycones and aglycones into several 

aromatic acids (Kuhnau, 1976) that, in turn, are absorbed and further metabolised (mainly 

conjugated with glycine, glucuronic acid, or sulfate) (Manach et al., 2004). 

Additionally, the main pharmacokinetic features may be summarised with the so-called ADME 

scheme (abbreviation for absorption, distribution, metabolism and excretion): 

 A – absorption: as aforementioned, intestinal absorption of polyphenols mainly occurs via 

transcellular transports (Kaldas et al., 2003) or via passive diffusion, due to their lipophilic nature 

(Yu and Huang, 2011), with different efficiency depending on the polyphenol molecule. For 

example, in human the maximum absorption of quercetin-4’-glucoside occurs 0.5-0.7h after ingestion 

and 6-9h after ingestion of the same amount of quercetin-3β-rutinoside (Graefe et al., 2001; Hollman 

et al., 1999). These differences may be explained by a matrix effect. It has been reported, indeed, that 

the bioavailability of some polyphenols administered in pure form is greater than that of the same 

amount in foods (Setchell et al., 2001). 

 D – distribution: polyphenol metabolites travel into the bloodstream to free but bound to plasma 

proteins, mainly albumin, with different affinity depending on the various polyphenolic molecules. 

For example, quercetin, kaempferol and isorhamnetin have an affinity of about 99% for 

concentration up to 15µmol/L (Boulton et al., 1998; Dangles et al., 2001). Substitution of 3-OH causes 

reduction of the affinity to albumin (Dangles et al., 1999). The degree of binding to albumin results in 

clearance of metabolites and affects their cellular and tissue distribution. Conventionally, cellular 

uptake is proportional to the concentration of unbound metabolites. pH variations cause changes in 

albumin conformation, resulting in dissociation of the ligand-albumin complex (Horie et al., 1988). It 

has been reported a high distribution of polyphenols in several tissues (including brain, endothelial 

cells, heart, kidney, spleen, pancreas, prostate, uterus, ovary, mammary, gland, testes, bladder, bone 

and skin) with different concentrations ranging from 30 to 3000ng aglycone equivalent7g tissue 

depending on the dose administered and the tissue considered (Manach et al., 2004). Endothelium is 

the main site of flavonoid action, where polyphenols reach with rapid, energy-dependent transport 

systems (Schramm et al., 1999). 
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 M – metabolism: after the intestinal absorption, polyphenols undergo several complex metabolic 

processes at both hepatic and intestinal level. In particular, three main types of conjugations occur: 

methylation, sulfatation, and glucuronidation. Methylation is performed by catechol-O-methyl 

transferase that catalyses the transfer of a methyl group from S-adenosyl-L-methionine to 

polyphenols having an o-diphenolic moiety (i.e. quercetin, catechin, caffeic acid, luteolin). This is a 

reaction generally occurring in the 3’ position, but a minor proportion of 4’-O-methylated products 

are also formed. Sulfatation is performed by sulfotransferases that catalyses the transfer of a sulfate 

moiety from 3’-phosphoadenosine-5’-phosphosulfate to a hydroxyl group. Finally, glucuronidation 

is performed by UDP-glucuronosyltransferases that catalyses the transfer of a glucuronic acid from 

UDP-glucuronic acid to polyphenols. Also, once metabolised at intestinal levels, polyphenols 

undergo further methylation and deglucuronidation reactions in hepatic cells (Manach et al., 2004). 

 E – excretion: polyphenol metabolites follow two main excretion pathways: biliary (for large, 

extensively conjugated metabolites) or urinary (for small conjugates such as monosulfates) route. 

Biliary excretion is typical of compounds such as genistein, epigallocatechingallate and eriodictyol; 

some of them may be further metabolised by microbiota β-glucuronidases releasing the relative 

aglycone that is reabsorbed through the enterohepatic circulation. On the other hand, urinary 

excretion is typical of flavanones and isoflavones. Some polyphenols (i.e anthocyanins) have a low 

urinary excretion percentage probably due to pronounced biliary excretion or extensive metabolism. 

The exact half-life of polyphenols has been calculated not exactly for all molecules. However, 

evidence a half-life of 2h for compounds such as anthocyanins, 2-3h for flavanols (except for 

epigallocatechingallate), 4-8h for isoflavones and 11-28 for quercetin. These data suggest that regular 

and frequent consumption of source of polyphenols is necessary for maintenance of their high 

plasma concentration (Manach et al., 2004). 

1.4.2.4 Nutraceutical properties of polyphenols – focus on the antioxidant and anti-inflammatory activities   

It is historically known that polyphenols exert their antioxidant activity through two major levels 

named (i) ROS-removing level (direct ROS-scavenging and modulation of the endogenous antioxidant 

defences) and (ii) ROS formation levels (inhibition of both the metal-dependent production of free radicals 

and ROS-producing enzymes) (Sandoval-Acuña et al., 2014) (Figure 1.4.2.4I). With respect to the first point, 

the scavenging activity of polyphenols is mainly due to their peculiar chemistry. Polyphenols, indeed, are 

able to react with free radicals directly, including hydroxyl, superoxide, nitric oxide, alkoxyl and peroxyl 

radicals, through their benzene ring-bound hydroxyl groups, by which they transfer an electron to the ROS 

molecule, stabilising the reactive species (Amic et al., 2007; Bors et al., 1990) and generating a phenoxyl 

radicals that, in turn, react with a second radical forming a stable quinone structure (Amic et al., 2007). 
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However, it should be taken into account that depending on their concentration, polyphenols may also act as 

pro-oxidant (Sandoval-Acuña et al., 2014). Moreover, polyphenols are also able to up-regulate the expression 

of enzymes involved in the antioxidant cells’ defences, including SOD, CAT, GPx. This up-regulation is 

mainly modulated via activation of the Keap1/Nrf2/ARE signalling pathway (Sandoval-Acuña et al., 2014; 

Tsuji et al., 2013). In addition to these mechanisms, it should be noted that polyphenols can directly 

counteract the production of ROS chelating iron and copper ions thus preventing their participation in free 

radical formation reactions or inhibiting the activities of ROS-producing enzymes, such as NOX and 

monoamine oxidase (MAO) (Sandoval-Acuña et al., 2014). 

 

Figure 1.4.2.4I. Main mechanisms antioxidant mechanisms of polyphenols 

In addition to the antioxidant activity, several in vitro and in vivo studies have investigated the anti-

inflammatory activity of polyphenols, suggesting their ability to act on different targets, including inhibition 

of COXs, phospholipase A2 and lipoxygenases, which result in decreased synthesis of prostanoids and 

leukotrienes. Moreover, further targets of the anti-inflammatory activity of polyphenols include 

phosphodiesterase, kinases and transcriptases (Farzaei et al., 2019). 

However, besides polyphenols’ generic anti-inflammatory potential, evidence has highlighted their role 

in modulating the obesity-related inflammatory status. Among the various metabolic disorders, obesity is 

undoubtedly the main disorder strongly related to a chronic low-grade inflammation (Gregor and 
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Hotamisligil, 2011; Klop et al., 2013). This is evidenced by increased circulating levels of inflammatory 

biomarkers in obese patients compared to non-obese subjects, mainly released by monocytes, macrophages 

and dysfunctional adipocytes (Bray et al., 2016; Calder et al., 2011). At molecular level, this is the result of an 

NF-κB-induced expression of pro-inflammatory genes. More specifically, NF-κB is a family of transcription 

factors (including NF-κB1 and NF-κB2) (Chen et al., 1999) normally present in cytoplasm and associated 

with IκB, a regulatory protein family that includes IκBγ, IκBβ, IκBα, IκBε, and Bcl-3 (Shirane et al., 1999). 

When bound to IκB, NF-κB is maintained in an inactive state. In response to various stimuli (i.e. increasing 

oxidative stress and/or inflammation), specific genes such as NF-κB-inducing kinase (NIK), mitogen 

activated protein kinase kinase (MEKK), interleukin-1 receptor-associated kinase (IRAK), TNF receptor-

associated factor (TRAF), PKC, and VCAM promote the activation of IKK which, in turn, phosphorylates 

IκB, resulting in release of NF-κB (Chen et al., 1995). Once released, NF-κB translocates into the nucleus, 

inducing the expression of pro-inflammatory genes (Chen et al., 1999; Israël, 2010). In this context, evidence 

has demonstrated the ability of polyphenols to modulate the NF-κB pathway, acting at different levels 

(Farzaei et al., 2019; Santangelo et al., 2007) (Figure 1.4.2.4II-A). In particular, mechanistic studies have 

reported that polyphenols are able to: (i) counteract the activation of IKK (i.e. EGCG, epicatechin, flavonoids) 

(Aneja et al., 2004; Mackenzie et al., 2004; Wheeler et al., 2004); (ii) inhibit the phopshorylation of IκB (i.e. 

EGCG, quercetin, apigenin, silymarin, kaempferol, and isoliquiritigenin, curcumin) (Bradford, 2013; 

Comalada et al., 2005; Farzaei et al., 2019; Gonzales and Orlando, 2008; Yang et al., 2001); (iii) inhibit the 

degradation of IκB (EGCG, epicatechin, quercetin, apigenin, isoliquiritigenin) (Aneja et al., 2004; Farzaei et 

al., 2019; Mackenzie et al., 2004; Min et al., 2007; Wheeler et al., 2004); (iv) inhibit the nuclear translocation of 

NFκB (quercetin, isoliquiritigenin) (Farzaei et al., 2019; Min et al., 2007); (v) block the DNA binding of NFκB 

(EGCG, epicatechin, quercetin, apigenin) (Chen et al., 2005; Farzaei et al., 2019; Ichikawa et al., 2004; 

Mackenzie et al., 2004). 

Another interesting pathway involved in inflammatory response is the so-called “mitogen-activated 

protein kinases (MAPKs) cascade” (Karin, 2005, 1995; Khan et al., 2006) (Figure 1.4.2.4II-B). MAPKs are 

proteins belonging to Ser/Thr kinases, which regulate various cellular processes via modulation of gene 

expression in response to specific stimuli (Santangelo et al., 2007). In mammals, four groups of MAPKs have 

been identified: extracellular signal-related kinases (ERK)-1/2, c-Jun amino-terminal kinases (JNK)-1/2/3, p38-

MAPK(α-δ) and ERK5. Each one is activated via phosphorylation by specific MAP kinase kinases (MAPKKs) 

(MEK1/2, MKK4/7, MKK3/6 and MEK5, respectively). Each MAPKK is, in turn, phosphorylated and 

activated by MAP kinase kinase kinases (MAPKKKs) (Chang and Karin, 2001). It has been reported that 

polyphenols play a role in modulation of the MAPK pathway, acting at different levels (Chen et al., 2004). In 

particular, polyphenols such as kaempferol, chrysin, apigenin, luteolin, quercetin, catechin, cyanidin-3-O-
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glucoside, EGCG have shown to exert inhibitory activities on different MAPKs of the MAPK cascade, 

resulting in reduced transcription of inflammatory cytokines  (Farzaei et al., 2019; Santangelo et al., 2007). 

This evidence is corroborated by in vivo studies (both animal-based studies and clinical trials) which 

demonstrate that chronic administration of various polyphenol compounds (such as quercetin, curcumin, 

resveratrol, gingerols, isoflavones, procyanidins, oleuropein) significantly reduced the levels of pro-

inflammatory biomarkers, including TNFα, IL-1, IL-4, INFγ. Interestingly, the expression of these pro-

inflammatory genes is mainly mediated by both IκB/NFκB and MAPK signalling pathways (Farzaei et al., 

2019; Jayarathne et al., 2017; Lozano-Castellón et al., 2020; Rosa et al., 2012; Zhao et al., 2017). This suggests 

that the ability of polyphenols to modulate these two key pathways represents one of the main mechanisms 

of action for their anti-inflammatory activity. 

 



 

52 

 

Figure 1.4.2.4II. Main mechanisms of action for the anti-inflammatory activity of polyphenols in obesity. 

Schematic representation of the main putative targets of polyphenols in IκB/NFκB (a) and MAPK signalling 

pathways (b) involved in the inflammatory response. The symbol   indicates the targets 

inhibited/blocked by polyphenols [source: (Deledda et al., 2021)]  
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2. Taurisolo® nutraceutical formulation 

Taurisolo® is a supplement consisting of a polyphenol extract obtained from Aglianico cultivar grape, 

collected during the autumn 2016-2020 harvest. Preliminary studies have been conducted in the 

NutraPharmaLabs laboratories of the Department of Pharmacy, University of Naples Federico II (Naples, 

Italy) in order to provide a pilot nutraceutical formulation. Once consolidated the entire productive method, 

the large-scale production was accomplished by MBMed Company (Turin, Italy).  

2.1 Productive process. The use of microencapsulation as a strategy to enhance the polyphenol bioaccessibility and 

 bioavailability 

To obtain the polyphenol extract, grapes were extracted with water (50 ◦C), and the solution was 

filtrated and concentrated and underwent a spray-drying process with maltodextrins as support (5-15%), 

obtaining a fine microencapsulated powder.  

Microencapsulation is a historically-known technological process (Luzzi, 1970; Sliwka, 1975), largely 

used in the pharmaceutical industry in order to incorporate various compounds into different wall materials, 

improving their delivery (Annunziata et al., 2020a). Technically, microencapsulation is defined as a 

“packaging process by which liquids, solids or gaseous substances are incorporated in microscopic capsules that can 

measure from millimetre to micrometre, consisting on continuous films of coating materials” (Annunziata et al., 

2020a).  

The scientific research in the pharmaceutical technology field developed a large number of techniques 

to produce stable microencapsulated formulations, including coaservation, ionic gelation, solvent 

evaporation, lyophilisation and spray-drying (Annunziata et al., 2020a), using different coating materials 

(Figure 2.1I).  
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Figure 2.1I. Some of the main microencapsulation methods schematically represented that are generally used in the 

nutraceutical and functional food industry [source: (Annunziata et al., 2020a)]. 
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Spray-drying has been used for the production of Taurisolo®. It is undoubtedly, however, that since the 

final product is intended for human uses, for the microencapsulation processes food-grade and no-toxic 

solvents and wall materials shall be used (Nazzaro et al., 2012; Ozkan et al., 2019).  

Spray-drying is a microencapsulation technique based on the atomization of a liquid solution 

(containing both the core and the wall material) by a hot drying gas stream included into an injector; the 

final product obtained is a dry powder (Gharsallaoui et al., 2007; Ozkan et al., 2019). More specifically, the 

liquid solution is injected into a drying vessel through a nozzle or an atomizer, producing small droplets 

followed by solvent evaporation (Fatnassi et al., 2013). For this technique various kinds of coating materials 

can be used, including polysaccharides (i.e. maltodextrins, cyclodextrins and gum arabic), proteins (i.e. 

soybean proteins, whey proteins and sodium caseinate), chitosan, gelatin and modified starch (Ozkan et al., 

2019). The most suitable coating material is established on the base of both its physico-chemical properties 

and interaction created with the compounds constituting the core material (Annunziata et al., 2020a). In 

general, cyclodextrins or maltodextrins are used for microencapsulation of polyphenols. Despite the 

different chemical structures of cyclodextrins and maltodextrins, it can be hypothesised that spray-drying 

process may induce a modification of the maltodextrin conformation, passing from a linear to a circular 

structure that mimes that of cyclodextrins, allowing the incorporation of polyphenols (Annunziata et al., 

2020a).   

In the last decades, microencapsulation has been used also in the nutraceutical industry for the 

production of supplements and functional foods, as useful strategy to counteract various limits of natural 

bioactive compounds, such as scarce storage and stability, unpleasant flavour, low water solubility (Figure 

2.1II).  
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Figure 2.1II. Advantages of microencapsulation. Since polyphenols are characterised by a very low bioaccessibility, 

due to several factors, the microencapsulation is designed as a strategy to ameliorate this pivotal feature of 

bioactive compounds. It increases the water solubility of polyphenols and offers protection against biochemical and 

physicochemical variation occurring during the transit into the gastrointestinal tract. This also allows to increase 

the intestinal absorption and the consequent distribution in bloodstream and tissues. Overall, the 

microencapsulation may be considered as a tool to improve the pharmacokinetics of polyphenols [source: 

(Annunziata et al., 2020a)]. 
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Among these, low stability and water solubility are crucial issues since they are main factors at the basis 

of the typical low bioavailability (as described in section 1.5.2). 

It appears clear, thus, that microencapsulation is a useful tool to enhance the water solubility of 

polyphenols (resulting in increasing bioaccessibility) and protect them during the digestive processes 

(resulting in increasing bioavailability) (Cohen et al., 2011; S. Wang et al., 2015). Interestingly, it has been 

reported that microencapsulation prolongs the intestinal permanence of bioactive substance via 

mucoadhesion and promotes their endocytosis (des Rieux et al., 2006), resulting in increasing absorption 

across the gut barrier (Hu et al., 2017). 

As aforementioned, Taurisolo® is a supplement consisting of grape polyphenol extract 

microencapsulated in maltodextrins via spray-drying process. Scanning Electron Microscopy (SEM) analyses 

have been performed in to verify the formation of microencapsulation after the spray-drying process, as 

shown in Figure 2.1III (Annunziata et al., 2019c).  

 

Figure 2.1III. Microencapsulation of grape polyphenolic extract with maltodextrins. (A) Representative 

microphotographs of the Taurisolo® ultrastructure obtained by SEM analysis. (B) Graphical representation of the 

microencapsulation after spry-drying process. SEM, Scanning Electron Microscopy [source: (Annunziata et al., 

2019c)]. 
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Also, in order to evaluate the intestinal bioaccessibility, both acid-resistant and non-acid-resistant 

capsules containing Taurisolo® have undergone an in vitro simulated GI digestion, according to the method 

of Annunziata and co-workers (Annunziata et al., 2018a) (methods are detailed in Appendix A), followed by 

High-Performance Liquid Chromatography-diodearray detector (HPLC-DAD, Jasco Inc., Easton, MD, USA). 

As shown in Figure 2.1IV, after in vitro GI digestion, the loss of polyphenols was less with acid-resistant 

(3.7%) than with non-acid resistant formulation (17%) (Annunziata et al., 2019c), suggesting that the use of 

acid-resistant forms, in combination with the microencapsulation, is a valid strategy to deliver bioactive 

compounds to the gut, protecting them from the GI digestion. 

 

Figure 2.1IV. Intestinal bioaccessibility of RSV contained in Taurisolo® after in vitro gastrointestinal digestion on AR 

and NAR capsules. Data are expressed as mean values in mg RSV per g of extract, and percentage of RSV intestinal 

bioaccessibility. Statistic significance are calculated by Student’s t-test: * P = 0.0002, AR bioaccessibility vs. NAR 

bioaccessibility. Abbreviations: RSV, Resveratrol; AR, Acid-resistant capsule; NAR, Non acid-resistant capsule 

[source: (Annunziata et al., 2019c)]. 

 

2.2 Chemical profile 

The polyphenol profile of Taurisolo® before and after in vitro simulated GI digestion was evaluated by 

HPLC-DAD analysis using the method described by Giusti and coworkers (Giusti et al., 2017) (methods are 

detailed in Appendix A). The main polyphenols are reported in Table 2.2I. 



 

59 

Table 2.2I. High Performance Liquid Chromatography-diode-array detector (HPLC-DAD) analysis 

of the main polyphenols contained in Taurisolo®, before and after in vitro simulated gastrointestinal 

digestion. Values are expressed in µg/g Taurisolo® ± standard deviation of three repetitions. 

Compound 
Mean value (µg/g)±SD 

Taurisolo® Digested Taurisolo® 
Ferulic acid 14.59±0.98 1.92±0.11 
Resveratrol 12.55±0.02 0.245±0.004 
Caffeic acid 35.00±3.00 n.d. 
p-cumaric acid 122.75±2.77 n.d 
Rutin 98.81±7.31 20.82±0.20 
Quercetin 135.41±4.69 n.d. 
Procyanidin B1 dimer 946.33±55.20 116.72±0.52 
Procyanidin B2 dimer 645.89±59.17 169.16±0.77 
Syringic acid 310.95±0.01 122.57±0.55 
Epicatechin 1696.55±109.60 1.38±0.02 
Gallic acid 199.46±4.59 n.d. 
Catechin 2499.04±307.41 77.95±0.29 

 

2.3 Pharmacokinetic 

As previously discussed, polyphenols are characterised by a typical low bioavailability, due to their 

chemical features. This is a major concern for the nutraceutical industry since, to be effective, after oral 

administration bioactive compounds should easily reach the bloodstream in optimal concentrations in order 

to exert their pharmacological activities. The pharmacokinetic profile of nutraceuticals, thus, plays a central 

role in evaluation of its biological activity. In this sense, the use of specific pharmaceutical technologies 

(including microencapsulation of bioactive compounds and/or the acid-resistant pharmaceutical forms) is a 

successful strategy. Pharmacokinetic studies confirmed that microencapsulated polyphenols have a higher 

absorption rate (mainly evaluated in vitro using a Caco-2 monolayer) than free polyphenols (Almeida et al., 

2009; Kulandaivelu and Mandal, 2017; Li et al., 2015; Narayanan et al., 2009; Sanna et al., 2013; Singh and Pai, 

2014; Yi et al., 2013; Zu et al., 2016). 

The pharmacokinetic profile of Taurisolo® was evaluated both in human both in acute and chronic 

(4-week treatment period). Particularly, for the acute study, study participants were administered with 

600mg Taurisolo® in acid-resistant capsules and blood samples were collected before (time collection: 0 min) 

and after the administration, at different timepoints (30, 60, 120 and 240 min). Both serum and whole blood 

concentration of resveratrol were quantified via HPLC-DAD analysis. As reported in Table 2.3I, and 

graphically in Figure 2.3I, 1h after the oral administration, the maximum levels of resveratrol were detected 

both in serum and whole blood (49.0±0.55 and 14.2±0.40 ng/mL, respectively). For the chronic study, serum 

resveratrol levels were quantified after 4-week treatment with 300mg Taurisolo® twice daily. As shown in 

Table 2.3I, after chronic treatment serum levels of resveratrol were 7.50±0.04 ng/mL, whereas at time ‘0 min’, 
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serum polyphenol levels were not-detected (Annunziata et al., 2019c). It can be speculated that the 60-min 

serum peak of Taurisolo® polyphenols might be due to use of microencapsulation that improves their 

bioavailability, resulting in a rapid absorption across the intestinal mucosa, reaching the bloodstream. 

Table 2.3I. Pharmacokinetic profile of Taurisolo® [source: (Annunziata et al., 2019c)] 

Sample Time collection RSV content   

  Mean value ± SD 

Serum 0 min n.d. 

30 min 5.55 ± 0.02a 

60 min 49.0 ± 0.55b 

120 min 3.99 ± 0.04c 

240 min 2.90 ± 0.06d 

Blood 0 min n.d. 

 30 min 10.6 ± 0.33e 

 60 min 14.2 ± 0.39f 

 120 min 8.13 ± 0.05g 

 240 min 7.98 ± 0.04h 

Serum 4 weeks 7.50 ± 0.04i 

RSV content quantified in serum and whole blood samples of participants in acute and chronic Taurisolo® 

administration. Values are expressed in ng per ml of serum or whole blood ± standard deviation of three repetitions. 

a,b,c,d,e,f,g,h,i Mean values with different superscript letters are significantly 

different by Tukey-Kramer multiple comparison test. n.d.: not detected 
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Figure 2.3I. Bioavailability of RSV in acute. RSV levels evaluated in serum and whole blood samples before 

(time 0) and after (30, 60, 120 and 240 min) the administration of 2 AR capsules containing 300 mg Taurisolo®. 

In both serum and whole blood the maximum levels of RSV (49.0 ± 0.55 and 14.2 ± 0.40 ng/ml, respectively) 

were detected 60 min after the nutraceutical administration [source: (Annunziata et al., 2019c)]. 
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3. Antioxidant activity of Taurisolo® 

As described in the previous section, Taurisolo® is a polyphenol rich nutraceutical formulation. Since 

the literature widely described the ability of polyphenols to contrast OxS (as aforementioned in previous 

sections), evaluation of the antioxidant activity of Taurisolo® was among our first scopes. This was 

accomplished performing several studies, as summarized in Table 3I. 

Table 3I. Studies investigating the antioxidant activity of Taurisolo® 

Type of 

study 

Experimental 

model 

Main results References 

In vitro Spectrophotometric 

assay (DPPH and 

ABTS assays) 

acid-resistant formulation has higher antioxidant 

activity than non-acid-resistant  

(Annunziata 

et al., 2021)  

Ex vivo Human peripheral 

blood cells 

 reduced ROS production 

 reduced activity of endogenous antioxidant 

enzymes (in cell medium) 

 increased intracellular activity of 

endogenous antioxidant enzymes 

 reduced oxidative damage  

(Annunziata 

et al., 2021) 

Animal-based Aged rats  increased antioxidant capacity in muscle 

sample 

 increased activity of antioxidant enzymes in 

muscle sample 

 reduced lipid and protein oxidative damage 

in muscle sample 

 increased expression of antioxidant genes 

(Annunziata 

et al., 2020b)* 

Clinical trial Human   reduction of oxLDL serum levels (Annunziata 

et al., 2019b) 

Clinical trial Human  reduction of oxLDL and DROMs serum 

levels 

Article in 

press 

* This study is described in detail in section 5.3.2 

  

The in vitro antioxidant activity of Taurisolo® was evaluated before and after simulated 

gastrointestinal digestion with DPPH and ABTS spectrophotometric assays. Methods are detailed in 

Appendix A. The in vitro gastrointestinal digestion was performed on both acid-resistant (AR) and non-acid-
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resistant (NAR) capsules containing Taurisolo®. Results, expressed in mmol Trolox Equivalent/g and 

reported in Table 3II, indicate that AR formulation represent a valid and effective strategy to preserve the 

biological activity of polyphenols against degrading agents during the gastrointestinal digestion (i.e. pH 

variations, digestive enzymes).  

 Table 3II. Antioxidant activity of Taurisolo® evaluated by DPPH and ABTS assays. Values are 

expressed in mmol TE/g ±SD of three repetition (unpublished data) 

Sample DPPH ABTS 

Not digested 3.67 ± 0.55 3.47 ± 0.11 

AR duodenal phase 2.55 ± 0.76 2.33 ± 0.66 

NAR duodenal phase 0.67 ± 0.07 0.55 ± 0.12 

 

Further in vitro studies have been conducted to elucidate the main putative mechanism of action for 

the antioxidant activity of Taurisolo® in biological systems. In particular, in a study conducted during the 

internship at the Research Group in Community Nutrition and Oxidative Stress and Health Research  

Institute of the Balearic Islands (IdISBa), University of Balearic Islands, Palma de Mallorca (Spain) as 

required by this PhD program, we tested the antioxidant activity of Taurisolo® on human peripheral blood 

cells. More specifically, we tested the efficacy of Taurisolo® (before and after in vitro simulated 

gastrointestinal digestion) on neutrophils from subjects with metabolic syndrome (MetS) demonstrating its 

ability to reduce the production of ROS and the activities of antioxidant enzymes in the cell medium, 

suggesting that the extract was able to contrast the OxS in the external environment resulting in decreased 

cellular response needs. Interestingly, the intracellular enzymatic activities increased, suggesting a possible 

role of Taurisolo® polyphenols to activate specific nuclear factors, resulting in up-regulation of antioxidant 

gene expression. Moreover, we demonstrated the ability of Taurisolo® to reduce the levels of 

malondialdehyde (MDA), suggesting its role in prevention of cellular membrane-related OxS damage 

(Annunziata et al., 2021). Methods are detailed in Appendix A. 

Study participants were middle-aged and on average overweight/obese. Anthropometric 

characteristics and metabolic and haematological parameters are reported in Table 3III. 
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Table 3III. Characteristics of study participants [source: (Annunziata et al., 2021)] 

Parameter Mean ± SEM  (n=17) 

Age (years) 63.4± 10.9 

Anthropometric characteristics  

Weight (kg) (n=16) 91.4±17.4 

Height (cm) (n=16) 169.5±12.1 

BMI (kg/m2) (n=16) 31.6±3.14 

Metabolic parameters   

Glucose (mg/dL) 103.2±27.5 

Hb1A (%) 5.92± 1.23 

Triglycerides (mg/dL) 200.6±31.7 

HDL-cholesterol (mg/dL) 40.4±8.57 

LDL-cholesterol (mg/dL) (n=15) 126.5±28.9 

Cholesterol total (mg/dL) 197.1±40.3 

Bilirubin (mg/dL) (n=6) 0.683±0.223 

AST (U/L) (n=15) 21.2±4.02 

ALT (U/L) 24.9±9.96 

GGT (U/L) 39.1±31.4 

PKC (mg/dL) (n=6) 0.770 ±0.310 

Haematological parameters 

Hematocrit (%) 46.0±2.69 

Erythrocytes (106/mm3) 4.99±0.374 

Leukocytes (103/mm3) 7.83±1.63 

Neutrophils (103/mm3) 4.30±1.39 

Lymphocytes (103/mm3) 2.58±0.763 

Basophils (103/mm3) 0.063±0.038 

Monocytes (103/mm3) 0.648±0.189 

Eosinophils (103/mm3) 0.238±0.084 

Platelets (103/mm3) 218.7±62.5 

  

Firstly, we evaluated in vitro the antioxidant activity of Taurisolo® through the FRAP assay, 

demonstrating a relatively high antioxidant capacity of 0.705±0.04 mM TE. Then, to evaluate the cytotoxicity 

we performed a MTT-test. The cell viability test revealed that Taurisolo® did not exert any cytotoxic effect at 
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concentrations ranging from 0.2 mg/mL to 2.0 mg/mL (Figure 3I). The apparently dose-dependent increased 

cell viability might be explained by the 570 nm absorbace of polyphenols contained in our extract.  

 

Figure 3I. Cell viability test. Results are expressed as mean±SD of three repetitions [source: (Annunziata et al., 

2021)] 

Based on the MTT-test we decided to the concentration of 1.0mg/mL for the following experiments. 

We firstly investigated the ROS production. The levels of ROS were indirectly monitored via evaluation of 

hydrogen peroxide production in neutrophils incubated with/without Taurisolo® in the presence or absence 

of PMA (Figure 3II). As expected, PMA significantly increased the ROS production compared to control 

(+1214.50%). On the contrary, the incubation with Taurisolo® and digested-Taurisolo® significantly reduced 

the ROS production in absence as well as in presence of PMA (Taurisolo®: -81.60% compared to Ctr; 

PMA+Taurisolo®: -80.23% compared to PMA; digested-Taurisolo®: -48.86% compared to Ctr; PMA+digested-

Taurisolo®: -20.55% compared to PMA). 
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Figure 3II. ROS levels monitored evaluating the production of hydrogen peroxide. Results are expressed as 

mean±SEM, and p<0.05 was considered statistically significant. ANOVA one-way analysis. Different letters 

reveal significant differences [source (Annunziata et al., 2021)] 

 To evaluate the ability of Taurisolo® to modulate the endogenous antioxidant defences, we 

determined both the extracellular and intracellular enzymatic activities of catalase (CAT) and 

myeloperoxidase (MPO) (Figure 3III). As expected, in extracellular media, PMA significantly increased the 

activity of both the enzymes when compared to control (+153.28% and +293.94%, CAT and MPO, 

respectively, p < 0.001 for all). On the contrary, the incubation with Taurisolo® and digested-Taurisolo® 

significantly reduced the enzymatic activities in presence of PMA (CAT = PMA+Taurisolo®: -45.28% 

compared to PMA, PMA+digested-Taurisolo®: -41.03% compared to PMA; MPO = PMA+Taurisolo®: -90.60% 

compared to PMA, PMA+digested-Taurisolo®: -62.80% compared to PMA). On the other hand, in 

intracellular media the trend was diametrically opposed. As shown, indeed, PMA significantly reduced the 

enzymatic activities of CAT and MPO (-47.43% and -85.46%, respectively), while the incubation with 

Taurisolo® and digested-Taurisolo® caused their increase (CAT = PMA+Taurisolo®: +86.17% compared to 

PMA, PMA+digested-Taurisolo®: +99.19% compared to PMA; MPO = PMA+Taurisolo®: +298.46% compared 

to PMA, PMA+digested-Taurisolo®: 181.54% compared to PMA).  
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Figure 3III. Enzymatic activities of CAT (a) and MPO (b). Results are expressed mean±SEM and p<0.05 was 

considered statistically significant. ANOVA one-way analysis. Different letters reveal significant differences 

[source: (Annunziata et al., 2021)] 

Finally, we evaluated the ability of Taurisolo® to prevent oxidative damage, we monitored the levels 

of malondialdehyde (MDA) as lipid peroxidation marker. As shown in Figure 3IV PMA significantly 

increased MDA levels (+119.86% compared to control), while incubation with Taurisolo® and digested- 

Taurisolo® significantly reduced (PMA+ Taurisolo®: -52.65% compared to PMA; PMA+digested- Taurisolo®: -

56.23% compared to PMA). 
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Figure 3IV. Levels of MDA. Results are expressed as mean ± SEM, and p<0.05 was considered statistically 

significant. ANOVA one-way analysis. Different letters reveal significant differences [source: 

(Annunziata et al., 2021)]  

The observed reduction of ROS levels is in line with a study conducted by our research group 

demonstrating ROS-reducing effect of intravenous and oral administration of Taurisolo® in a rat model of 

brain microvascular alteration induced by diminished cerebral blood flow and subsequent blood flow 

restoration. These promising results led us to investigate the potential mechanisms of action of Taurisolo® for 

its antioxidant effects and its role at blood level. For this reason, we decided to test the efficacy of our extract 

(both in digested and native forms) on human blood cells from subjects with MetS, in which both redox 

unbalance and inflammation affecting the cellular response and immune cells have been clearly 

demonstrated (Carrier, 2017; Devaraj et al., 2008; Holvoet, 2008; Khaybullina, 2017). Particularly, a typical 

feature in this class of subjects is the so-defined chronic low-grade inflammation, also characterized by 

increased circulating levels of ROS (Ellulu et al., 2017; Marseglia et al., 2015; McMurray et al., 2016). In this 

sense, as neutrophils are implicated in various anti-pathogen functions, including OxS and inflammation, we 

decided to use this cellular model to assess the efficacy of Taurisolo®. 
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As aforementioned, Taurisolo® is a miscellanea of polyphenols with demonstrated antioxidant activity 

both in vitro and in vivo. This articulated polyphenol profile is responsible for the OxS-contrasting effect of 

Taurisolo®, as shown by its ferric reducing ability (FRAP assay) and free radical scavenging activity 

(reduction of ROS levels). As widely described in section 1.4.2.4, polyphenols act with both direct and 

indirect mechanisms in contrasting OxS that explain the ability of Taurisolo® polyphenols to reduce the 

levels of ROS herein reported. In our experiments, Taurisolo® treatment was shown to reduce the ROS levels 

in control cells, suggesting it ability to contrast the free radical accumulation also in basal conditions. 

However, to recreate a pathological condition, we stimulated neutrophils with PMA that activates them 

inducing an oxidative burst with consequent large production of ROS (Niwa et al., 1996). Also in presence of 

PMA, Taurisolo® treatment drastically reduced the levels of ROS in the extracellular medium, suggesting its 

free radical scavenging potential both in normal and pathological conditions. 

The increased levels of free radicals in the cellular medium may be considered as the main actor for 

activation of cell responses, resulting in release of antioxidant enzymes aimed to contrast the ROS 

accumulation, including CAT and MPO, which decompose H2O2 in H2O before H2O2 reacts with metal ions 

generating hydroxyl radicals (Truong et al., 2018). This mechanisms is supported by the observed marked 

increase in the enzymatic activities of CAT and MPO in the extracellular medium after stimulation with 

PMA. The PMA-induced neutrophils activation, indeed, causes the degranulation of these cells, with 

increased activity of MPO and CAT (Niwa et al., 1996). However, after treatment with Taurisolo® we 

registered a marked decrease of the activities of these two enzymes. It can be speculate, thus, that the ROS-

reducing effect of Taurisolo®-polyphenols might be responsible for the reduced MPO and CAT enzymatic 

activities with or without the PMA stimulation, suggesting the ability of antioxidants to contrast the global 

oxidative stress in the culture medium that results in reducing the need to activate the intracellular defences 

for neutralization of the dangerous external environment. 

Interestingly, when we analysed the enzymatic activities of CAT and MPO in the intracellular medium, 

we observed an inverse trend. In particular, in cells treated with PMA the activities of CAT and MPO were 

reduced, while they were increased when cells were treated with Taurisolo®. This effect may be explained by 

the ability of polyphenols to modulate the endogenous antioxidant defence (Sandoval-Acuña et al., 2014). 

More specifically, there is evidence that polyphenols can increase the activities of antioxidant enzymes up-

regulating the expression of related genes via activation of specific nuclear signalling pathways (Sandoval-

Acuña et al., 2014; Tsuji et al., 2013). It has been reported, indeed, that grape-deriving polyphenols activate 

nuclear factors, including nuclear factor-erythroid 2-related factor 2 (Nrf2) and forkhead box 0 (FOX0) and 

proliferator-activated receptor gamma coactivator 1α (PGC-1 α), causing their nuclear translocation. This, in 

turn, results in enhancement of the expression of responding genes encoding for antioxidant enzymes. In 

contrast, there is evidence recognizing free radicals as stimuli for activation of the nuclear factor kappa-light-
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chain-enhancer of activated B cells (NF-κB), which nuclear translocation promotes the expression of OxS- 

and inflammation-related genes. Interestingly, grape polyphenols are capable to suppress the NF-κB 

pathways, suggesting a further antioxidant and anti-inflammatory mechanism (Truong et al., 2018). These 

previously reported mechanisms may be used to explain the observed Taurisolo®-induced increase of the 

antioxidant enzyme activities in intracellular medium both in basal condition or under PMA stimulation. 

The different trend between the antioxidant enzymatic activities observed in extracellular and 

intracellular media led us to speculate a dual efficacy of Taurisolo® in contrasting OxS: on one hand the ROS-

reducing effect that results in improving the redox status of the external environment, reducing the needs of 

the cells to respond with their endogenous antioxidant systems; on the other hand, the intrinsic activation of 

the antioxidant defenses, probably via modulation of the related gene expression. 

In summary, with this ex vivo study we demonstrated the elevated antioxidant potential of Taurisolo® 

on human neutrophils from subjects with MetS. As shown in Figure 3V, due to its antioxidant capacity, 

Taurisolo® firstly acts as a ROS scavenger agent, reducing their levels in the extracellular medium. This, in 

turn, may be responsible for reduced activities of antioxidant enzymes in the same medium, as a result of 

improved redox status of the external environment with consequent reduction of the cell response need and 

oxidative damage. In addition, the observed increase of antioxidant enzyme activities in the intracellular 

medium might reflect the ability of Taurisolo® polyphenols to up-regulate their gene expression. 
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Figure 3V. Schematic representation of the potential mechanisms of action of Taurisolo®. As a polyphenol-

rich extract, Taurisolo® has a marked antioxidant capacity that, in addition to the metal ion chelation activity, 

acts as free radical scavenging agent, reducing the levels of ROS in the extracellular medium. This improvement 

of the redox status of the external environment results in reduced needs of the cell to activate their endogenous 

defences releasing antioxidant enzymes. At nuclear level, indeed, Taurisolo® polyphenols are able to interact 

with nuclear factors, resulting in enhancing the expression of antioxidant genes.  

          indicates the mechanisms directly observed; ----- indicates the mechanisms/pathways not directly 

observed, but reported in literature [source: (Annunziata et al., 2021)] 
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To confirm the antioxidant potential observed in vitro and ex-vivo, we conducted two randomized 

clinical trials (RCTs) monitoring the circulating levels of oxLDL and reactive oxygen metabolites (DROMs) 

after chronic treatment with Taurisolo® (Table 3IV). Study population and designs are detailed in Appendix 

A and Appendix C. 

Table 3IV. RCTs investigating the antioxidant activity of Taurisolo®. Abbreviations: R, randomized; 

DB, double-blind; PC, placebo-controlled; PA, parallel-arm; CVD, cardiovascular diseases. 

Study 

design 

Population Intervention Main results Reference 

R, DB, 

PC, PA 

65 

overweight/obese 

subjects 

Group A: 300mg 

Taurisolo® twice 

daily for 8 weeks 

Group B: 300mg 

Taurisolo®+300mg 

pectin twice daily 

for 8 weeks 

Significant reduction of circulating 

oxLDL (group A: -76.06%, p=0.03 

compared to baseline; group B: -

74.02%, p=0.02 compared to 

baseline) 

(Annunziata et 

al., 2019b) 

R, DB, 

PC 

108 subjects with 

CVD factors 

400mg Taurisolo® 

twice daily for 8 

weeks 

Significant reduction of oxLDL and 

DROMs (-65.05% and -49.68%, 

respectively,  p>0.0001 for all 

compared to baseline) 

Article in press 

 

The first RCT was conducted on a cohort of overweight/obese subjects chronically administered (8 

weeks) with acid-resistant capsules containing Taurisolo® (300 mg per capsule) or Taurisolo®+pectin (300 

mg+300 mg per capsule) twice daily. The study was designed as a 16-week monocentric, double-blind, 

randomized, placebo-controlled, 2-arm parallel-group trial: 4-week run-in period, 8-week intervention 

period and a 4-week follow-up period. During the run-in period, subjects were given placebo 

(maltodextrins). This study was listed on the ISRCTN registry (www.isrctn.com) with ID ISRCTN10794277 

(doi: 10.1186/ISRCTN10794277). Serum levels of oxLDL were monitored after 12h of fasting at weeks 0, 4, 8, 

12 and 16.  

A total of 121 subjects were screened for eligibility; 90 were randomized, while 31 (25.6%) did not 

pass the screening stage. Selected patients were randomized into groups A and B. The study flow chart 

according to the CONSORT PRO reporting guideline (Calvert et al., 2013) is represented in Figure 3VI.  
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Figure 3VI. Study flowchart according to the consolidated standards of reporting trials (CONSORT) [source: 

(Annunziata et al., 2019b)]. 

Baseline characteristics of study participant are reported in Table 3V. As shown, no significant 

differences were evident between the two intervention groups. After the run-in period, during which 

partecipants were given placebo, no differences have been observed in the ox-LDL serum levels. In Table 3VI 

are reported the effect of Taurisolo® or Taurisolo®+pectin on ox-LDL serum levels. In both intervention 

groups oxLDL serum levels significantly decreased (-76.06% p = 0.03 and -74.02% p = 0.02, group A and 
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group B, respectively). No significant differences have been reported between the two interventions after the 

8-week treatment period (p = 0.915, group A vs. group B). After the 4-week follow-up period, the ox-LDL 

serum levels not significantly increased in both groups (23.85% and 25.83%).  



  

Table 3V. Baseline characteristics of study participants. No significant differences were evident between the two groups.* Values are expressed as mean ± 

SD; statistical significance is calculated by Student’s t-test. Abbreviations: BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist-

to-hip ratio; SD, standard deviation; TMAO, trimethylamine N-oxide [source: (Annunziata et al., 2019b)]. 

Parameters Group A Group B p-value 

Gender (male (%)) 57.14 55.00 χ2 = 0.019, p = 0.890 

Age (years)* 65.14 ± 10.46 64.50 ± 11.84 0.855 

Physical activity (yes, (%)) 14.29 5.00 χ2 = 1.003, p = 0.316 

Weight (kg)* 83.25 ± 12.54 83.48 ± 13.53 0.956 

Height (m)* 1.64 ± 0.10 1.63 ± 0.11 0.732 

BMI (kg/m2)* 31.16 ± 4.74 31.54 ± 3.55 0.776 

WC (cm)* 107.08 ± 12.37 106.25 ± 9.11 0.812 

HC (cm)* 113.05 ± 13.78 110.55 ± 7.75 0.484 

WHR* 0.95 ± 0.11 0.96 ± 0.07 0.604 

Diabetes mellitus (yes (%)) 47.62 45.00 χ2 = 0.028, p = 0.866 

Hypertension (yes (%)) 42.86 30.00 χ2 = 0.729, p = 0.393 

Hypercholesterolemia (yes (%)) 66.47 60.00 χ2 = 0.196, p = 0.658 

Hypertriglyceridemia (yes (%)) 4.76 10.00 χ2 = 0.414, p = 0.520 

TMAO (µM)* 3.52 ± 2.95 3.44 ± 2.04 0.926 

Ox-LDL (µEq/L) 1041.21 ± 406.76 941.54 ± 316.01 0.754 

 



  

Table 3VI. ox-LDL serum levels of study participants before and after 2-month treatment. Value are expressed as mean ± SD of three replicates. 

Decrement percentage between ox-LDL serum levels before and after 8-week treatment was shown. Statistical significance is calculated by Student’s t-test. * P  = 

0.915, group A vs. group B (after treatment); #P = 0.897, group A vs. group B (after treatment) [source: (Annunziata et al., 2019b)]. 

 

  Ox-LDL serum levels 

(µEq/L) 

 

Δ (%) p-value 
Run-in 

(placebo) 

Before 

treatment 

After 

treatment 

Follow-

up 

Group A 1102.33 ± 

398.43 

1041.21 ± 

406.76 

249.2 ± 

47.01 

308.64 

± 52.57 

- 76.06 0.03 

Group B 822.99 ± 

370.94 

941.54 ± 

316.01 

244.6 ± 

52.4* 

307.76 

± 

100.77 

- 74.02 0.02 
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Similarly, we conducted another RCT aimed to confirm the antioxidant potential of Taurisolo® in a 

larger cohort of subjects with various risk factors for CVD (n=108), including overweight/obesity, smoking, 

diabetes or hypertension. This study, conducted in collaboration with the Cardarelli Hospital of Naples 

(Italy) was designed as a randomised, placebo-controlled, double-blind clinical trial with duration of 14 

weeks: 2-week run-in period (with administration of capsules containing only excipients as placebo), 

followed by 8 weeks of Taurisolo® treatment (400mg twice daily), and 4 weeks of follow-up (without any 

treatment). Serum levels of oxLDL and DROMs were monitored after 12h of fasting at weeks 0, 2, 6, 10 and 

14.  

A total of 188 subjects were screened for eligibility; 40 subjects did not pass the screening stage. 

Overall, 148 subjects were assigned to the group of intervention study. Figure 3VII shows the flow of 

participants through the trials together with the completeness of diary information over the entire treatment 

period. A total of 37 subjects prematurely terminated study participation (10 during the run-in period and 27 

during the intervention period). Figure 3VII follows the CONSORT PRO reporting guideline. 

Table 3VII reports the demographic and clinical characteristics assessed at the baseline visit of all 

study participants. Overall, 61% of subjects were male and, on average, middle-aged and overweight. Type 2 

diabetes mellitus (T2DM) and hypertension were the most diagnosed diseases among the study participants 

(26% and 36%, respectively), and for this reason they were considered in further analysis. 

Serum levels of oxLDL and D-ROMs were monitored in all study participants at run-in, before 

starting Taurisolo® treatment (baseline), after 4-week Taurisolo® treatment, after 8-week Taurisolo® 

treatment and after 4-week follow-up (Figure 3VIII). oxLDL levels significantly reduced after 4-week 

Taurisolo® treatment, from 795.95±186.74 µEq/L to 452.78±100.72 µEq/L (-43.12%, p<0.0001), and after 8-week 

Taurisolo® treatment (278.15±24.48 µM, -65.05%, p<0.0001). Similar trend was also observed for D-ROMs 

levels that significantly reduced after 4-week Taurisolo® treatment, from 477.08±135.38 UCARR to 

313.09±96.70 UCARR (-34.37%, p<0.0001), and after 8-week Taurisolo® treatment (240.07±49.44 UCARR, -

49.68%, p<0.0001). 
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Figure 3VII. Study flowchart. Study flowchart, according to the consolidated standards of reporting trials 

(CONSORT). 
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Table 3VII. Baseline characteristics of study participants 

Age (year) 60.94±13.55 

Gender (M/F) 66/42 

BMI (kg/m2) 28.79±4.17 

Smokers (yes (%)) 51.54 

Physical activity (yes (%)) 32.47 

T2DM (yes (n.)) 28 

Hypertension (yes (n.)) 39 

TMAO (µM) 2.19±2.30 

oxLDL (µEq/L) 795.96±189.18 

D-ROMs (UCARR) 477.08±135.38 



  

 

 

Figure 3VIII. Graphical representation of the oxidative stress-related biomarkers serum levels at the different time points. Values are expressed as mean ± standard 

deviation. Statistical significance was calculated with Student’s t-test; p-value <0.05 was considered as significant. * P <0.0001, compared to baseline. 
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In these two RCTs we observed an interesting activity of chronic treatment with Taurisolo® in reducing 

significantly the serum levels of OxS-related biomarkers (oxLDL and D-ROMs). Besides the well-established 

antioxidant potential of polyphenols, several studies reported the ability of polyphenols to contrast the LDL 

oxidizability (Chen et al., 2017; Suzuki-Sugihara et al., 2016). In particular, polyphenols act as hydrogen 

donors to α-tocopherol radicals, resulting in prevention of LDL oxidation (Zhu et al., 1999). Also, 

mechanistic studies reported that red wine polyphenols inhibited copper-catalyzed LDL oxidation (Frankel 

et al., 1993). In these studies, circulating oxLDL were monitored using the LP-CHOLOX test (Diacron, 

Grosseto, Italy), aimed to measure the levels of lipid peroxidation-derived hydroperoxides, mainly 

represented by oxidized cholesterol. According to the manufacturer’s instructions, oxLDL levels are defined: 

normal (with values ≤599 µEq/L), slightly high (with values ranging from 600 to 799 µEq/L), moderately 

high (with values ranging from 800 to 999 µEq/L) and very high (with values ≥1000 µEq/L) (Macri et al., 

2015; Mancini et al., 2017). In agreement with this classification, our results showed that a 8-week treatment 

with Taurisolo® significantly reduced serum levels of oxLDL in all study participants from a slightly high to 

normal level.  

DROMs are stable and quantifiable oxygen metabolites produced from free radical attacks operated at 

the expense of biomolecules. The test used in the present study is based on the concept that, according to the 

Fenton’s reaction, DROMs contained in a serum generate, in presence of iron, alkoxyl (R−O*) and peroxyl 

(R−OO*) radicals which, in turn, oxidize an alkyl-substituted aromatic amine, producing a pink-colored 

derivative ([A−NH2*]+), photometrically quantified (Alberti et al., 2000; Cesarone et al., 1999; Gerardi et al., 

2002; Trotti et al., 2001). DROMs, thus, are useful biomarkers of OxS, determined on the basis of the 

following ranges: (i) normal: 250-300 UCARR, (ii) border-line: 300-320 UCARR, (iii) low level of oxidative 

stress: 321-340 UCARR, (iv) middle level of oxidative stress: 341-400 UCARR, (v) high level of oxidative 

stress: 401-500 UCARR and (vi) very high level of oxidative stress: >500 UCARR, where 1 UCARR=0.08 mg 

H2O2/dL (Alberti et al., 2000; Cesarone et al., 1999; Gerardi et al., 2002; Trotti et al., 2001). According to this 

classification, our results showed that chronic treatment with Taurisolo® significantly reduced OxS in all 

study participants, from a very high to normal level. Mechanisms reported in section 1.4.2.4 regarding the 

antioxidant activity of polyphenols, and more specifically the ROS production inhibition, may serve to 

explain the in vivo results herein reported. It is plausible that these as possible mechanisms since Taurisolo® 

polyphenols have a very high bioavailability, as previously described in section 2. The presence of 

Taurisolo® polyphenols (or their metabolites) into the bloodstreams allows speculating their possible 

involvement in chemical reactions with free radicals, ions, metals or other compounds involved in pro-

oxidant processes.   
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4. Anti-atherosclerotic activity of Taurisolo® 

As extensively described in section 1.2.3, TMAO plays a central role in development and progression 

of atherosclerotic disease. This intriguing knowledge drove our research group to investigate the TMAO-

reducing activity of Taurisolo® as a potential mechanism for its anti-atherosclerotic effect. In particular, we 

conducted three RCTs, summarised in Table 4I. Study design and protocol are detailed in Appendix A and 

Appendix C. 

Table 4I. RCTs investigating the TMAO-reducing activity of Taurisolo®. Abbreviations: R, 

randomized; DB, double-blind; PC, placebo-controlled; PA, parallel-arm; CO, cross-over; CVD, 

cardiovascular diseases. 

Study 

design 

Population Intervention Circulating TMAO reduction  Reference 

R, DB, 

PC, CO 

20 healthy 

subjects 

300mg Taurisolo® 

twice daily for 4 

weeks 

-63.5% (Annunziata et 

al., 2019c) 

R, DB, 

PC, PA 

65 

overweight/obese 

subjects 

Group A: 300mg 

Taurisolo® twice 

daily for 8 weeks 

Group B: 300mg 

Taurisolo®+300mg 

pectin twice daily 

for 8 weeks 

Group A: -78.58% 

Group B: -76.76% 

(Annunziata et 

al., 2019b) 

R, DB, 

PC 

108 subjects with 

CVD factors 

400mg Taurisolo® 

twice daily for 8 

weeks 

Men: -80.59% 

Women: -71.22% 

Article in press 

 

The first study was conducted on healthy subjects aged 25-35 years randomly divided into two 

groups (active and placebo). The study followed a cross-over design consisting of 1-week run-in period, 4-

week intervention period and 1-week washout period. During the intervention period, each subject was 

given 300 mg Taurisolo® in acid-resistant capsules or placebo (identically appearing capsules containing only 

maltodextrin) twice daily. Blood samples were collected after 12h of fasting at days 8, 35, 42 and 70. 

A total of 27 subjects were screened for eligibility; 20 were randomised, while 7 (25.9%) did not pass 

the screening stage. The most common reasons were: 4 subjects did not meet the inclusion criteria at 
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baseline, 2 subjects did not fulfill exclusion criteria and 1 subject refused to participate for no specific 

reasons. Selected patients were equally divided into two subgroups. Each subject underwent a 7-day 

washout period before the 28-day intervention period, according to a crossover plan. All participants 

complete the study. In Figure 4I is represented the flow chart of the study according to the CONSORT PRO 

reporting guideline. 

 
 

Figure 4I. Study flowchart. Study flowchart, according to the consolidated standards of reporting trials 

(CONSORT) [source: (Annunziata et al., 2019c)]. 
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Table 4II shows that TMAO serum levels were significantly decreased (Δ% = - 63.6%) in the Taurisolo® 

period compared with placebo period (P < 0.0001).  

Table 4II. Effects of Taurisolo® on TMAO serum levels in healthy subjects (n = 20) [source: (Annunziata 

et al., 2019c)] 

Parameters Placebo Taurisolo® 

 Initiala Finala Δ% Initial Final Δ% 

Age (years) 30.0 ± 5.0 - - - - - 

Male sex (No (%)) 10 (50.0%) - - - - - 

White ethnicity 

(No (%) 

20 (100.0 %) - - - - - 

BMI (kg/m2) 20.8 ± 3.6      

TMAO levels (µM) 

± SD 

1.86 ± 0.35 1.84 ± 0.34* - 0.54 1.87 ± 0.33# 0.66 ± 0.44**## - 63.5 

Value are expressed in µM ± SD of three replicates. Decrement percentage was shown. Statistic significance are 

calculated by Student’s t-test.  

aInitial refers to samples collected at days 8 and 42. Final refers to samples collected at days 35 and 70. 

* P = 0.9297, initial vs. final (placebo); ** P < 0.0001, initial vs. final (Taurisolo®); # P = 0.9555 placebo vs. Taurisolo® 

(initial); ## P < 0.0001, placebo vs. Taurisolo® (final) 

Encouraged by these results, we decided to investigate the TMAO-reducing ability of Taurisolo® in 

subjects with conditions strongly associated with higher levels of this metabolite, such as overweight and 

obesity. In this study (described in previous section), we administered subjects with two formulations 

(Taurisolo® and Taurisolo®+pectin) in order to evaluate whether the supplementation with prebiotics 

resulted in greater reduction of TMAO serum levels, maybe through its beneficial effect on gut microbiota. 

Surprisingly, we observed no significant difference between the two groups at the end of the intervention 

period, suggesting the observed TMAO-reducing effect was due exclusively to Taurisolo®, and fibre did not 

represent any added value. In particular, in both intervention groups TMAO serum levels significantly 

decreased (-78.58% p=0.006 and -76.76% p=0.001, group A and group B, respectively). No significant 

differences have been reported between the two interventions after the 8-week treatment period (TMAO: 

p=0.897, group A vs. group B). After the 4-week follow-up period, the TMAO serum levels not significantly 

increased in both groups (TMAO:33.77% and 37.60%, group A and group B, respectively) (Table 4III, Figure 

4II). 



  

Table 4III. TMAO serum levels of study participants before and after 2-month treatment. Values are expressed as mean ± SD of three replicates. Statistical 

significance was calculated by Student’s t-test. #P = 0.897, group A vs. group B (after treatment) [source: (Annunziata et al., 2019b)] 

  TMAO serum levels (µM)  

Δ (%) p-value Run-

in(placebo) 

Before 

treatment 

After 

treatment 

Follow-

up 

Group A 3.47 ± 2.87 3.52 ± 

2.95 

0.75 ± 

1.06 

1.00 ± 

0.99 

- 78.58 0.006 

Group B 3.42 ± 1.97  3.44 ± 

2.04 

0.80 ± 

0.37# 

1.10 ± 

0.44 

- 76.76 0.001 

 

 

Figure 4II. Graphical representation of the TMAO serum levels at the different time points [source: (Annunziata et al., 2019b)] 
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Finally, we conducted a third RCT on subjects with various risk factors for CVD, including 

overweight/obesity, cigarette smoking, diabetes or hypertension. In this study (described in details in 

previous section) we performed a number of stratifications and correlation analyses to elucidate both the 

relationship between TMAO and other risk factors and the role of Taurisolo® in different population 

subclasses. Firstly, TMAO serum levels were monitored in all study participants at run-in, before starting 

Taurisolo® treatment (baseline), after 4-week Taurisolo® treatment, after 8-week Taurisolo® treatment and 

after 4-week follow-up (Figure 4III). TMAO serum levels significantly reduced after 4-week Taurisolo® 

treatment, from 2.91±2.30 µM to 1.10±1.17 µM (-49.78%, p<0.0001), and after 8-week Taurisolo® treatment 

(0.53±0.53 µM, -75.85%, p<0.0001).   

 

Figure 4III. Graphical representation of the TMAO serum levels at the different time points. Values are 

expressed as mean ± standard deviation. Statistical significance was calculated with Student’s t-test; p-value 

<0.05 was considered as significant. * P <0.0001, compared to baseline. 

Study participants were then stratified for (i) gender, (ii) diagnosis of diabetes or 

hypertension, (iii) body mass index (BMI) and (iv) age. The effects of Taurisolo® on TMAO serum 

levels are reported in Tables 4IV-VII.  

Finally, a Pearson’s correlation analysis was performed between (i) serum levels of TMAO, oxLDL 

and D-ROMs (at baseline, after 4-week and 8-week Taurisolo® treatment) (Table 4VIII) and (ii) variations of 
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these three parameters during both the 4-week and 8-week treatment periods (indicated as Δ% (baseline-t-

4wk) and Δ% (baseline-t-8wk, respectively) (Table 4IX). 



  

Table 4IV. Serum levels of TMAO before and after 4-week and 8-week treatment with Taurisolo® in study participants stratified for gender. Statistical 

significance was calculated with Student’s t-test; p-value <0.05 was considered as significant 

 Baseline t-4wk t-8wk 

 Mean±SD Mean±SD Δ%  

(vs. t0) 

p (vs t0) Mean±SD Δ%  

(vs. t0) 

p (vs t0) 

Men (n=66) 2.57±2.71 1.43±1.41 -44.23 <0.0001 0.50±0.38 -80.59 <0.0001 

Women (n=42) 2.11±1.53 1.21±0.94 -42.89 <0.0001 0.61±0.67 -71.22 <0.0001 

 

 

Table 4V. Serum levels of TMAO before and after 4-week and 8-week treatment with Taurisolo® in study participants stratified for diagnosis of diabetes 

or hypertension. Statistical significance was calculated with Student’s t-test; p-value <0.05 was considered as significant  

 Baseline t-4wk t-8wk 

 Mean±SD Mean±SD Δ%  

(vs. t0) 

p (vs t0) Mean±SD Δ%  

(vs. t0) 

p (vs t0) 

Diabetes (n=28) 3.71±2.81 2.11±1.15 -43.15 <0.001 0.73±0.67 -80.31 <0.0001 

Hypertension (n=39) 3.02±2.87 1.79±1.42 -40.84 0.0001 0.64±0.64 -78.88 <0.0001 

No-diabetes/No-hypertension (n=41) 1.32±1.10 0.66±0.63 -49.82 <0.0001 0.40±0.32 -69.92 <0.0001 

 



  

Table 4VI. Serum levels of TMAO before and after 4-week and 8-week treatment with Taurisolo® in study participants stratified for BMI. Statistical 

significance was calculated with Student’s t-test; p-value <0.05 was considered as significant  

 Baseline t-4wk t-8wk 

 Mean±SD Mean±SD Δ%  

(vs. t0) 

p (vs t0) Mean±SD Δ%  

(vs. t0) 

p (vs t0) 

Normal weight (n=57) 0.96±0.61 0.48±0.29 -50.27 <0.0001 0.33±0.23 -65.53 <0.0001 

Overweight (n=21) 1.84±0.59 1.30±0.47 -29.27 <0.001 0.54±0.29 -70.75 <0.0001 

Grade I obesity (n=16) 3.62±0.88 2.04±0.76 -43.68 <0.0001 0.72±0.40 -80.12 <0.0001 

Grade II obesity (n=14) 7.06±2.45 3.75±0.73 -46.84 0.001 1.14±1.00 -83.86 <0.0001 

 

 

Table 4VII. Serum levels of TMAO before and after 4-week and 8-week treatment with Taurisolo® in study participants stratified for age. Statistical 

significance was calculated with Student’s t-test; p-value <0.05 was considered as significant  

 Baseline t-4wk t-8wk 

 Mean±SD Mean±SD Δ%  

(vs. t0) 

p (vs t0) Mean±SD Δ%  

(vs. t0) 

p (vs t0) 

18-40 years (n=14) 1.89±0.32 0.78±0.56 -58.92 <0.0001 0.75±0.33 -60.08 <0.0001 

41-60 years (n=31) 2.53±3.16 1.29±1.32 -49.13 <0.001 0.65±0.80 -74.24 <0.001 

>61 years (n=63) 2.55±1.95 1.41±1.29 -44.73 <0.0001 0.46±0.34 -81.87 <0.0001 

 



  

Table 4VIII. Correlation analysis between TMAO, oxLDL and D-ROMs serum levels in all study participants 

 TMAO baseline TMAO t-4wk TMAO t-8wk 

 Coefficient p-value Coefficient p-value Coefficient p-value 

OxLDL 

Baseline 0.975 <0.0001 - - - - 

t-4wk - - 0.969 <0.0001 - - 

t-8wk - - - - 0.972 <0.0001 

D-ROMs 

Baseline 0.975 <0.0001 - - - - 

t-4wk - - 0.946 <0.0001 - - 

t-8wk - - - - 0.907 <0.0001 

Table 4IX. Correlation analysis between variations of TMAO, oxLDL and D-ROMs serum levels in all study participants 

 TMAO Δ%  

(Baseline-t-4wk) 

TMAO Δ%  

(Baseline-t-8wk) 

 Coefficient p-value Coefficient p-value 

  OxLDL   

Δ% (Baseline-t-4wk) 0.757 <0.0001 - - 

Δ% (Baseline-t-8wk) - - 0.221 <0.05 

D-ROMs 

Δ% (Baseline-t-4wk) 0.654 <0.0001 - - 

Δ% (Baseline-t-8wk) - - 0.178 0.066 
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With these studies we demonstrated the ability of Taurisolo® to reduce TMAO serum levels in a large 

number of subjects, including healthy (Annunziata et al., 2019c), overweight/obese subjects (Annunziata et 

al., 2019b) and high CVR subjects (article in press). Interestingly, our correlation analysis demonstrated that 

TMAO serum levels correlated positively with circulating oxLDL and DROMs at baseline and after 4- and 8-

week treatment with Taurisolo® (Table 4VIII); similarly, variations of TMAO serum levels during the 

nutraceutical treatment also correlated positively with variation of oxLDL and DROMs levels (Table 4IX). 

This suggests, on one hand, the link between this microbiota metabolite and OxS-related biomarkers, and on 

the other hand that chronic treatment with Taurisolo® may represent a valid nutraceutical approach for 

cardioprotection. 

Besides the very large number of paper published on TMAO in last decades, no mechanisms have been 

proposed for the potential TMAO-reducing effect of drugs or natural compounds. However, studies 

reported in literature allow speculating possible mechanisms of action. In particular, we hypothesized two 

different ways by which polyphenols may contribute to reduce TMAO serum levels: antioxidant and/or 

microbiota remodeling activities.  

Polyphenols exert their antioxidant activity through direct and indirect mechanisms (Sandoval-Acuña 

et al., 2014), including free radical scavenging. In particular, through their benzene ring-bound hydroxyl 

groups, polyphenols transfer an electron to free radicals, acting, thus, as “electron donors” (Amic et al., 2007; 

Bors et al., 1990). In contrast, TMAO has been reported to act as an “electron acceptor” in bacteria (Barrett, 

1985), leading to a so-called “redox hypothesis”, where both polyphenols and TMAO are two actors of the 

same redox reaction occurring at blood levels, and resulting in a chemical reduction of TMAO to TMA. 

The antioxidant potential of Taurisolo® has been previously reported both in human (Annunziata et al., 

2019b) and rats (Annunziata et al., 2020b) (as described in previous section). Similarly, our previous evidence 

demonstrated a high bioavailability of Taurisolo® polyphenols (Annunziata et al., 2019c), due to the use of 

microencapsulation in maltodextrins, a useful strategy to enhance the absorption of polyphenols across the 

intestinal barriers (Annunziata et al., 2020a). It appears clear, thus, that, whether confirmed, the “redox 

hypothesis” might be a possible mechanism of action for the TMAO-reducing effect of Taurisolo®.    

In addition to this hypothesis, we also proposed the so-called “microbiota hypothesis” based on the 

ability of polyphenols to modulate the growth of different bacterial strains. In particular, it is reported in 

literature that grape polyphenols are capable to reduce the growth of TMA-producing bacteria (i.e. Clostridia 

and Bacteroides) (Lee et al., 2006; Selma et al., 2009) and to increase that of non-TMA-producing ones (i.e. 

Lactobacillus and Bifidobacterium) (Chen et al., 2016), resulting in a remodelling of the gut microbiota. 

According to our “microbiota hypothesis”, after chronic oral administration, Taurisolo® polyphenols might 

contribute in reduction of TMAO serum levels via blocking the colonic production of its precursor, TMA. 
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This, in turn, might be operated by the antimicrobial activity against TMA-producing strains or a potential 

inhibition of their metabolism, for example down-regulation/inhibition of target genes/enzymes, such as  

TMA lyase, carnitine oxygenase and betaine reductase, responsible for the TMA release from food 

components. This hypothesis is again corroborated by the nature of our nutraceutical formulation, 

administered in an acid-resistant form. According to our previous investigations, the use of acid-resistant 

formulation protects polyphenols against degradation during the transit in the gastrointestinal tract, and 

allows polyphenols reaching the intestine in an active form (Annunziata et al., 2018a). Interestingly, a very 

recent preprint paper investigated the inhibitory effect of pthytochemicals on TMA production (Iglesias-

Carres et al., 2021). In particular, it was developed an anaerobic fermentation methodology to study 

inhibition of choline microbial metabolism into TMA by phenolic compounds (gallic acid and chlorogenic 

acid) using healthy human faeces as starter. It was reported that both the phenolic compounds exerted a 

higher TMA inhibitory potential (maximum of 80-90% in TMA production inhibition with IC50 around 5mM) 

than 3,3-dimethyl-1-butanol (DMB) used as positive TMA production inhibitor (acting as TMA-lyase 

inhibitor). Notably, through cytotoxicity experiments, authors observed that both gallic and chlorogenic 

acids did not act inhibiting TMA-lyase activity. On the contrary, they speculated that the two phenolic acids 

reduced TMA production by providing better energy substrates than choline. More specifically, bacteria 

could use gallic and chlorogenic acids as a more preferred source of energy than choline, resulting in a 

reduced utilisation of choline as substrate for TMA production. Undoubtedly, both redox and 

microbiological hypothesis (Figure 4IV), need to be further investigated.  
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Figure 4IV. Proposed mechanisms of action of Taurisolo® in reducing circulating TMAO levels and, 

consequently, the risk of atherosclerosis 
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5. The effects of Taurisolo® on oxidative stress- and atherosclerosis-related diseases 

A number of further studies have been conducted, or are still ongoing, to confirm the efficacy of 

Taurisolo® in pathological conditions related to the CVR. All these studies will be discussed in following 

sections. 

5.1 CVD 

To test the cardioprotective effect of Taurisolo® we performed an in vitro study on cardiomyoblast 

H9c2 cells in collaboration with the Departments of Precision Medicine, Esperimental Medicine and 

Advanced Medical and Surgical Sciences of the University of Campania “Luigi Vanvitelli”, Naples (Italy)  

(Lama et al., 2020). In particular, we investigated the ability of Taurisolo® to contrast both TMAO- and high 

glucose (HG)-induced cytotoxicity in this cell model. Cell damage was induced with HG (HG-H9c2) and 

HG+TMAO (THG-H9c2); both experimental cell models were, thus, incubated for 72 h in the presence or 

absence of Taurisolo®. Methods are detailed in Appendix A. 

To gain an insight about the mechanism through which Taurisolo® sustained the cardiomyocyte 

viability, we have damaged the H9c2 cardiomioblastic cell line with HG concentration (44 mM) and TMAO, 

a molecule linked to obesity and energy metabolism (Figure 5.1I). H9c2 vitality was detected via MTT assay, 

while LDH and AST release assays were performed for cellular injury. HG treatment of H9c2 (44 mM) 

significantly reduced cell viability (~25%; P = 0:011) and increased both AST and LDH release (P = 0,037 and 

P = 0, 0074, respectively) compared with the non-HG (NG)-H9c2 growth in standard condition (5.5 mM 

glucose). In contrast, treatment with Taurisolo® was able to counteract significantly the decrease of vitality 

and the AST and LDH release in both HG-H9c2 and THG-H9c2 cells, while at the same concentration, 

Taurisolo®-treated NG-H9c2 did not produce the same effect. In Figure 5.1I-D, we reported the LDH1:LDH2 

isoenzyme ratio, observing that increased of about 1,8 and 2,5 fold in HG-H9c2 and THG-H9c2, respectively, 

compared to NG-H9c2 (LDH1:LDH2 ratio=1). Interestingly, Taurisolo® treatment of THG-H9c2 counteracted 

the increase of LDH1/LDH2 ratio.  
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Figure 5.1I. Taurisolo® (Tau) counteracts the H9c2 cell injury induced from TMAO in hyperglycemic condition. 

H9c2 cells were grown in standard (5.5 mM Glu NG-H9c2) and high glucose (44 mM Glu, HG-H9c2) condition. 

The HG-H9c2 cells were treated, for 72 h with Tau (0,5 µg/µL), TMAO(50 µM), and TMAO-Tau combination. 

(a) The cell survival was performed with MTT assay. (b, c) AST and LDH as makers of cell injury were 

performed by the colorimetric assay. (d) LDH1/LDH2 isoenzymes ratio was evaluated at 72 h by the 

colorimetric assay. Each experiment was repeated at least three times. Results are expressed as mean ± SD 

[source: (Lama et al., 2020)] 

To demonstrate that the effect of Taurisolo® on proliferation was related to the reduction of ROS 

production, we evaluated both lipid peroxidation by aldheide reactive to thiobarbituric acids (TBARS) assay 

and endogenous free nitric oxide (as NO2- ) by the Griess assay (Figure 5.1II). We observed a significant 

increase of TBARS production in THG-H9c2 cells compared to Taurisolo®-treated THG-H9c2 cells (P = 

0:0159) and an increase of NO production in the medium of Taurisolo®- treated THG-H9C2 (P=0:038) 

compared with untreated THG-H9c2 cells.  
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Figure 5.1II. Taurisolo® increased the nitric oxide values in the medium of THG-treated H9c2 cells. The values of 

NO were evaluated by the Griess assay. H9c2 cells were grown in standard (5.5 mM NG-H9c2) and high 

glucose (44 mM Glu, HG-H9c2) condition. The NG and HG-H9c2 cells were treated, for 72 h with Tau (0.5 

µg/µL), TMAO (50 µM), and TMAO-Tau combination. Absorbance was assayed at 550 nm and compared with 

a standard curve obtained using sodium nitrite. TBARS were quantified by spectrophotometry at 532 nm. 

Results were expressed as TBARS M/g of serum proteins. Each data point is the average of triplicate 

measurements, with each experiment performed in triplicate. Results are expressed as mean ± SD [source: 

(Lama et al., 2020)] 

Furthermore, Taurisolo® treatment counteracted the higher expression of Mn-SOD in THG-H9c2 

cells (Figure 5.1III).  
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Figure 5.1III. Taurisolo® (Tau) increase LC3II expression and counteract high levels of MnSOD. H9c2 cells were 

grown in standard (5.5 mM Glu NG-H9c2) and high glucose (44 mM Glu, HG9c2) condition. The NG and HG-

H9c2 cells were treated, for 72 h with Tau (0.5 µg/µL), TMAO (50 µM), and TMAO-Tau combination. (a) Bar 

graphs show densitometrically quantified LC3II, MnSOD with respect to house-keeping GAPDH in NG (5.5 

mM glucose) and HG-H9c2 cells. Representative immunoblots of Tau treated TNG-H9c2 (b) and THG-H9c2 

cells (c). Each data point is the average of triplicate measurements, with each experiment performed in 

triplicate. Results are expressed as mean ± SD [source: (Lama et al., 2020)] 

Extracellular signal-regulated protein kinase (ERK) and its phosphorylated form (pERK) are 

important mediators of various cellular responses, such as proliferation, differentiation, and cell death. It is 

noting that chronic HG induced ERK phosphorylation and cell death. We detected ERK activation by 

evaluating the pERK/ERK ratio by Western blot analysis using phospho-specific antibodies. ERK activation 

(Figure 5.1IV-A) was elevated in HG-H9c2 cells compared to NG-H9c2 cells (Figure 5.1IV), while it was 

significantly reduced after TMAO treatment in both NG and HG-H9c2 cells. Of note, treatment with 

Taurisolo® modulated ERK activation in prosurvival manner both HG and THG-H9c2 cells.  
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Figure 5.1IV. Taurisolo® modulated ERK activation. H9c2 cells were grown in standard (5.5 mM Glu NG-H9c2) 

and high glucose (44 mM Glu, HG9c2) condition. The NG and HG-H9c2 cells were treated, for 72 h with Tau 

(0.5 µg/µL), TMAO (50 µM), and TMAO-Tau combination. (a) Bar graphs show densitometrically quantified 

ratio of p-ERK/ERK in H9c2 cells. (b) Representative immunoblots of NG-H9c2 cells treated with Tau, TMAO, 

and Tau-TMAO combination. (c) Representative immunoblots of HG-H9c2 cells treated with Tau, TMAO, and 

TauTMAO combination. Each data point is the average of triplicate measurements, with each experiment 

performed in triplicate. Results are expressed as mean ± SD [source: (Lama et al., 2020)] 

Collectively, these data suggested that the association of 72 h-hyperglycemia and 72 h-TMAO 

treatment of H9c2 cells led to both cardiac cell cytotoxicity and increase in OS, as mainly indicated by the 

increases of both lipid peroxidation and antioxidant enzyme levels. Taurisolo® treatment mitigated the 

increases in AST and LDH levels and increased H9c2 cell viability, suggesting its protective effect on 

cardiomyocytes during both hyperglycemia- and TMAO-caused damage. Furthermore, these results showed 

that Taurisolo® reduced THG-induced H9c2 injury by reducing OS. Decreased levels of TBARS are combined 
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with increase of free NO production, suggesting a potential involvement of Taurisolo® in regulating the 

balance between NO and peroxynitrite. A protective effect of NO has also been observed endothelial cells, 

cardiomyocytes (Santucci et al., 2006), and inflammatory cells (Ronchetti et al., 2009). When MnSOD is 

overexpressed, more superoxide radicals are converted to H2O2, which acts as a cytotoxic agent, and 

therefore are removed from the physiological equilibrium, causing an increased production of membrane 

lipid peroxidation. To demonstrate that the cellular damage effect of HG and TMAO was related to 

increased OxS, we assessed cell vitality after treatment for 24 h with 10 µM N-acetyl cysteine (NAC) widely 

used as a pharmacological antioxidant and cytoprotective compound. In this experimental condition, we did 

not observe growth inhibition in both HG and THG-H9c2 cells (data not shown). In conclusion, the 

protective effect of Taurisolo® on cell viability and cell injury is closely linked to the antioxidant activity of its 

polyphenol composition. The antioxidant potential of Taurisolo® results in decreased both expression of 

MnSOD and lipid peroxidation levels. Conversely, the increased release of NO leads to an ERK activation 

and a consequently prosurvival effect against TMAO damage induced in the H9c2 cells. 

As autophagy is important for the maintenance of mitochondrial homeostasis, it was hypothesized 

that Taurisolo® may preserve the H9c2 from injury induced by TMAO and hyperglycemia via autophagy 

activation. To prove this hypothesis, we evaluated the autophagy marker protein microtubule-associated 

protein LC3II expression by Western blot analysis. TMAO treatment of HG-H9c2 induced a down-regulation 

of autophagy, as evidenced by a decrease in LC3II, compared with the HG-H9c2 cells. 72 h-treatment with 

TMAO/ Taurisolo® combination of HG-H9c2 cells was able to reverse the decrease of LC3II expression in 

THG-H9c2 cells (Figure 5.1III-A-C).  

Morphological changes induced by both HG and TMAO in H9c2 cells were detected by α-actin 

immunofluorescence by confocal microscopy; the representative results were shown in Figure 5.1V. The α-

actin protein (green signal) in Taurisolo®-treated HG-H9c2 cells was uniformly distributed in the cytoplasm, 

and cells presented a typical elongated form with respect to untreated HG-H9c2 cells where the shape 

appeared enlarged and rounded; in THG-H9c2 cells, α-actin accumulated, forming evident punctuated 

signals. Meanwhile, Taurisolo® treatment reduced actin aggregation in THG-H9c2 cells. These results 

demonstrate that exposure to Taurisolo® in both HG and THG-H9c2 cells induced α-actin spatial 

organization and a functional cell morphological conformation. The purpose of autophagy is to ensure 

quality control of organelles and proteins, as well as protection of intracellular homeostasis in stress and 

nutrient efficiency (Cetrullo et al., 2015; Dunlop and Tee, 2014; Kume and Koya, 2015; Mizushima and 

Komatsu, 2011; Salminen et al., 2016; Sridharan et al., 2011). Autophagy is involved in the maintenance of 

organelle integrity, protein quality (Zientara-Rytter and Subramani, 2016), and modulated and to participate 

in the pathogenesis of human diseases, such as DM, neurodegenerative diseases, aging, and vascular disease 

(He et al., 2016; Lippai and Szatmari, 2017; Wang et al., 2014). It has been reported that antioxidant molecules 
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such as resveratrol by increasing autophagic flux ameliorates diabetic cardiomyopathy (Lv et al., 2017). In 

THG-H9c2 damage cell model cells, we demonstrated that Taurisolo®, restoring the autophagic process, 

induces a reduction of the actin aggregation, restoring a normal cell morphology. 

 

Figure 5.1V. Representative microphotographs of HG-H9c2 cells. Cardiomyocyte was identified with α-actin 

antibody (green signal), and the nucleus was identified by DAPI (blue signal). (a) H9c2 cell growth with 44 mM 

glucose (HG-H9c2). (b) HG-H9c2 was treated for 72 h with Tau (0.5 µg/µL). (c) HG-H9c2 cell was treated for 72 

h with TMAO (50 µM). (d) HG-H9c2 cell was treated for 72 h with TMAO/Tau combination [source: (Lama et 

al., 2020)]. 

Sphingolipids (SLs) are molecules implicated in cell survival and autophagy. Bioactive lysolipids, 

including ceramides (Cer) and sphingosine-1-phosphate, may act as both extracellular and intracellular 

mediators. We used tandem mass spectrometry to investigate which sphingolipids were secreted in the cell 

medium in Taurisolo®-treated HG- and THG-H9c2 cells. In Figure 5.1VI, the positive ion mass spectrometry 

profile of lipid extract in the medium of the HG-H9c2, THG- H9c2, and both Taurisolo®-treated HG- and 

THG-H9c2 cells was reported. In both HG- and THG-H9c2 spectra, we identified the following peaks: d18: 1 
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sphingoid base and phosphocholine headgroup (449 m/z) (Sullards et al., 2011) (Monounsaturated 18-carbon 

dihydroxylated sphingoid base linked to one chain of palmitic acid denominated 1-O-tricosanoyl-Cer (d18: 

1/16: 0) (875 m/z) and N-(hexacosanoyl)- eicosasphinganine-1-O-[D-mannopyranosyl-α1-2-myo-inositol-1-

phosphate] MIPC (d20 : 0/26 : 0) (1111 m/z). We observed in the lipid fingerprint profile of Taurisolo®-treated 

HG- and THG-H9c2 cells that the metabolite peaks were centered between 200 and 1500 m/z as sphingosine, 

C16- C18 sphinganine-1-phosphate, PE-Cer (d16 : 2/20 : 1), SM (d18 : 0/16 : 0), PI-Cer (d18 : 0/16 : 0), 1-O-

stearoyl-Cer (d18 : 1/18 : 0)/Or 1-O-eicosanoyl-Cer (d18 : 1/16 : 0), MIPC (18 : /20), PIM2 (16 : 0/18 : 1), and 

Glu/Gal-ceramide. Cer plays a central role in sphingolipid metabolism. Cer consists of sphingoid long-chain 

base linked to an acyl chain via an amide bond and synthesized de novo in the endoplasmatic reticulum 

(ER); it can be modified into Golgi in sphingomyelin (SM), sphingosine, and glycosphingolipids (e.g., 

galactosylceramide) and are transported to the plasma membrane (PM). Cer can then be metabolized into 

ceramide-1-phosphate (C1P) and sphingosine-1-phosphate (S1P) or be resynthesized back into SM. 

Sphingosine was associated with growth arrest (Ballou et al., 1992) (whereas SP1 promoted cell proliferation 

and prevents programmed cell death (Spiegel and Milstien, 2000)). In H9c2 cells, higher glucose 

concentration may block the Cer production and then promote transformation in SM and Sph1P, whereas 

Taurisolo® treatment of HG and THG-H9c2 cells induced a reprogramming lipid metabolism and increased 

Cer, SM, and Sph1P productions that may protect the cardiomyocyte from glucose cytotoxicity. Further in 

vivo researches may serve to license Taurisolo® as a useful nutraceutical approach in the prevention of heart 

damage in obese subjects. 

 

Figure 5.1VI. Positive mass spectra of lipid extracted from media of H9c2 cells. Positive ion electrospray mass 

spectra of lipid molecular species in lipid extracts from medium of the HG-H9c2 (44 mM glucose) and THG-
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H9c2 (44 mM glucose + 50 µM TMAO) before and after Tau treatment (Tau-HG-H9c2; Tau-THG-H9c2) [source: 

(Lama et al., 2020)] 

5.1.1 Endothelial dysfunction 

An interesting multicentric study has been conducted by our research group in cooperation with the 

Department of Pharmacy of the Univerisity of Pisa (Italy), the Department of Translational Medical Sciences 

and the Department of Clinical Medicine and Surgery of the University of Naples Federico II (Italy) with the 

scope to elucidate all the possible mechanisms of action of Taurisolo® in protection of the endothelial 

function, using a complete and detailed pharmacological approach (Martelli et al., 2021). This is a very large 

study consisting of in vitro and animal-based studies and a RCT. Overall, materials and methods are detailed 

in Appendix A, B and C. To streamline the reading, the entire description of this study has been divided into 

three subsections: in vitro, animal and clinical data. 

 In vitro data 

Taurisolo® was tested to evaluate its ability to protect both HUVECs and HASMCs against an 

oxidative stimulus obtained by the administration of H2O2. HUVECs were challenged with H2O2 100µM and 

HASMCs with H2O2200µM, according to preliminary experiments carried out to establish their different 

sensitivity to the oxidative stimulus (data not shown). The administration of H2O2on HUVECs induced a 

decrease of cell viability by about 21% (%cell viability vs control:78.9 ± 1.5). This reduction was prevented, in 

a concentration-dependent manner, by the pre-incubation of three different concentrations of Taurisolo® (% 

cell viability vs control for 10µg/mL:83.3 ± 5.6, for 30µg/mL: 95.6 ± 3.2 and for 100µg/mL:101.6 ± 3.2) (Figure 

5.1.1I-A). On the other hand, the administration of H2O2 on HASMCs induced a decrease of cell viability by 

about 24% (% cell viability vs control: 75.8 ± 3.7) and also in HASMCs, the pre-incubation of the three 

different concentrations of Taurisolo® induced a concentration-dependent trend of protection (% cell 

viability vs control for 10µg/mL:87.5 ± 4.9, for 30µg/mL: 94.9 ± 4.2 and for 100µg/mL:97.2 ± 3.4) (Figure 5.1.1I-

B). 
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Figure 5.1.1I. Evaluation of the protective effect induced by Taurisolo® on HUVECs(A) and HASMCs(B) cell 

viability, against the H2O2-induced oxidative damage. The coloured histograms indicate the % of cell viability of 

treated cells vs the value of cell viability in cells treated only with vehicle (Control, white histogram). All the 

experiments were repeated for a minimum of three times and each one was carried out in triplicate (n=9). The 

symbols indicate the level of statistical significance calculated by ANOVA one-way, followed by Bonferroni 

post-test: # indicates the significance vs Control, * indicates significance vs cells treated with H2O2 (##p<0.01, 

###p<0.001; *p<0.05, **p<0.01) [source: (Martelli et al., 2021)]. 

On the basis of the above results, the concentration of Taurisolo® 100µg/mL, which 

demonstrated full protection on both HUVECs and HASMCs, was selected for further investigation 

on the potential mechanisms of action. On the other hand, on the basis of the composition of the 

extract rich in resveratrol, a possible involvement of the Sirtuins pathway was evaluated. Resveratrol 

is reported as an activator of Sirtuin-1 but also of the AMP-dependent protein kinase (AMPK), and 

these targets show a mutual co-activation. Therefore,the involvement of the AMPK pathway was 

also evaluated. In order to evaluate the involvement of Sirtuins and AMPK in the protective activity 

of Taurisolo®, the selective blockers of the Sirtuins pathway Sirtinol, and the blocker of the AMPK 

pathway, Compound C (or Dorsomorphin), were administered,both at 10µM. In this set of 

experiments, the administration of H2O2 100µM to HUVECs reduced cell viability by about 27% 

(%cell viability vs control: 73.1 ± 1.9), and the pre-incubation of Taurisolo® 100µg/mL induced an 

almost full preservation of cell viability (%cell viability vs control: 95.0 ± 1.9). When the 

administration of Taurisolo® 100µg/mL was preceded by the pre-incubation of Sirtinol 10µM, 
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Taurisolo®was unable to protect the endothelial cells against the oxidative damage (%cell viability vs 

control: 69.3 ± 2.8). The same inability was observed when Taurisolo® administration was preceded 

by pre-incubation of Compound C 10µM (%cell viability vs control: 74.0 ± 6.7) and also when the 

two inhibitors, Sirt and CC, were co-pre-incubated in HUVECs before Taurisolo® administration 

(%cell viability vs control: 70.7 ± 3.1) (Figure 5.1.1II-A). The same experimental protocol was applied 

on HASMCs in which the administration of H2O2 200µM reduced the vascular smooth muscle 

viability by about 28% (%cell viability vs control: 71.8 ± 2.4) and the pre-incubation of Taurisolo® 

100µg/mL prevented this reduction resulting in a %cell viability vs control of 96.4 ± 1.6. As already 

observed in HUVECs, also in HASMCsboth the pre-incubation of Sirtinol and the pre-incubation of 

Compound C inhibited the protective effect exhibited by Taurisolo® (%cell viability vs control: 76.7 ± 

3.6 and 71.8 ± 4.7 respectively), as well as the co-administration of the two inhibitors (%cell viability 

vs control: 70.6 ± 1.4) (Figure 5.1.1II-B). 

 

Figure 5.1.1II. Evaluation of the protective effect induced by Taurisolo® on HUVECs(A) and HASMCs 

(B) cell viability, against the H2O2-induced oxidative damage, in the presence and the absence of 

selective inhibitors of sirtuin pathway Sirtinol (Sirt) 10µM, of AMPK pathway, Compound C (CC) 

10µM, or both. The coloured histograms indicate the % of cell viability of treated cells vs the value of 

cell viability in cells treated only with vehicle (Control, white histogram). All the experiments were 

repeated for a minimum of three times and each one was carried out in triplicate (n=9). The symbols 

indicate the level of statistical significance calculated by ANOVA one-way, followed by Bonferroni 

post-test: # indicates the significance vs Control, * indicates significance vs cells treated with H2O2, § 
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indicates the significance vs cells treated with Taurisolo®+H2O2 (###p<0.001; ***p<0.001;§§§p<0.001) 

[source: (Martelli et al., 2021)]. 

Then, the involvement of sirtuins and AMPK pathways was investigated by the 

measurement of ROS levels. In particular, in HUVEC cells, the administration of H2O2induced 

anincrease in ROS level by about 40% (%ROS vs control: 141.4 ± 6.7) while the pre-incubation of 

Taurisolo® reduced the ROS level at a level even lower than control (%ROS vs control: 83.5 ± 9.0). 

When Sirtinol, Compound C or both were pre-incubated before Taurisolo® and H2O2, they abolished 

the preventive effects of Taurisolo®against ROS production (%ROS+Sirtinol vs control: 129.6 ± 6.7; 

%ROS+Compound C vs control: 134.9 ± 11.1; %ROS+Sirtinol+Compound C vs control: 141.9 ± 10.2) 

(Figure 5.1.1III-A). On HASMCs,H2O2 evoked an increase of ROS by about 28% (%ROS vs control: 

128.0 ± 4.6); pre-incubation of Taurisolo® prevented this increase maintaining ROS levelslower than  

those exhibited in control conditions (%ROS vs control: 80.3 ± 5.7). Also in HASMCs, when the 

administration of Taurisolo® and H2O2was preceded by pre-incubation of Sirtinol or Compound C or 

both, the protective effect exhibited by Taurisolo® against ROS increase was abolished 

(%ROS+Sirtinol vs control: 138.8 ± 6.8; %ROS+Compound C vs control: 122.1 ± 7.1; 

%ROS+Sirtinol+Compound C vs control: 147 ± 10.9) (Figure 5.1.1III-B). 

 

Figure 5.1.1III. Evaluation of the protective effect induced by Taurisolo®on HUVECs(A) and HASMCs 

(B) against the H2O2-induced ROS-increase, in the presence and in the absence of selective inhibitors of 

sirtuin pathway Sirtinol (Sirt) 10µM, of AMPK pathway, Compound C (CC) 10µM, or both. The 

coloured histograms indicate the % of ROS levels of treated cells vs the value of ROS levels in cells 
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treated only with vehicle (Control, white histogram). All the experiments were repeated for a 

minimum of three times and each one was carried out in triplicate (n=9). The symbols indicate the level 

of statistical significance calculated by ANOVA one-way, followed by Bonferroni post-test: # indicates 

the significance vs Control, * indicates significance vs cells treated with H2O2, § indicates the 

significance vs cells treated with Taurisolo®+H2O2 (##p<0.01; ***p<0.001; §§p<0.01,§§§p<0.001) [source: 

(Martelli et al., 2021)]. 

The administration of increasing concentrations of Taurisolo® to endothelium-intact aortic 

rings pre-contracted with KCl evoked a clear vasorelaxing effect (Emax= 80.6 ± 1.9 and pEC50= 1.19 ± 

0.03 corresponding about at 0.1mg/ml) which wascompletely endothelium-dependent and, in 

particular, nitric oxide (NO)-dependent. Indeed, when the administration of Taurisolo® was 

repeated on endothelium-denuded aortic rings or on endothelium-intact aortic rings pre-treated 

with the inhibitor of NO- biosynthesis L-NAME, the vasorelaxing effect was completely abolished 

(Figure 5.1.1IV). 

 

Figure 5.1.1IV. Vasorelaxant effect induced by Taurisolo®on endothelium-intact or endothelium-

denuded rat aortic rings. In the red line the concentration-response curve induced by Taurisolo® on 

endothelium-intact rat aortic rings pre-contracted withKCl 25mM. In the black line the concentration-

response curve evoked by Taurisolo® on endothelium-denuded aortic rings. Finally, in the orange line, 

the concentration-response curve induced by Taurisolo® on endothelium-intact rat aortic rings in the 

presence of the inhibitor of the NObiosynthesis,L-NAME100µM. The vertical barsindicate the SEM. Six 

different experiments were performed, eachwith six replicates (n=6). The asterisks indicate a 
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significantdifference from the red curve obtained on endothelium-intact aorticrings (***p<0.001) 

[source: (Martelli et al., 2021)]. 

The vasorelaxant concentration-response curve induced by Taurisolo® was repeated on 

endothelium-intact rat aortic rings, in the presence of the inhibitor of Sirtuin pathway Sirtinol (Sirt 

100µM), or the inhibitor of AMPK pathway Compound C (CC 100µM). In the aortic rings pre-

incubated with Sirtinol, similar values of Emax but reduced values of pEC50 were observed (Emax= 

76.4 ± 3.8 and pEC50=0.63 ± 0.05) if compared to the aortic rings in the absence of inhibitors (red 

line). The same behaviour was observed in aortic rings pre-incubated with Compound C which 

exhibited similar Emax but reduced pEC50 (Emax= 73.7 ± 3.8 and pEC50= 0.57 ± 0.06). Finally, when 

the two inhibitors (Sirt and CC) were pre-incubated together on endothelium-intact rat aortic rings, 

they evoked again a similar value of Emax but a further reduction of pEC50 value even if compared 

with the vasorelaxing curve in the presence of a single inhibitor (Emax= 76.5 ± 1.8 and pEC50= 0.27 ± 

0.04) (Figure 5.1.1V). 

 

Figure 5.1.1V. Vasorelaxant effect induced by Taurisolo® on endothelium-intact in the absence or in the 

presence of Sirtuins and AMPK pathways inhibitors. In the red line the concentration-response curve 

induced by Taurisolo® on endothelium-intact rat aortic rings, pre-contracted with KCl 25mM. In the 

orange line the concentration-response curve evoked by Taurisolo® on endothelium-intact aortic rings 

pre-treated with the inhibitors of Sirtuins pathway, Sirtinol (Sirt 100µM). In the blue line, the 

concentration-response curve induced by Taurisolo® on endothelium-intact rat aortic rings in the 

presence of the inhibitor of the AMPK pathway, Compound C (CC 100µM). In the green line, the 
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concentration-response curve induced by Taurisolo® on endothelium-intact rat aortic rings in the 

presence of both the inhibitors Sirt and CC 100µM. The vertical bars indicate the SEM. Six different 

experiments were performed, each with six replicates (n=6). The asterisks indicate a significant 

difference from the red curve obtained on endothelium-intact aortic rings (**p<0.01, ***p<0.001) 

[source: (Martelli et al., 2021)]. 

Besides the direct vasodilating effect, Taurisolo®was also able to inhibit the NA-induced 

vasoconstriction. In particular, in control endothelium-intactaortic rings, the administration of 

cumulative concentrations of NA induced a vasoconstricting concentration-response curve reaching 

an Emax of 88.9 ± 2.9 and a pEC50 of 7.21 ± 0.09. The pre-incubation of endothelium-intact aortic 

rings with Taurisolo® 10 or 30 or 100µg/mL, induced a concentration-dependent reduction both of 

Emax (Emax with Tau 10µg/mL= 75.4 ± .4; Emax with Tau 30µg/mL= 60.9 ± 5.9; Emax with Tau 

100µg/mL= 52.0 ± 5.1) and of pEC50 values (pEC50 with Tau 10µg/mL= 6.81 ± 0.20; pEC50 with Tau 

30µg/mL=6.84 ± 0.18; pEC50 with Tau 100µg/mL=6.86 ± 0.11) (Figure 5.1.1VI). 

 

Figure 5.1.1VI. Inhibition of NA-induced vasoconstriction by three different concentrations of 

Taurisolo®. The curves represent the vasocontracturant response to cumulative concentrations of NA in 

endothelium-intact aortic rings pre-incubated with vehicle (Control) or Taurisolo® at the 

concentrations of 10, 30 and 100 µg/mL. The vasocontracturant effects are expressed as a% of the 

contractile responses induced by the administration of KCl 60mM. The vertical bars indicate the SEM. 

Six different experiments were performed, each with six replicates (n=6).The asterisks indicate a 
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significant difference from the Control vasoconstriction curve (line in black).(n.s.= not significant; 

***p<0.001) [source: (Martelli et al., 2021)]. 

As reported in scientific literature, resveratrol exerts many of its cardiovascular protective effects, 

especially against endothelial dysfunction, through the activation of Sirtuin-1 and AMPK (San Cheang et al., 

2019). The results obtained on HUVECs and HASMCs confirmed that also Taurisolo® exhibited a protective 

effect against endothelium and vascular smooth muscle oxidative processes, through the activation of Sirtuin 

and AMPK pathways. The involvement of the Sirtuins-AMPK pathways in the cardiovascular effects of 

Taurisolo® seems to be confirmed in the experiments on the rat aortic rings, in which the endothelium-

dependent/NO-dependent vasodilation induced by Taurisolo® was impaired when Sirtuins-AMPK 

pathways were inhibited by the administration of selective blockers. These findings are consistent with the 

evidence widely described in the literature for resveratrol: activation of Sirtuin-1/AMPK-pathway induces 

the phosphorylation of eNOS which leads to an increase in NO biosynthesis and to vasodilation (Bonnefont-

Rousselot, 2016; Xia et al., 2014). 

 Animal data 

We firstly evaluated the effect of chronic administration with Taurisolo® on systolic blood pressure 

values in spontaneously hypertensive rats (SHRs). As expected, between the 6th and the 10th week of age, 

SHRs showed a progressive increase in blood pressure. In particular, during the 4 weeks of treatment, the 

systolic blood pressure of SHRs belonging to the “Control group” increased by about 50mmHg reaching 

values of 234 ± 2 mmHg. In SHRs which received Taurisolo® 10mg/Kg/die the increase of systolic blood 

pressure was slightly restrained to 225 ± 1 mmHg, while in the SHRs which received Taurisolo® 20mg/Kg/die 

the increase of systolic blood pressure values was significantly inhibited, reaching, at the end of the 4th week, 

values of 200 ± 2 mmHg similar to those recorded in SHRs treated with the reference drug Captopril 

20mg/Kg/die (190 ± 3 mmHg) (Figure 5.1.1VII). 
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Figure 5.1.1VII. Daily recordings of systolic blood pressure values in SHRs during the in vivo, 4-weeks long 

chronic, per os treatment with: drinking water (Control group, orange line), Taurisolo® 10mg/Kg/die (green line), 

Taurisolo® 20mg/Kg/die (pink line), Captopril 20mg/Kg/die (blue line). The vertical bars indicate the SEM. The 

asterisks indicate a significant difference from the Control SHRs group.( ***p<0.001) [source: (Martelli et al., 

2021)]. 

The same recordings were then grouped to express the weekly means of systolic blood pressure 

values before and during the in vivo, chronic, per os treatment (Table 5.1.1I). 

Table 5.1.1I. Weekly mean of the systolic blood pressure values (mmHg) recorded in SHRs during 

the in vivo, chronic, oral treatment with: tap water (Control), Taurisolo® 10mg/Kg/die, Taurisolo® 

20mg/Kg/die, Captopril 20mg/Kg/die [source: (Martelli et al., 2021)]. 

 

 

  

 

 

*Significance level vs weekly mean values (mmHg) of the Control SHRs: **p<0.01, ***p<0.001 

 

At the end of the 4-week-long chronic treatment, aorta of SHRs was excised and aortic rings were 

mounted in a bath in order to perform the endothelium functionality test. The aortic rings belonging to SHRs 

treated only with tap water (Control group) exhibited a reduced vasorelaxing response after Ach 

administration (Emax= 59.6 ± 3.6), giving evidence of an endothelial dysfunction. The aortic rings from SHRs 

treated with Taurisolo®10mg/Kg/die exhibited a partial but significant recovery of the endothelial function 

(Emax= 74.5 ± 2.8) similar to that induced by Captopril 20mg/Kg/die (Emax= 80.2 ± 3.7). Finally, the aortic 

rings deriving from SHRs treated with Taurisolo® 20mg/Kg/die exhibited the maximum protection of the 

endothelial function giving a significant, almost full, vasorelaxing effect (Emax= 88.9 ± 1.5) (Figure 5.1.1VIII). 

Week 
Control  Taurisolo® 

10mg/Kg/die 

Taurisolo® 

20mg/Kg/die 

Captopril 

20mg/Kg/die 

0 184 ± 6 178 ± 7 185 ± 4 194 ± 2 

1 212 ± 4 202 ± 3 192 ± 3**  193 ± 2** 

2 233 ± 5 223 ± 4 205 ± 2*** 191 ± 3*** 

3 232 ± 3 224 ± 4 200 ± 2*** 190 ± 2*** 

4 234 ± 2 225 ± 1 200 ± 2*** 189 ± 3*** 
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Figure 5.1.1VIII. Evaluation of endothelial dysfunction in aortic rings excised by SHRs treated for 4 weeks, orally 

with: tap water (Control, orange line), Taurisolo® 10mg/Kg (green line), Taurisolo® 20mg/Kg (pink line), and the 

reference drug Captopril 20mg/Kg (blue line). The experiments were carried out in 5 replicates and the five 

rings derived from 5 different SHRs(n=5). The vertical bars indicate the SEM. The asterisks indicate a significant 

difference from the Control SHRs group.(*p<0.05, **p<0.01, ***p<0.001) [source: (Martelli et al., 2021)]. 

In order to demonstrate that the impaired Ach-induced vasorelaxation observed in control SHRs 

actually derived from the dysfunction of the endothelial tissue (i.e. reduced biosynthesis of endothelial NO), 

and was not due to a reduced sensitivity of vascular smooth muscle to NO, the vasorelaxing activity of 

sodium nitroprusside (SNP) was tested. Indeed, SNP is a NO-donor i.e. a vasorelaxant compound which 

generates exogenous NO independently from the vascular endothelium. In particular, SNP concentration-

response curves were performed on aortic rings deriving from SHRs belonging to the different groups of 

chronic treatments. The administration of cumulative concentrations of SNP to aortic rings from SHRs 

treated with tap water (Control), Taurisolo® 10mg/Kg/die, Taurisolo® 20mg/Kg/die and Captopril 

20mg/Kg/die evoked almost fully comparable vasorelaxing effects (Figure 5.1.1IX). This confirmed the 

exclusive role of endothelial dysfunction in the reduced Ach-induced vasorelaxation. 
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Figure 5.1.1IX. Evaluation of smooth muscle functionality in the aortic rings excised by SHRs treated for 4 

weeks, orally with: tap water (Control, orange line), Taurisolo® 10mg/Kg (green line), Taurisolo® 20mg/Kg (pink 

line), and the reference drug Captopril 20mg/Kg (blue line). The experiments were carried out in 3 replicates 

and the five rings derived from 5 different SHRs(n=5). The vertical bars indicate the SEM [source: (Martelli et al., 

2021)]. 

As the increase of blood pressure values in SHRs is coupled with the development of cardiac 

hypertrophy, at the end of the 4-week-long treatment the heart of SHRs was excised and weighted. In 

particular, the reference drug Captopril, as other ACE-inhibitors which are gold standards in the 

prevention/reversion of cardiac hypertrophy, induced a significant anti-hypertrophic effect if compared to 

the hearts of the Control group (heart weight/rat weight= 3.87 ± 0.10 g/Kg vs 4.30 ± 0.03, respectively). 

Taurisolo® 10mg/Kg/die induced a slight, non-significant reduction of the cardiac hypertrophy (heart 

weight/rat weight= 4.16 ± 0.09 g/Kg) while the hearts deriving from SHRs treated with Taurisolo® 

20mg/Kg/die exhibited a value of cardiac hypertrophy significantly different from that exhibited by the 

hearts excised by SHRs belonging to the control group (heart weight/rat weight= 3.96 ± 0.09 vs4.30 ± 0.03) 

(Figure 5.1.1X). 
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Figure 5.1.1X. Evaluation of the anti-hypertrophic effect induced by Taurisolo® 10mg/Kg (green line), Taurisolo® 

20mg/Kg (pink line), and the reference drug Captopril 20mg/Kg (blue line) on the SHR hearts after 4 weeks of 

chronic, oral treatment. The experiments were carried out on the hearts from 5 different SHRsfor each treatment 

(n=5). The vertical bars indicate the SEM. The asterisks indicate a significant difference from the hearts deriving 

from the Control group.(*p<0.05, **p<0.01) [source: (Martelli et al., 2021)]. 

Finally, we investigated the indirect effect of Taurisolo® on platelet activation performing a murine 

ex vivo model of clot retraction. Results were assessed by macroscopic clots morphology (Figure 5.1.1XI-A-D) 

and numerically (clot score) by clots weights (Figure 5.1.1XI-E) and residual serum volumes (Figure 5.1.1XI-F). 

It was observed that samples from Taurisolo®-treated mice (10 and 20 mg/Kg; p.o.) were less retracted 

compared to Control group (p ≤ 0.05 vs Ctrl, Figure 5.1.1XI-E), suggesting that Taurisolo® administrated at the 

higher doses of 10 and 20 mg/Kg decreased the clot retraction rates of platelets. No significant differences 

were found in the production of serum (Figure 5.1.1XI-F). Successively, we analyzed the effect ofTaurisolo® on 

the biochemical indicators of coagulation. As shown in Figure 5.1.1XI-I the administration of Taurisolo® at the 

dose of 10 and 20 mg/kg induced a significant decrease of fibrinogen (expressed as mg/dl) compared to 

Control group (p ≤ 0.05; p ≤ 0.01 respectively for Taurisolo®10 and 20 mg/Kg). No significant differences 

were found for serum concentrations of prothrombin time and partial thromboplastin time (expressed as 

seconds) in all experimental groups (Figure 5.1.1XI-G,H). 
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Figure 5.1.1XI. Effect of Taurisolo® (TAU®) on ex vivo clot retraction and coagulation’s indexes (PT, PTT, 

fibrinogen).The impact of TAU® (1-20 mg/Kg) on platelet activation was evaluated by clots morphology (A-D), 

quantification of clot weights (E) and residual serum volumes (F). The effect on coagulation process and 

fibrinolytic activity were also determined by measuring PT, PTT and fibrinogen levels (G-I). Data are presented 

as means ± SD of n=6 mice per group. Statistical analysis was conducted by one-way ANOVA followed by 

Bonferroni’s for multiple comparisons. ⁎p ≤ 0.05, ⁎⁎p ≤ 0.01 vs Ctrl-treated group [source: (Martelli et al., 2021)]. 

The results obtained in in vitro experiments were translated in the in vivo pre-clinical model 

represented by SHRs, which is a recognized animal model of hypertension, endothelial dysfunction, and 

cardiac hypertrophy. The sphygmomanometric “tail-cuff” method allows to better reproduce the situation 

more similar to the clinic one because SHRs are conscious. On the other hand, to avoid the possible alteration 

of blood pressure due to the animal manipulation, SHRs were trained, for two weeks before the beginning of 

compound administration, to be handled and to allow blood pressure procedures. As the aim of our work 

was to evaluate potential prevention of hypertension, endothelial dysfunction, and cardiac hypertrophy by 

Taurisolo®, the SHRs were selected and treated from the 6th to the 10th week of age, since in that interval their 

blood pressure values, and the consequent degeneration of endothelial and myocardial tissues, are 

notyetwell-established but are in progress. The choice of Captopril as a reference drug was due to its 

recognized properties to control blood pressure levels and to protect cardiovascular tissues from 

degenerative processes, especially myocardial remodeling which leads to cardiac hypertrophy. The 

Taurisolo® doses were selected on the basis of previous studies that demonstrated a protective effect by 

Taurisolo® against rat brain ischemia-reperfusion injury (Lapi et al., 2020) and to the observation that the 
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doses 10mg/Kg and 20mg/Kg in SHRs correspond to about 115mg and 230mg/die in humans of about 70Kg 

(Reagan-Shaw et al., 2008). These doses are well compatible with a daily assumption of this supplement. 

During the chronic, 4-week long in vivo treatment, oral Taurisolo®20mg/Kg/die, demonstrated a significant 

inhibition of blood pressure increase,from the first week of treatment to the end of the study. As expected, 

the metabolic parameter represented by fasting blood glucose level and lipidic panel were not altered in 

SHRs belonging to the Control group and the administration of Taurisolo® did not change significantly the 

normal metabolic profile of this pre-clinical animal model. Instead, the evaluation of Taurisolo®'s impact on 

endothelial dysfunction highlighted a marked protection of endothelial function by Taurisolo® which 

reaches the statistical significance at the lowest dosage of 10mg/Kg/die and which was even better than that 

exhibited by Captopril at the dosage of 20mg/Kg/die. Finally, Taurisolo® 20mg/Kg/die induced also 

significant prevention of the cardiac hypertrophy developed by SHRs, for which the gold standard is 

represented by ACE-inhibitors like Captopril. 

These evidences were also supported by data from ex vivo clot retraction and coagulation’s indexes. 

In particular, chronic treatment with Taurisolo® at dose of 10 and 20 mg/kg was able to modify platelet 

activation and clot formation in mice. Accordingly, fibrinogen levels were down-regulated in Taurisolo®-

treated mice compared to Ctrl (without any effect on PT and PTT time) suggesting an extrinsic modulation 

of coagulation’s cascade. 

 Clinical data 

In order to translate both the in vitro and the animal-based results into the clinical practice, we also 

investigated the effects of Taurisolo® on endothelial function in humans. The RCT was conducted on young 

adults, healthy volunteers. Overall study duration was 12 weeks: 2-week run-in period (without any 

treatment); 8-week intervention period and 2-week follow-up period. The examinations were performed in 

an outpatient setting. Clinical examinations and blood sampling were performed after 12h of fasting at 

weeks 2 and 10. Study participants were randomized into two treatment arms: active group and placebo 

group. This study was conducted both in acute and chronic. For the acute study, 800mg of Taurisolo® or 

maltodextrins were administered to each study participant randomized into the relative intervention group. 

For the chronic study, subjects in the active group were administered with 400mg Taurisolo® twice daily, 

while subjects in the placebo group were administered with equivalent dose of maltodextrins. 

A total of 30 human subjects were screened for eligibility; 4 subjects did not pass the screening 

phase. Overall, 26 subjects were randomized into active group (n=13) and placebo group (n=13). According 

to CONSORT PRO guidelines. Figure 5.1.1XII shows the flow of study participants through the trial together 

with the completeness of diary information over the entire treatment period. 
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Figure 5.1.1XII. Study flowchart. Study flowchart, according to the consolidated standards of reporting trials 

(CONSORT) [souce: (Martelli et al., 2021)].  

Table 5.1.1II reports baseline demographic and clinical characteristics of the 20 subjects completing 

the study. Overall, the mean age was 24±3years and BMI 22.3±5kg/m2. The majority of study participants 

(65%) were non-current smokers and regular physical activity practitioners (55%). Serum levels of metabolic 

parameters were within the normal range for age and sex; serum levels of ox-LDL reflected a strong 

alteration, while D-ROMs levels fell within the normal range value.  

Clinical characteristic variation before and after 8-week treatment with Taurisolo® or placebo are 

reported in Table 5.1.1III. 



  

Table 5.1.1II. Baseline characteristics of study participants [source: (Martelli et al., 2021)]. 

Variable Value ± SD 

Demographic characteristics 

Subjects (No) 20 

Age (years) 24.46 ± 2.99 

Male sex (No (%)) 11 (55%) 

White ethnicity (No (%)) 20 (100%) 

Smokers (No (%)) 7 (35%) 

Regular physical activity (No (%)) 11 (55%) 

Anthropometric characteristics 

Weight (Kg) 66.03 ± 11.79 

Height (cm) 1.69 ± 0.10 

BMI (Kg/m2) 22.30 ± 4.87 

WC (cm) 76.82 ± 11.52 

HC (cm) 98.09 ± 5.37 

WHR 0.72 ± 0.25 

Serum parameters 

Glycaemia (mg/dl) 66.78 ± 12.71 

TC (mg/dl) 145.85 ± 32.82 

TG (mg/dl) 51.92 ± 16.86 

HDL-c (mg/dl) 49.22 ± 12.14 

LDL-c (mg/dl) 84.05 ± 34.00 



  

OxLDL (µEq/L) 1031.15 ± 676.50 

D-ROMs (UCARR) 259.33 ± 104.94 

Endothelial function 

FMD (%) 6.48 ± 3.28 

RHI 3.26 ± 1.24 

 



  

Table 5.1.1III. Differences between the two intervention groups before and after the 8-week treatment. No significant differences were evident between the two 

groups before treatment. ∗Values are expressed as mean ± SD (three repetitions); statistical significance is calculated by Student’s t-test [source: (Martelli et al., 

2021)]. 

 

Parameters 

Taurisolo® (n = 10) Placebo (n = 10) p-value 

Initial Final Initial Final Initial (Taurisolo® vs. 

Placebo) 

Taurisolo® 

(initial vs. final) 

Placebo  

(initial vs. final) 

Age (years) 24.17 ± 0.98 - 24.71 ± 4.11 - 0.757 - - 

Male sex (No (%)) 6 (60%) - 5 (50%) - 2 = 0.202; p = 0.653 - - 

Smokers (No (%)) 4 (40%) - 3 (30%) - 2 = 0.219; p = 0.639 - - 

Regular physical 

activity (No (%)) 

5 (50%) - 6 (60%)  2 = 0.202; p = 0.653 - - 

Weight (Kg) 67.53 ± 11.82 67.33 ± 11.23 64.52 ± 12.67 64.35 ± 13.13 0.679 0.672 0.602 

Height (cm) 1.67 ± 0.10 - 1.71 ± 0.11 - 0.499 - - 

BMI (Kg/m2) 24.24 ± 2.59 24.19 ± 2.42 21.97 ± 2.26 21.89 ± 2.39 0.136 0.738 0.524 

WC (cm) 78.75 ± 15.15 78.38 ± 15.19 74.50 ± 5.72 74.64 ± 5.06 0.570 0.188 0.744 

HC (cm) 101.92 ± 2.15 101.60 ± 2.54 93.50 ± 4.24 93.28 ± 4.25 0.002 0.242 0.189 

WHR 0.77 ± 0.14 0.77 ± 0.13 0.80 ± 0.05 0.80 ± 0.05 0.716 0.475 0.403 

Glycaemia (mg/dl) 63.32 ± 11.55 74.68 ± 5.82 69.76 ± 13.77 72.66 ± 6.50 0.386 0.234 0.420 

TC (mg/dl) 143.67 ± 39.88 154.25 ± 14.48 147.71 ± 28.63 142.57 ± 18.87 0.835 0.055 0.318 

TG (mg/dl) 56.83 ± 17.88 52.25 ± 27.28 47.71 ± 16.04 51.57 ± 18.83 0.353 0.474 0.125 

HDL-c (mg/dl) 43.63 ± 5.77 53.75 ± 6.55 54.01 ± 14.46 51.56 ± 12.95 0.129 0.062 0.122 



  

LDL-c (mg/dl) 88.67 ± 37.61 90.05 ± 20.73 80.10 ± 33.06 80.70 ± 23.09 0.670 0.744 0.910 

oxLDL (µEq/L) 1005.00 ± 389.81 639.50 ± 188.74 1053.57 ± 887.36 1051.43 ± 889.95 0.904 0.043 0.945 

D-ROMs (UCARR) 297.08 ± 84.06 227.75 ± 20.01 226.97 ± 116.16 227.11 ± 88.26 0.246 0.008 0.995 

FMD (%) 6.67 ± 4.56 12.61 ± 2.92 6.31 ± 2.03 6.24 ± 1.62 0.852 0.019 0.763 

RHI 2.95 ± 1.10 4.15 ± 1.03 3.63 ± 1.43 3.69 ± 1.60 0.394 0.079 0.920 
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Endothelial function was evaluated at baseline, in the acute phase (1h after administration of 

Taurisolo® 800 mg or placebo) and in long-term phase (after 8-week treatment with Taurisolo®400 mg twice 

daily or placebo). As shown in Figure 5.1.1XIII, we observed significant increases in FMD both in acute (p 

versus baseline =0.021) and during long-term supplementation (p versus baseline =0.019) in active group. 

Also, in active group RHI did not show any change in the acute phase (p versus baseline =0.613), whereas a 

trend toward increase was found after 8-week supplementation of Taurisolo® (p versus baseline =0.079). No 

significant changes were observed for FMD and RHI in placebo group during the study observation time. 

 

Figure 5.1.1XIII. Acute and chronic effect of Taurisolo® on FMD and RHI. The effect of Taurisolo® on endothelial 

function was evaluated by monitoring FMD and RHI both in acute and after 8-week treatment period. Values 

are expressed as mean ± SD (three repetitions); statistical significance is calculated by Student’s t-test. *p < 0.05 

t0 vs. t1h; # p < 0.05 t0 vs. t8wk; °p < 0.05 t1h vs. t8wk [source: (Martelli et al., 2021)]. 

The acute effect may be explained by the high bioavailability of Taurisolo® polyphenols. The acute 

effects herein observed are in line with previous studies reporting the ability of grape polyphenols to 

increase FMD within one hour after oral administration (Boban et al., 2006; Hampton et al., 2010; Karatzi et 

al., 2008, 2007; Lekakis et al., 2005; Li et al., 2013; Papamichael et al., 2004; Wong et al., 2013). Similarly, a 

number of studies reported the effects of chronic administration of grape polyphenols on endothelial 

function in terms of increased FMD (Akbari et al., 2019; Barona et al., 2012; Clifton, 2004). Also in this case, 

our results in humans reflect what previously published. According to the available literature, the most 

relevant mechanism of action for the FMD-increasing effect of chronic polyphenol administration is related 

to their action on NO production and release that, in turn, is strongly related to FMD. In this sense, our 

results demonstrating the endothelium-dependent/NO-dependent vasodilation induced by Taurisolo® may 
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serve to provide a solid explanation for our clinic observation, representing a potential mechanism of action 

for both acute and chronic FMD-increasing effects of Taurisolo®. 

Since the endothelial function is susceptible tooxidative stress, we also investigated the effects of 

chronic Taurisolo® administration on oxLDL and D-ROMs, as oxidative stress-related serum biomarkers. 

Serum levels of oxLDL and D-ROMs were monitored in all study participants before and after 8-week 

treatment with Taurisolo® (Figure 5.1.1XIV). oxLDL and D-ROMs serum levels significantly reduced by 

36.36% (p=0.043) and 23.33% (p=0.008), respectively, in active group, while no significant variations were 

observed in placebo group. 
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Figure 5.1.1XIV. Chronic effect of Taurisolo® on oxidative stress-related biomarkers. Serum levels of oxLDL and 

D-ROMs, as oxidative stress-related biomarkers, were monitored before and after 8-week treatment with 

Taurisolo® or placebo. Values are expressed as mean ± SD (three repetitions); statistical significance is calculated 

by Student’s t-test [source: (Martelli et al., 2021)]. 

The main putative mechanisms for the oxLDL- and DROMs-reducing effects of Taurisolo® have been 

discussed in section 3. 

In conclusion, the pharmacological characterization carried out on the cardiovascular properties 

exhibited by Taurisolo®, demonstrated that it represents a nutraceutical product able to induce a protective 

effect on both endothelium and smooth muscle of the vascular wall, against oxidative stimuli. Taurisolo®, 

thus, emerged as a nutraceutical particularly useful for the prevention of the CVD starting with the 

alteration of the integrity and the functionality of the vascular wall. These phenomena are mainly based on 

oxidative processes that characterize the gradual ageing of tissues and which are caused by a fat-rich diet or 

metabolic disorders like metabolic syndrome, obesity, diabetes, and hypercholesterolemia. Both the gradual 

chronic degeneration due to ageing and the acute attack by cytokines due to infections lead to a 

dysfunctional endothelium unable to perform its vasodilating and antiplatelet effects mediated by NO, 

leading to thromboembolic complications. The results obtained in this study confirmed the ability of 

Taurisolo® to arrest the deterioration of the vessels and to protect the endothelial function, inducing the 

prevention of cardiovascular diseases like hypertension, myocardial infarct, stroke, erectile dysfunction, and 

cognitive impairment. 



 

124 

5.2 Neurodegenerative disorders  

The protective effect of Taurisolo® on brain health, and in particular on aged brain-associated 

cognitive decline, was evaluate with an animal-based study conducted during the internship at the Research 

Group in Community Nutrition and Oxidative Stress and Health Research  Institute of the Balearic Islands 

(IdISBa), University of Balearic Islands, Palma de Mallorca (Spain) as required by this PhD program, and in 

collaboration with the Laboratory of Neurophysiology, Biology Department of the same University (article 

in press). The study (which methods are detailed in Appendix B) was conducted on aged rats (20 months 

aged, n=24) randomly allocated into three groups: control (Ctr; administered with 50 mg/kg maltodextrins 

daily; n=8), active group 1 (100; administered with 100 mg/kg Taurisolo® daily; n=8) and active group 2 (200; 

administered with 200 mg/kg Taurisolo® daily; n=8). An additional group of young rats (3 months aged, n=8) 

were treated with 50 mg/kg maltodextrins, and used as positive control (young). Both treatments 

(maltodextrins and Taurisolo®) were orally administered for 30 days. Behavioural tests licensed for the study 

of cognitive and motor functions (Barnes Maze test and Rotarod test) were conducted before and after 

treatment period. 

The effects of chronic treatment with Taurisolo® on learning and memory were evaluated with the 

Barnes Maze Test. At the start of the treatment (t0), both the initial and the final latency were no significantly 

different in animals from the three aged treatment groups, among the three training sessions and the test 

(Figure 5.2I). As expected, the initial latency of young rats was lower than aged; however, in young rats, the 

final latency was surprisingly higher, in particular during the third training. 
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Figure 5.2I.  Barnes Maze Test. Initial and final latency at the start of the treatment. 

On the contrary, at the end of the treatment (t30) significant differences were observed, as shown in 

Figure 5.2II. At t30 the initial latency of both the animal groups treated with Taurisolo® was lower than the 

aged rats control group, although only the differences between the control group and the 100-group 

registered during the training 3 were significant (90.38 ± 75.47 sec vs. 35.62 ± 37.60 sec, Ctr vs. 100, p < 0.05). 

On the other hand, the final latency of the 200-group was almost similar to Ctr, while that of the 100-group 

was lower; however, also in this case, the differences between the 100-group and the Ctr were significant at 

the training 3 (104.13 ± 66.28 sec vs. 37.87 ± 37.52 sec, Ctr vs. 100, p < 0.05). The observed reduction of the 

latency during both the training sessions and the test suggests an improvement of the visuospatial memory. 

The animals, indeed, spent a minor time to reach the target, demonstrating their ability to preserve the 

memory of the black box position in the maze, during the test duration. Interestingly, although both the 

initial and final latency of young rats was lower than aged rats, the differences between 100-group and 

young-group were not significant during the training 2 and 3 and the test. 
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Figure 5.2II.  Barnes Maze Test. Initial and final latency at the end of the treatment. * p < 0.05 (Control  vs. 

100 mg/kg Taurisolo®) 

Moreover, analysing the results within each group, we observed that at t30 in the two animal groups 

treated with Taurisolo®, both the initial and final latency rapidly decreased during the training session 

(Figure 5.2III), reaching the statistic significance between the training 1 and the test (Initial latency – 100 
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mg/kg: 129.37 ± 71.72 sec vs. 19.00 ± 15.17 sec; 200 mg/kg: 149.13 ± 57.20 sec vs. 29.13 ± 18.64 sec; Final latency 

– 100 mg/kg: 130.37 ± 70.31 sec vs. 21.26 ± 22.19 sec; 200 mg/kg: 150.25 ± 55.11 sec vs. 40.63 ± 16.80 sec; training 

1 vs. test; p < 0.05 for all). These data appear particularly interesting since they suggest the improved learning 

of the Taurisolo®-treated animals. The latencies of the animals in the two active groups, indeed, in addition 

to being lower at t30 compared with t0, highlight a continue and gradual downward trend during the Barnes 

Maze test period, revealing the ability of the treated rats to learn the faster route to reach the target in the 

minor time. 

a b  

c d  

e f  
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g h  

Figure 5.2III. Barnes Maze Test, comparison between t0 and t30 latencies within each group. Letters a-d refer 

to initial latency; e-h refer to final latency. * p < 0.05, training 1 vs. test. 

The motor coordination was evaluated with the Rotarod test, taking into account the permanence 

time on the Rotarod during the five repeated sessions (Figure 5.2IV). At t0, the permanence time between the 

three groups of aged rats were not significantly different (15.94 ± 6.27 sec, 19.20 ± 7.23 sec and 19.98 ± 9.74 

sec, Ctr, 100 and 200, respectively); on the contrary, as expected, the permanence time of young rats was 

significantly higher (30.85 ± 10.74 sec, p < 0.01). At t30, the permanence time (i) not significantly decreased in 

the control group (13.86 ± 5.33 sec), (ii) remained almost unchanged in both the 200 and young groups (20.77 

± 5.93 sec and 29.75 ± 7.06 sec, respectively) and (iii) significantly increased in the 100 group (24.75 ± 2.44 sec, 

p < 0.05); in this last group, the observed results are still significant when compared to control (p < 0.01). 

Interestingly, although the permanence time at t0 was significantly different between the 100 and young 

groups (p < 0.01), at the end of the treatment no significant differences were observed. 
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Figure 5.2IV. Motor coordination. Permanence time evaluated with the Rotarod test before (t0) and after 

treatment (t30). 

These observed results clearly indicate that chronic treatment with Taurisolo® significantly improved 

both cognitive (visuospatial memory and learning) and motor functions in aged rats compared to controls. 

These results are in line with the evidence from previous studies reporting these peculiar effects of 

polyphenols (Flowers et al., 2015; Sarubbo et al., 2018b, 2015). All these studies are concord in indicating the 

antioxidant activity of polyphenols as the main mechanism of action for their neuroprotective effect. Due to 

its specific metabolic pathways, indeed, the brain is a body tissue with the largest oxygen consumption, 

resulting in a relevant sensitivity to oxidative damages. In addition, the endogenous antioxidant defences 

suffer a gradual decline during the ageing (Keller et al., 2005), resulting in increased OxS which, in turn, has 

been correlated to cognitive impairment and neurodegenerative changes in both aged human and rodents. 

Interestingly, increased OxS has also been indicated as one of the main causes of neurotransmitter system 

alterations (Haider et al., 2014; Pieta Dias et al., 2007). Indeed, during ageing the increased OxS negatively 

affects the activity of limiting enzymes involved in the synthesis of the monoamines, including TPH and TH; 

particularly, this reduction of the enzymatic activity is mainly related to oxidative damages and/or 

inefficient phosphorylations due to ROS injury (Cash, 1998; De La Cruz et al., 1996; Hussain and Mitra, 

2000). Reduced activities of both TPH and TH result in decreased levels of monoamines, which is responsible 

for memory disorders development and neurodegenerative diseases onset (Collier et al., 2004; Cools, 2011; 

Esteban et al., 2010; Haider et al., 2014).  

In vivo evidence demonstrated the anti-ageing activity of dietary antioxidants, including melatonin 

(Esteban et al., 2010; Moranta et al., 2014), tocopherol (Ramis et al., 2016) and resveratrol (Sarubbo et al., 

2015). In general, it has been reported that polyphenols are able to exert various beneficial effects on brain 

ageing, including improvements in cognition, learning and memory (Ansari et al., 2009; Liu et al., 2006; 

Sarubbo et al., 2018a, 2015), reduced dementia risk (Sarubbo et al., 2018a; Truelsen et al., 2002) and 

prevention of neurodegenerative diseases onset (Gomez-Pinilla and Nguyen, 2012; Sarubbo et al., 2018a; A. 

Scalbert et al., 2005; Augustin Scalbert et al., 2005). In this sense, studies reported that polyphenol treatment 

significantly increases the brain levels of monoamines, such as serotonin (5-HT), noradrenaline (NA) and 

dopamine (DA), via increasing the activity of limiting enzymes (Sarubbo et al., 2018d, 2015). In particular, 

polyphenols efficiently protect these enzymes against the activity of oxidising agents (Rose et al., 2014; Y. 

Wang et al., 2011) and increase their expression via activation of SIRT1 (Chen et al., 2007; Kumar et al., 2007; 

Li et al., 2014; Ranney and Petro, 2009; Sarubbo et al., 2018a). Animal-based studies demonstrated that 

chronic treatment with polyphenols, including resveratrol and quercetin, increased the levels of 

monoamines in specific brain regions directly involved in both motor and cognitive processes, including 

hippocampus and striatum (Sarubbo et al., 2018d, 2015), providing a biochemical explanation for the 
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improvements observed during the behaviour tests, such as the Barnes Maze Test and the Rotarod Test. 

Moreover, studies reported the ability of such polyphenols to inhibit both the catabolism and the reuptake of 

monoamines (Chen et al., 2015; Yanez et al., 2006), resulting in a further mechanism for the increased 

monoamines levels. Among the various mechanisms proposed for the neuroprotective effects of 

polyphenols, their antioxidant and anti-inflammatory properties remain the most relevant. In particular, it 

has been well established the ability of polyphenols to protect DNA, proteins, lipids and carbohydrates from 

oxidative damage (Cirillo et al., 2016; Karimi et al., 2011; Khurana et al., 2013; Sarubbo et al., 2018a), as well 

as their efficacy in increasing the endogenous antioxidant defence systems, including GPx and SOD (de 

Groot and Rauen, 1998; Nencini et al., 2007; Sarubbo et al., 2018a). Interestingly, polyphenols have been 

demonstrated to control the neuroinflammatory status efficiently (Sarubbo et al., 2018a; Venigalla et al., 

2015), via specific mechanisms involving the reduction of the activation of intracellular signalling pathways, 

such as MAPK and NF-κB (Rice-Evans et al., 1996; Santangelo et al., 2007; Sarubbo et al., 2018a; Spencer, 

2010, 2009a, 2009b).  

According to this evidence, thus, and taking into account the high antioxidant potential of 

Taurisolo®, it is plausible to speculate that it might promote the enhancement of limiting enzyme activities, 

with consequent increase in brain levels of monoamines, resulting in the observed improvements in both 

cognitive and motor functions, although this mechanism needs to be proved. However, assessment of the 

monoamines levels in the single brain regions of our study animals are still ongoing in order to confirm the 

results. 
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5.3 Ageing-related chronic diseases 

Ageing is a biological process characterized by a progressive functional decline involving the whole 

body (Laurent et al., 2012). A large body of evidence demonstrated the main putative mechanisms at the 

basis of ageing and, among them, the increased OxS seems to play a central role. In this sense, in the 1968 

Harman postulated the so-called “Free radical theory” where OxS has been indicated as the major causal 

factor of senescence (Harman, 1968; Sohal and Weindruch, 1996). More specifically, a progressive decline of 

endogenous antioxidant defences occurs during ageing, resulting in alteration of the pro-/antioxidant 

balance and consequent increased OxS. This, in turn, is responsible for cell damages that cannot be 

counteracted by endogenous defences, causing a drastic organ mass and functionality loss and culminating 

in system dysfunction (Jones et al., 2002; Petersen and Smith, 2016). Also, ageing-related diseases are 

characterised by a chronic inflammatory state that travel in parallel to OxS, sharing some of the main 

mechanisms/pathways. This comprehension leads to propose the so-called theory of ageing or oxi-inflamm-

ageing, where ageing is defined as a “loss of homeostasis due to a chronic OxS that affects especially the regulatory 

systems, such as nervous, endocrine, and immune systems. The consequent activation of the immune system induces an 

inflammatory state that creates a vicious circle in which chronic oxidative stress and inflammation feed each other, and 

consequently, increases the age-related morbidity and mortality”(Liguori et al., 2018). Among the ageing-related 

disorders, we investigated the effects of Taurisolo® polyphenols on macular degeneration and muscle 

decline, as extensively described in following sections. 

5.3.1 Age-related macular degeneration 

The effects of Taurisolo® polyphenols on AMD (for more detailed see section 1.3.2) were evaluated in 

a randomised clinical trial conducted on both diabetic and non-diabetic patients in collaboration with the 

Ocular Immunopathology Unit, Department of Ophthalmology of the Antonio Cardarelli Hospital, Naples 

(Italy) (article in press). Primary outcomes of this study were improvements in central foveal thickness 

(CFT) measured by Optical Coherence Tomography (OCT) and visual acuity measured by a distance Snellen 

chart design. Study design, population and methods are detailed in Appendix A and Appendix C. In a first 

part of the study, participants were chronically administered (6 months) with 400mg Taurisolo® polyphenols 

twice daily and divided into two groups according to the diabetes diagnosis. After this 6-month period, 

participants were randomised (independently from the diabetes diagnosis) into two groups: active group 

(400mg Taurisolo® polyphenols twice daily) and placebo group (400mg maltodextrins twice daily); both the 

treatments were followed for 3 months. 

In this study a total of 37 patients with AMD (23 men and 14 women) with a mean age of 67.59±6.00 

years and an average BMI of 31.18±6.83 kg/m2 were assigned to the study. AMD patients with cataract were 

also included in the study; however, none needed cataract surgery during the entire study duration. AMD 
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patients were stratified in diabetics and non-diabetics (n=19 and n=18, respectively). Demographic, 

anthropometric and clinical characteristics are reported in Table 5.3.1I. As shown, no significant differences 

were evident for demographic, oxidative stress-related biomarkers and diagnosed diseases, except for 

diabetes mellitus. No subjects prematurely terminated study participation.  

Table 5.3.1I. Baseline characteristics of study participants. No significant differences were evident 

between the two groups, except for anthropometric characteristics, metabolism blood parameters and 

diagnosis of diabetes mellitus. ∗Values are expressed as mean ± SD; statistical significance is calculated by 

Student’s t-test. BMI, body mass index; WC, waist circumference; HC, hip circumference; WHR, waist-to-hip 

ratio; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; TMAO, 

trimethylamine N-oxide; D-ROMs, reactive oxygen metabolites; ox-LDL, oxidized LDL cholesterol. 

Parameters Diabetics (n=19) Non-diabetics (n=18) p-value 

Demographic characteristics 

Gender [male (%)] 73.33 50.00 2 = 2.204, p = 

0.138 

Age (years)* 65.93±5.60 69.67±6.07 0.110 

Smokers [yes (%)] 40.00 33.33 2 = 0.302, p = 

0.582 

Physical activity [yes (%)] 13.33 16.67 2 =0.005, p = 0.942 

Anthropometric characteristics 

Weight (kg)* 84.70±15.58 67.92±1.31 0.007 

Height (m)* 1.68±0.12 1.59±0.09 0.032 

BMI (kg/m2)* 34.36±6.35 27.21±5.33 0.004 

WC (cm)* 106.00±9.48 94.33±12.23 0.010 

HC (cm)* 108.40±10.73 101.00±11.18 0.093 

WHR* 0.98±0.08 0.93±0.08 0.124 

Blood parameters 

Metabolism 

Glucose (mg/dl)*  139.60±28.78 93.39±9.87 <0.0001 

Insulin (µIU/ml)* 9.44±2.35 7.81±0.91 0.032 

Cholesterol (mg/dl)* 199.61±47.93 165.33±29.87 0.041 

HDL-c (mg/dl)* 43.74±13.77 56.12±16.83 0.045 

LDL-c (mg/dl)* 122.38±45.07 87.53±27.66 0.027 

Triglycerides (mg/dl)* 167.47±21.62 108.42±56.26 <0.001 
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Oxidative stress 

TMAO (µM)* 3.94±3.10 4.10±2.40 0.879 

D-ROMs (UCARR)* 520.27±74.12 503.07±2.71 0.815 

Ox-LDL (µEq/L)* 778.20±321.34 747.36±365.92 0.811 

Diagnosed diseases 

Diabetes mellitus [yes (%)] 100.00 0.00 1.00 

Hypertension [yes (%)] 66.67 41.67 2 = 2.165, p = 

0.141 

Hypercholesterolemia [yes (%)] 53.33 41.67 2 = 0.248, p = 

0.618 

Hypertriglyceridemia [yes (%)] 6.67 8.33 2 = 0.424, p = 

0.515 

 

After 6-month treatment with Taurisolo® polyphenols we observed changes in CFT and visual acuity 

on right and left eye. In particular, significant reductions in CFT and improvements in visual acuity were 

experienced in 63.1% and 52.6%, respectively, of diabetics AMD patients, while in non-diabetics were 

observed in 55.5% and 54.4%, respectively. As shown in Figure 5.3.1I, at the end of the treatment period, 

globally CFT significantly reduced in both diabetics (right eye: from 442.889±54.091 µm to 334.364±39.721 

µm, p=0.01; left eye: from 474.818±66.473 µm to 307.111±18.165 µm, p=0.006) and non-diabetics (right eye: 

from 370.889±49.087 µm to 287.222±39.496 µm, p=0.002; left eye: from 321.667±47.238 µm to 301.333±50.416 

µm, p=0.06). Similarly, visual acuity significantly improved in both diabetics (right eye: from 0.325±0.082 to 

0.463±0.094, p=0.004; left eye: from 0.192±0.052 to 0.317±0.085, p=0.02) and non-diabetics (right eye: from 

0.120±0.020 to 0.186±0.014; left eye: from 0.165±0.067 to 0.375±0.077, p=0.001). 
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Figure 5.3.1I. Effects of 6-month Taurisolo® treatment on central foeval thickness and visual acuity in both 

diabetic and non-diabetic patients with age-related macular degeneration. t0 and t6 refer to baseline and after 6-

month treatment, respectively. Data are expressed as mean±SEM. Statistic significance was calculated by 

Student’s t-test. * indicates a significant difference between t0 and t6 (p<0.05). 
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In Figure 5.3.1II OCT images from the same study participants before and after treatment with 

Taurisolo® are reported. 

 

 

Figure 5.3.1II. Optical Coherence Tomography (OCT) before and after 6-month treatment with Taurisolo® (a) 

OCT-Angiography performed above the plane of the retinal pigment epithelium – the neovascular network is 

perfectly visualized. There are peripheral anastomoses corresponding to the outer edge of the lesion. (b) The 

OCT mapping confirms the presence of an abnormal retinal thickening. (c) Horizontal OCT B-scan (passing 

through the lesion) shows subretinal edema associated with a hyper-reflective subretinal lesion. (d) OCT-

Angiography highlights the neovascular network is smaller and the disappearanceof peripheral anastomoses. 

(e) The OCT mapping shows the reduction of central retinal thickness. (f) Horizontal OCT B-scan (passing 

through the lesion) shows total absence of perilesional subretinal edema. 

As AMD is a disease strongly associated with both OxS and atherosclerotic processes, we also 

monitored the circulating related biomarkers, such as TMAO, D-ROMs and oxLDL. All monitored markers 

significantly reduced at the end of the treatment period in both diabetics (TMAO: from 3.937±0.800 µM to 

2.019±0.568 µM, p=0.014; D-ROMs: from 520.30±19.14 UCARR to 251.90±16.93 UCARR, p<0.001; oxLDL: from 

778.20±82.97 µEq/L to 415.50±66.18 µEq/L, p<0.001) and non-diabetics (TMAO: from 4.097±0.642 µM to 

1.716±0.532 µM, p<0.001; D-ROMs: from 503.10±72.65 UCARR to 258.10±27.61 UCARR, p=0.016; oxLDL: from 

747.40±97.80 µEq/L to 344.70±59.37 µEq/L, p=0.002) (Figure 5.3.1III). 
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Figure 5.3.1III. Effects of 6-month Taurisolo® treatment on serum oxidative stress-related biomarkers in both 

diabetic and non-diabetic patients with age-related macular degeneration. t0 and t6 refer to baseline and  after 6-

month treatment, respectively. Data are expressed as mean±SEM. Statistic significance was calculated by 

Student’s t-test. * indicates a significant difference between t0 and t6 (p<0.05). Abbreviations: TMAO, 

trimethylamine N-oxide; D-ROMs, reactive oxygen metabolites; ox-LDL, oxidized LDL cholesterol. 
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To test the efficacy of Taurisolo® to reduce serum levels of OxS-related biomarkers compared to 

placebo, all AMD patients were randomised into active and placebo. TMAO, DROMs and oxLDL were 

monitored before and after treatment. As shown in Table 5.3.1II, Taurisolo® significantly reduced serum 

levels of TMAO, DROMs and oxLDL (-16.57%, -17.92%and -27.71%, respectivelly) compared to placebo 

(+30.95%, +46.68% and +19.90%, respectivelly). 

Table 5.3.1II. Effects of Taurisolo® on TMAO, DROMs and oxLDL serum levels on AMD patients after 3-month 

treatment. Values are expressed as mean±SD of three repetitions. “Initial” and “final” refer to samples collected at 

months 6 and 9, respectively. Statistic significance was calculated by Student’s t-test. *p<0.05, initial vs. final (active); ** 

p<0.0001, initial vs. final (placebo); ° p<0.05, active vs. placebo (final); † p<0.0001, active vs. placebo (final). TMAO, 

trimethylamine N-oxide; D-ROMs, reactive oxygen metabolites; ox-LDL, oxidized LDL cholesterol. 

 TMAO (µM) DROMs (UCARR) oxLDL (µEq/L) 

Initial Final Initial Final Initial Final 

Active 

group 

2.10±1.05 1.75±0.93*° 235.47±96.73 193.27±49.43*† 421.47±211.81 304.67±139.96*† 

Placebo 

group 

2.98±2.11 3.91±2.25** 298.93±82.58 417.93±107.32** 541.71±263.36 649.50±252.31** 

 

Also, a Pearson correlation analysis has been performed between TMAO, DROMs and oxLDL serum 

levels and measured values of CFT and visual acuity. Results reported in Table 5.3.1III indicate that OxS-

related biomarkers positively correlate with CFT and negatively with visual acuity, suggesting that 

increased oxidative status and atherosclerotic process have a role in macular degeneration and, 

consequently, in visual acuity. The absence of statistic significance (except for correlation between DROMs 

levels and right eye CFT) may be due to the small sample size.   

Table 5.3.1III. Correlation analysis between ophthalmic outcomes and oxidative stress-related biomarkers at 

baseline in AMD patients. Pearson correlation coefficients between indicated parameters are represented; values in bold 

type are statistically significant (p< 0.05). TMAO, trimethylamine N-oxide; D-ROMs, reactive oxygen metabolites; ox-

LDL, oxidized LDL cholesterol. 

 TMAO levels DROMs levels oxLDL levels 

 Coefficient p-value Coefficient p-value Coefficient p-value 

Central Foveal Thickness 

Left eye 0.133 0.638 0.242 0.304 0.195 0.454 

Right eye 0.391 0.297 0.607 0.036 0.161 0.636 
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Visual acuity 

Left eye -0.195 0.487 -0.193 0.495 -0.374 0.140 

Right eye -0.012 0.975 -0.350 0.365 -0.039 0.942 

 

In order to elucidate any eventual involvement of the antioxidant activity of Taurisolo® (in terms of 

TMAO-, D-ROMs- and oxLDL-reducing effects) in improvement of ophthalmic outcomes, a correlation 

analysis has been performed. In particular, a Pearson correlation analysis has been performed between (i) 

variations (defined as the variation between values measured at the end of the treatment period (t6) and at 

baseline (t0), and indicated as “Δ% (t0-t6)”) of TMAO, D-ROMs and oxLDL and (ii) ophthalmic outcomes 

(CFT and visual acuity). For these last two parameters, values referring to right eye and left eye were 

correlated. As shown in Table 5.3.1IV, in AMD patients (i) significant positive correlation has been found 

between variations of CFT and TMAO, D-ROMs and oxLDL, and (ii) significant negative correlation has 

been found between variations of visual acuity and D-ROMs, while non-significant negative correlation was 

observed for TMAO and oxLDL. 

Table 5.3.1IV. Correlation analysis between ophthalmic outcomes and oxidative stress-related biomarkers at the end 

of the treatment period in AMD patients. Pearson correlation coefficients between indicated parameters are represented; 

values in bold type are statistically significant (p< 0.05). “Δ% (t0-t6)” refers to variations observed between values 

measured at the end of the treatment period (t6) and at baseline (t0). TMAO, trimethylamine N-oxide; D-ROMs, reactive 

oxygen metabolites; ox-LDL, oxidized LDL cholesterol. 

 TMAO Δ% (t0-t6) DROMs Δ% (t0-t6) oxLDL Δ% (t0-t6) 

 Coefficient p-value Coefficient p-value Coefficient p-value 

Central Foveal ThicknessΔ% (t0-t6) 

Left eye 0.764 <0.0001 0.927 <0.0001 0.953 <0.0001 

Right eye 0.595 0.041 0.858 <0.0001 0.867 <0.0001 

Visual acuity Δ% (t0-t6) 

Left eye -0.533 0.091 -0.532 0.034 -0.413 0.126 

Right eye -0.687 0.132 -0.968 0.032 -0.760 0.136 

 

With this study we demonstrated that chronic treatment (6 months) with Taurisolo® polyphenols 

significantly reduces CFT and increases visual acuity in both diabetic and non-diabetic patients with AMD. 

This beneficial activity is related to a marked effect in reducing serum levels of TMAO (as a pro-atherogenic 

agent) and OxS-related biomarkers (DROMs and oxLDL), as evidenced by our correlation analyses. Such 

promising, these results allow indicating these effects as potential mechanisms of action for the beneficial 



 

139 

role played by Taurisolo® polyphenols on eye diseases, providing novel insights on the use of nutraceutical 

for management of OxS- and vascular alteration-related diseases, including ophthalmological disease 

(Figure 5.3.1IV). 

 

Figure 5.3.1IV. Effect of Taurisolo® in improving macular degeneration. Thromboembolic and/or atherosclerotic 

processes, in addition to OxS, are closely implicated in pathogenesis of AMD. Taurisolo®, reducing serum levels of 

TMAO, as pro-atherogenic agent, and DROMs and oxLDL, as OxS-related biomarkers, significantly ameliorates 

ophthalmic outcomes in patients with AMD, improving the global eye health. 
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5.3.2 Age-related muscle decline 

As aforementioned, OxS is strongly related in structural and functional alterations of several organs, 

including skeletal muscle (Lee et al., 2017; Lourenço dos Santos et al., 2015; Marzetti et al., 2013; Romanello 

and Sandri, 2016; Roseno et al., 2015), mainly via  producing free radicals, with the consequent increased 

oxidative damage such as lipid peroxidation, resulting in affected muscle quality and strength. Also, the 

aged-dependent reduction of the muscle ability to counteract the increased production of ROS results in an 

oxidative damage accumulation, causing a loss of the tissue homeostasis (Jackson and Mcardle, 2011). In this 

sense, animal-based studies reported higher levels of ROS in aged rats than in young ones (Charles et al., 

2013). Furthermore, in human serum levels of OxS-related biomarkers were found to be elevated in elderly 

subjects with a diagnosis of sarcopenia (Bellanti et al., 2018; Howard et al., 2007), suggesting that OxS may 

contribute to the age-related muscular decline. 

A considerable body of evidence reported the role played by polyphenols in prevention of ageing-

related muscle impairment, in particular contrasting the OxS (Charles et al., 2013). More specifically, 

resveratrol, one of the main polyphenols in grape, was demonstrated to prevent the muscle atrophy in a 

large number of catabolic conditions (Furtado et al., 2020; Shadfar et al., 2011; Sun et al., 2017), 

counterbalancing the ageing-induced muscular oxidative damage (Wang et al., 2018). In aged rates 

resveratrol prevents the muscle atrophy ameliorating the mitochondrial function and reducing the OxS 

through the PKA/LKB1/AMPK pathway. Also, studies reported the ability of resveratrol to activate Sirtuin 1 

(Sirt1) (Huang et al., 2019; Sharples et al., 2015), which beneficial role in various ageing-related conditions, 

including muscle mass and functional decline is well established (Huang et al., 2019). 

According to the available literature, we evaluated the efficacy of Taurisolo® polyphenols in 

ameliorating the status of OxS markers as parameters of muscle quality in aged rats. This study was 

conducted during the internship at the Research Group in Community Nutrition and Oxidative Stress and 

Health Research  Institute of the Balearic Islands (IdISBa), University of Balearic Islands, Palma de Mallorca 

(Spain) as required by this PhD program. The study consisted of chronic treatment with Taurisolo® 

(100mg/kg) or placebo (maltodextrin, 50mg/kg) to aged rats, with a young rats as positive control group. 

Functional (motor coordination test) and biochemical (on gastrocnemius) analyses were performed in order 

to evaluate the efficacy on muscle quality. Methods are detailed in Appendix A and Appendix B 

(Annunziata et al., 2020b).   

The motor coordination was evaluated with the Rotarod test, taking into account the permanence 

time on the Rotarod during the five repeated sessions (Figure 5.3.2I). At t0, the permanence time between the 

two groups of aged rats was not significantly different (15.94 ± 6.27 s and 19.20 ± 7.23 s, for control old rats 

and treated old rats, respectively). On the contrary, the permanence time of young rats was significantly 
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higher (30.85 ± 10.74 sec, p < 0.01). At t30, the permanence time (i) did not significantly decrease in the aged 

control group (13.86 ± 5.33 sec) and (ii) significantly increased in the treated old rats (24.75 ± 2.44 sec, p < 

0.05); in this last group, the observed results are still significant when compared to aged control (p < 0.01). 

Interestingly, although the permanence time at t0 was significantly different between the old treated and 

young groups (p < 0.01), at the end of the treatment no significant differences were observed. 

 

Figure 5.3.2I. Motor coordination. Permanence time evaluated with the Rotarod test before (t0) and after treatment 

(t30). Results are expressed as mean±SEM of the number of determinations. Statistic significance was calculated by 

Student’s t-test. Old rats Ctr refers to old animals treated with placebo; Old rats treated refers to old animals treated 

with Taurisolo®; Young rats Ctr refers to young animals treated with placebo. T0 refers to the beginning of the 

treatment and t30 refers to the end of the treatment [source: (Annunziata et al., 2020b)]. 

Rotarod test is generally used to evaluate the motor coordination mainly in aged brain-associated 

cognitive decline; however, we used these data to assess the effects of Taurisolo® polyphenol treatment on 

muscle skills, eventually impaired by ageing. Our results suggest that Taurisolo® polyphenols ameliorated 

the altered motor coordination in aged rats, maybe via increasing the levels of monoamine in specific brain 

regions involved in motor processes, including hippocampus and striatum (Sarubbo et al., 2018c, 2018d). On 

the other hand, it is plausible to speculate a direct improvement of muscular skills, as a result of the 

ameliorated muscle functionality. As previously reported, polyphenols improve exercise capacity and 

endurance in rats probably via reducing OxS in muscle and improving vascular and endothelial function 

(Lambert et al., 2018; Matsumura et al., 2018; Yoshida et al., 2018), resulting in a global amelioration of the 

skeletal muscle health. 
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To elucidate and confirm the antioxidant potential of Taurisolo® we performed various biochemical 

assays on rat muscle samples (gastrocnemius). Firstly, the antioxidant capacity was evaluated using the 

FRAP assay. As shown in Figure 5.3.2II, in old rats treated with placebo the antioxidant capacity was 

significantly lower than in young rats (0.21±0.08 mM Trolox Equivalents (TE) and 0.24±0.06 mM TE, 

respectively; p< 0.05). On the other hand, in old rats treated with Taurisolo® the antioxidant capacity was 

significantly higher than in old rats control (0.26±0.11 mM TE, p< 0.05). Interestingly, no significant 

differences were observed between old rats treated with Taurisolo® and young rats. 

 
Figure 5.3.2II. Antioxidant capacity determined with the FRAP assay in muscles of rats. Results are expressed as 

mean ± SEM, and p<0.05 was considered statistically significant. ANOVA one-way analysis. Different letters 

reveal significant differences. Old rats Ctr refers to old animals treated with placebo; Old rats treated refers to 

old animals treated with Taurisolo®; Young rats Ctr refers to young animals treated with placebo [source: 

(Annunziata et al., 2020b)]. 

FRAP test measures the ferric reducing ability of a sample and it is licensed as a useful method for 

assessing the antioxidant power (Benzie and Strain, 1996). Since the FRAP assay provides a putative index of 

reducing and antioxidant potential of biological samples, the results observed provide intriguing insights 

about the OxS-reducing effect of chronic Taurisolo® administration at the muscular level. Notably, it could 

be speculated that through the bloodstream, polyphenols or their metabolites, are able to reach the muscle 

(Fernández-Quintela et al., 2017; Koenig et al., 2011) and exert in situ their antioxidant activity counteracting 

the ROS production by chelating iron ions, or inhibiting their reduction. This, in turn, provides a first 

important mechanism for the reduction of the OxS in muscle, resulting in ameliorating the muscle quality. 
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In order to evaluate the effects of Taurisolo® polyphenols on endogenous antioxidant defences, we 

monitored the enzymatic activities of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase 

(GPx) and glutathione reductase (GRd) (Figure 5.3.2III). In old rats control the activities of antioxidant 

enzymes were lower than in young rats (GRd = Old rats control: 8.59±0.57 pKat/mg prot, Young rats control: 

12.50±0.41 pKat/mg prot; GPx = Old rats control: 4.75±0.25 nKat/mg prot, Young rats control: 5.99±0.52 

nKat/mg prot; CAT = Old rats control: 4.94±0.36 mKat/mg prot, Young rats control: 10.90±0.54 mKat/mg 

prot). No differences in SOD activity were observed between the different groups. Interestingly, in animals 

treated with Taurisolo® the activities of GRd, GPx and CAT were significantly higher than in old rats treated 

with placebo (GRd = 11.30±0.59 pKat/mg prot; GPx = 4.86±0.37 nKat/mg prot; CAT = 6.70±0.22 mKat/mg prot, 

p < 0.05 for all). 
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Figure 5.3.2III. Enzymatic activity of (a) CAT, (b) GPx, (c) GRd and (d) SOD. Results are expressed as mean ± 

SEM, and p<0.05 was considered statistically significant. ANOVA one-way analysis. Different letters reveal 

significant differences. Old rats Ctr refers to old animals treated with placebo; Old rats treated refers to old 

animals treated with Taurisolo®; Young rats Ctr refers to young animals treated with placebo. Abbreviations: 

GRd, glutathione reductase; GPx, glutathione peroxidase; CAT, catalase; SOD, superoxide dismutase [source: 

(Annunziata et al., 2020b)]. 

Also, we monitored the expression of targeted OxS- and inflammation-related genes. As shown in 

Table 5.3.2I, in old rats treated with placebo it was registered a reduced expression of antioxidant genes, 

including CAT, GPx, Sirt1 and Mn-SOD, and increased pro-inflammatory genes expression, including IL-6 

and -10, in comparison to young animals. In contrast, we observed that the chronic treatment with 

Taurisolo® was able to counteract the negative influence of ageing on both OxS- and inflammation-related 

genes. 

Table 5.3.2I. Effect of Taurisolo® chronic treatment on oxidative stress- and inflammation-related genes 

[source: (Annunziata et al., 2020b)] 

 Young rats Ctr Old rats Ctr Old rats treated 

CAT 1.00 ± 0.36a 0.18 ± 0.04b 0.68 ± 0.32a 

GPx 1.00 ± 0.19ab 0.68 ± 0.09a 1.47 ± 0.38b 

IL6 1.00 ± 0.24a 4.84 ± 1.46b 1.20 ± 0.25a 

Sirt1 1.00 ± 0.21ab 0.73 ± 0.13a 1.72 ± 0.17ab 

Mn-SOD 1.00 ± 0.21 0.79 ± 0.06 1.58 ± 0.58 

IL10 1.00 ± 0.16 1.44 ± 0.09 1.39 ± 0.19 

Results are expressed as mean ± SEM, and p<0.05 was considered statistically significant. ANOVA one-way 

analysis. Different letters reveal significant differences 

In addition to a direct activity of polyphenols in reducing OxS in muscle, we observed a significant 

increase of key antioxidant enzymes activity (GRd, GPx and CAT). These enzymes are part of the so-called 

endogenous antioxidant defence system acting via neutralizing free radicals (Truong et al., 2018). In 

particular, CAT decomposes H2O2 in H2O before H2O2 reacts with metal ions generating hydroxyl radicals, 

while GRd and GPx regulate the maintenance of the balance between reduced and oxidized forms of 

glutathione (GSH) that acts as a free radical scavenging agent (Truong et al., 2018). The ability of 

polyphenols to enhance the activities of such antioxidant enzymes, including CAT, SOD and GPx has been 

previously reported (Truong et al., 2018). In general, it can be speculated that the observed increase in the 

activity of endogenous antioxidant enzymes might be due to both a direct effect of polyphenols in enhancing 

their enzymatic activities or an up-regulation of their expression. This up-regulation is mainly modulated via 
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activation of the Keap1/Nrf2/ARE signalling pathway (Sandoval-Acuña et al., 2014; Tsuji et al., 2013). 

Another interesting signalling pathway involves Sirtuin 1 (Sirt1), an NAD+-dependent deacetylase playing a 

pivotal role in several biological processes, including ageing. Sirt1 modulates various nuclear factors, 

including forkhead box 0 (FOX0) and proliferator-activated receptor gamma coactivator 1α (PGC-1α), 

regulating the expression of antioxidant and antiageing-related genes (Truong et al., 2018). Additionally, in 

muscles, PGC-1α stimulates the mitochondrial biogenesis activating the nuclear respiratory factor (NRF1) 

(Baur et al., 2006; Lin et al., 2005; Truong et al., 2018), and representing a further protective mechanism 

contributing to the muscle improvement. Polyphenols such as resveratrol have been demonstrated to 

indirectly activate Sirt1 through activation of the AMP-activated protein kinase (AMPK) (Park et al., 2012). 

The Sirt1-mediated regulation of FOX0 and PGC-1α results in enhanced expression of antioxidant genes, 

including SOD, GPx and CAT (Brunet et al., 2004; St-Pierre et al., 2006). Interestingly, it has been reported 

that, in gastrocnemius muscle of aged rats, the supplementation with red grape polyphenolic extract 

increased both the expression of PGC-1α and the activation of AMPK (Laurent et al., 2012), providing 

further evidence for the involvement of polyphenols in these specific signalling pathways. In this sense, the 

observed enhanced Sirt1 expression in muscle of aged rats treated with Taurisolo® might be responsible for 

an up-regulation of the antioxidant enzymes that, in turn, may explain the observed increased enzymatic 

activities of CAT, GPx and GRd. Moreover, it is possible an enhanced mitochondriogenesis via PGC-1α 

activation explaining the contrasted muscle decline, as shown by the increased permanence time of old rats 

treated on the rotarod, as an indicator of motor resistance. In contrast, evidence reported that polyphenols 

are able to suppress the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway that 

has been recognized as responsible for the increased expression of pro-oxidant and pro-inflammatory genes. 

More specifically, NF-κB is physiologically inactive in the cytosol by interaction with IκB. ROS and reactive 

nitrogen species (RNS) are stimuli causing the activation of NF-κB that translocates into the nucleus 

promoting the expression of pro-inflammatory mediators/cytokines- and OxS-related genes (Truong et al., 

2018). In line with this evidence, our results demonstrated the ability of the chronic Taurisolo® 

administration to down-regulate the expression of pro-inflammatory genes, including IL6. 

To evaluate the effects of Taurisolo® in contrasting oxidative damages, we monitored the levels of 

MDA as a marker of lipid peroxidation indicative of oxidative damage to lipids, and N-tyrosine (N-Tyr) as a 

marker of protein damage. As shown in Figure 5.3.2IV, chronic treatment with Taurisolo® counteracted 

significantly the increase in MDA levels induced by ageing (650±82.7 mM/mg prot vs. 526±16.7 mM/mg prot, 

Old rats control vs. Old rats treated, p< 0.05; Young rats control: 470±13.1 mM/mg prot). 
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Figure 5.3.2IV. Levels of MDA. Results are expressed as mean ± SEM, and p<0.05 was considered statistically 

significant. ANOVA one-way analysis. Different letters reveal significant differences. Old rats Ctr refers to old 

animals treated with placebo; Old rats treated refers to old animals treated with Taurisolo®; Young rats Ctr 

refers to young animals treated with placebo. Abbreviations: MDA, malondialdehyde [source: (Annunziata et 

al., 2020b)]. 

Similarly, the chronic treatment with Taurisolo® counteracted the increase in N-Tyr levels induced 

by ageing (208±15.2% vs. 171±14.3%, Old rats control vs. Old rats treated, p = 0.06; Young rats control: 

100±11.9%) (Figure 5.3.2V). 
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Figure 5.3.2V. Levels of N-Tyr. Results are expressed as mean ± SEM, and p<0.05 was considered statistically 

significant. ANOVA one-way analysis. Different letters reveal significant differences. Old rats Ctr refers to old 

animals treated with placebo; Old rats treated refers to old animals treated with Taurisolo®; Young rats Ctr 

refers to young animals treated with placebo. Abbreviations: N-Tyr, nitrotyrosine [source: (Annunziata et al., 

2020b)]. 

Lipid peroxidation is a direct consequence of OxS and it leads to both alteration of membrane 

biological function and cell damage (Bellanti et al., 2018). In particular, ROS and RNS play a central role in 

promoting lipid peroxidation (Truong et al., 2018). This is a chain-reaction process producing a large variety 

of reactive aldehydes, including MDA (Esterbauer et al., 1991, 1982; Negre-Salvayre et al., 2008), which in 

turn, are stable and diffuse across the membranes attacking biomolecules in various sites, and causing 

biological and biochemical alterations leading to disease development (Caruso et al., 2004; Kurutas, 2016; 

Valko et al., 2007). In this sense, MDA can be considered as a marker of injury and its levels have been found 

increased in sarcopenic subjects (Bellanti et al., 2018). There is evidence about the activity of free radical 

scavenging agents to inhibit the lipid peroxidation, in particular polyphenols including resveratrol 

(Stojanović et al., 2001), due to its ability to donate hydrogen, generating phenoxyl radicals (Brito et al., 2002; 

Castaldo et al., 2019; Olas et al., 2006). ROS and RNS are also involved in protein oxidation processes leading 

to the formation of both protein carbonyls and advanced oxidation protein products (Truong et al., 2018) 

which have been found age-dependently increased in human (Pandey et al., 2010). Particularly, among the 

various free radicals, RNS are implicated in reactions with amino acid side chains such as tyrosine, forming 

nitrogenated proteins (i.e. N-Tyr) (Lü et al., 2010). Polyphenols have been demonstrated to efficiently 
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counteract the ROS/RSN-mediated protein oxidation (Truong et al., 2018), contributing to the maintenance of 

cellular proteostasis (Matos et al., 2017). 

Overall, with this study we demonstrates that chronic treatment with Taurisolo® significantly 

improved the muscle quality in aged rats via reducing OxS at a muscular level. More specifically, we 

observed that Taurisolo® polyphenols (i) increase the total antioxidant capacity of muscles, (ii) increase the 

activities of antioxidant enzymes, (iii) reduce both the lipid and protein oxidation and (iv) modulate the 

expression of OxS- and inflammation-related genes (Figure 5.3.2VI). 

 

Figure 5.3.2VI. Schematic representation of the potential mechanisms of action of Taurisolo®. 

       indicates the mechanisms directly observed; ----- indicates the mechanisms/pathways not directly observed, 

but reported in the literature [source: (Annunziata et al., 2020b)]. 
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6. Conclusion and future perspectives 

The present document reports all the results obtained from studies performed during this three-year 

PhD project, aimed to evaluate the nutraceutical potential of Taurisolo®, a novel grape polyphenol-based 

nutraceutical formulation.  

Working in collaboration with the MBMed Company of Turin, Italy (industrial partner of this PhD 

project), Taurisolo® was firstly formulated and characterised, and the productive process was optimised in 

accordance to both its polyphenol profile and the bioaccessibility of its components. Once obtained the final 

formulation, the large-scale production was accomplished by the MBMed Company, and the product used 

for pre-clinical and clinical studies. 

In particular, starting from the large body of evidence reporting the well-known and -established 

cardioprotective role of grape polyphenols, we decided to investigate the effects of Taurisolo® in 

management of CVR, acting in reducing the risk factors related to CVD, by in vitro, ex-vivo, animal based-

studies and clinical trials. Overall, our results suggest that Taurisolo® exerts its cardioprotective effect via 

two main mechanism: antioxidant and anti-atherosclerotic activities. Among these, the anti-atherosclerotic 

activity, mainly exerted via reducing the serum levels of TMAO (which pro-atherogenic role has been widely 

described) appears such promising as a novel interpretation of the cardioprotective effect of polyphenols, 

and is driving our further studies. In particular, we are currently investigating the ability of Taurisolo® to 

reduce circulating TMAO via inhibiting the intestinal production of its precursor (TMA), thus, acting on gut 

microbiota. In this sense, we are performing two studies: 

 animal-based study aimed to investigate the microbiota-remodelling ability of chronic treatment 

with Taurisolo® in mice fed with normal and high-fat diet. In particular, we are monitoring the 

relative abundances (and eventual changes) of selected bacterial strains (belonging to Bacteroidetes 

and Firmicutes) by assessing the levels of bacterial DNA via real time-PCR on stool samples.  

 Acute clinical trial on healthy subjects aimed to evaluate the ability of Taurisolo® to reduce serum 

levels of TMAO after consumption of 2g L-carnitine. In basal conditions (without treatment with 

Taurisolo®) we observed a serum peak of TMAO 12h after ingestion of L-carnitine that disappears 

after administration of 800mg Taurisolo®. In particular, we observed on average a marked reduction 

of the AUC from 107.02 to 38.56µM (basal and Taurisolo®, respectively). The study will proceed in 

order to enlarge the sample size, reaching a number of study participants necessary to evidence any 

statistical difference. 
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Furthermore, taking into account the strong relationship between OxS and inflammation, we are also 

investigating the anti-inflammatory potential of Taurisolo® in human, with particular interest in pulmonary 

inflammation. In this sense, we developed a novel Taurisolo® formulation for aerosol administration that we 

are testing in both healthy subjects and patients with diagnosed pulmonary diseases. In particular, we 

observed significant acute reduction of DROMs (as OxS-related biomarker) and IL6 (as inflammation-related 

biomarker) in healthy current smokers and patients with diagnosis of tuberculosis. These results encouraged 

us to follow our research in this field. More specifically, during the first months of 2020, in concomitance 

with the global Sars-CoV2 pandemic, we started a multicentric clinical trial on patients with COVID-19 in 

hospital setting. Preliminary data from this study, conducting in cooperation with the Ospedale dei Colli 

(Naples, Italy), are really promising and evidence marked reduction of both IL6 and PCR as serum 

biomarkers related to pulmonary inflammation after chronic aerosol administration of Taurisolo®. 

Overall, results from our study on the nutraceutical efficacy of the tested product allow concluding 

that Taurisolo® may represent a very effective and valid support for management of both OxS- and 

atherosclerosis-related diseases. Also, the pharmacological approach used (in terms of preclinical studies) 

provide solid evidence for comprehension of the main mechanisms of action at the basis of the clinical effects 

observed, and open the way to a novel research method for the study of nutraceutical. This is remarkable 

considering that, although of natural origin, food-derived bioactive compounds are chemical molecules able 

to exert biological effects on human health, being involved in specific pathways. Based on this evidence, 

thus, research should move in this direction, in order to provide increasingly strong proves about the 

efficacy of nutraceutical products in prevention of several diseases or in management of borderline 

conditions, by placing Nutraceutical in its proper position, “beyond diet, before drugs”.  
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Appendix A – Detailed materials and methods of in vitro studies and instrumental analyses 

General materials and methods 

HPLC method for characterisation of Taurisolo® chemical profile 

HPLC/DAD studies were performed using a Hewlett Packard(Palo Alto, CA, USA) HP-1090 Series II, fitted 

with an auto sampler, a binary solvent pump, and a diode-array detector (DAD). The separation was 

achieved on a Synergy Polar-RP C18 column (150x4.6 mm I.D., 4lm particle size) preceded by a Polar 

RPsecurity guard cartridge (4x3 mm I.D.). The column temperature was set at 40°C. The mobile phase 

consisted of 0.1% formic acidin water (v/v) (A) and acetonitrile (B). Injection volume was 5µL and flow rate 

was kept at 0.9 mL/min for a total run time of 30 min. The gradient program was: 0 min 90% (A), 0–17 min 

40%(A), 17–22 min 40% (A), 22–28 min 90% (A), and kept at 90% (A) until the end of the run at 30 min. 

HPLC/DAD analyses were performed monitoring six different wavelengths: 265 nm for rutin and 

kaempferol-3-glucoside, 275 nm for gallic acid, catechin, epi-catechin and syringic acid, 310 nm for p-

coumaric acid, 325 nm for chlorogenic acid, caffeic acid and ferulic acid, 350 nm for quercetin and 520 nm for 

delphinidin 3,5-diglucoside and cyanidin 3-glucoside. Phenolic compounds were identified by comparing 

retention time and UV absorption spectra with available standards. Quantification was performed with 

standard curves of external standards generated by plotting HPLC peak areas against the concentrations 

(mg/l) (r2> 0.99). 

In vitro simulated gastrointestinal digestion  

The in vitro digestion experiments were performed according to the procedure described by Raiola et al. 

(Raiola et al., 2012) and by Tenore et al. (Tenore et al., 2013), with few modifications. For GI digestion, 

samples were mixed with 6 mL of artificial saliva composed of KCl (89.6 g/L), KSCN (20 g/L), NaH2PO4 

(88.8 g/L), Na2SO4 (57.0 g/L), NaCl (175.3 g/L), NaHCO3 (84.7 g/L), urea (25.0 g/L) and 290 mg of α-amylase. 

The pH of the solution was adjusted to 6.8 with HCl 0.1 N. The mixture was introduced in a plastic bag 

containing 40 mL of water and homogenized in a Stomacher 80 Microbiomaster (Seward, Worthing, UK) for 

3 min. Immediately, 0.5 g of pepsin (14,800 U) dissolved in HCl 0.1 N was added, the pH was adjusted to 2.0 

with HCl 6 N, and the solution was incubated at 37 ◦C in a Polymax 1040 orbital shaker (250 rpm) (Heidolph, 

Schwabach, Germany) for 2 h. Then the pH was increased to 6.5 with NaHCO3 0.5 N and 5 mL of a mixture 

of pancreatin (8.0 mg/mL) and bile salts (50.0 mg/ mL) (1:1; v/v), dissolved in 20 mL of water, was added and 

incubated at 37 ◦C in an orbital shaker (250 rpm) for 2 h. Finally, the mixture was centrifuged at 6000 rpm 

and the remaining pellets were treated first with 5 mL of 1 mg/mL Pronase E solution (pH 8 for 1 h), and 

then, with 150 µL of Viscozyme L (pH 4 for 16 h), in order to simulate the colon digestion process, as 
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previously described by Papillo et al. (Papillo et al., 2014). Each of the supernatants collected during the 

different digestion phases simulated were lyophilized, and then dissolved in methanol for the analysis. 

DPPH assay 

The antioxidant activity of tea samples was measured with respect to the radical scavenging ability of the 

antioxidants present in the sample using the stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Sigma-

Aldrich St. Louis, MO, USA). The analysis was performed by adding 100 µL of each sample to 1000 µL of a 

methanol solution of DPPH (153 mmol L−1 ). The decrease in absorbance was determined with a UV-visible 

spectrophotometer (Beckman, Los Angeles, CA, USA). The absorbance of DPPH radical without antioxidant, 

i.e., the control, was measured as basis. All determinations were in triplicate. Inhibition was calculated 

according to the formula:  

[(Ai − Af)/Ac] × 100, 

where Ai is absorbance of sample at t = 0, Af is the absorbance after 6min, and Ac is the absorbance of the 

control at time zero (Brand-Williams et al., 1995). Trolox was used as standard antioxidant. Results were 

expressed in mmol Trolox Equivalent (TE).  

ABTS assay  

The ABTS assay was performed according to the method described by Rufino et al. (Rufino et al., 2010) with 

slight modifications. ABTS solution was prepared [2,20 -azinobis(3-ethylbenzotiazoline-6- sulfonate)] by 

mixing 5 mL of ABTS 7.0 mM solution and 88 µL of potassium persulfate 2.45 mM solution, which was left 

to react for 12 h, at 5 ◦C in the dark. Then, ethanol water was added to the solution until an absorbance value 

of 0.700 (0.05) at 754 nm (Beckman, Los Angeles, CA, USA). The determination of sample absorbance was 

accomplished at room temperature and after 6 min of reaction. All determinations were in triplicate. 

Inhibition was calculated according to the formula:  

[(Ai − Af)/Ac] × 100, 

where Ai is absorbance of sample at t = 0, Af is the absorbance after 6 min, and Ac is the absorbance of the 

control at time zero (Rufino et al., 2010). Trolox was used as standard antioxidant. Results were expressed in 

mmol Trolox Equivalent (TE). 

TMAO Quantification 

A High-Performance Liquid Chromatography-mass spectrometry (HPLC/MS) method was performed for 

quantification of TMAO serum levels as described by Annunziata et al. (Annunziata et al., 2019b) and 
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reported in previous studies (Annunziata et al., 2019c; Barrea et al., 2019b, 2019d, 2018). Briefly, serum 

proteins were precipitated adding 160 µL of methanol to 80 µL of serum, vortex-mixing for 2 min and 

centrifuging at 12,000 rpm for 10 min (4 ◦C); the supernatants were used for the HPLC-MS analysis. The 

HPLC system Jasco Extrema LC-4000 system (Jasco Inc., Ithaca, NY) was coupled to an Advion Expression 

mass spectrometer (Advion Inc., Ithaca, NY) equipped with an ESI source, operating in positive ion mode. 

The separation of the analytes was performed using a Luna Hilic (5µ particle size, 150x3mm) and security 

guard colon both supplied by Phenomenex (Torrance, CA, USA) were used. The column temperature was 

maintained at 60 °C during analysis. Mobile phase A composition: 0.15% formic acid in water containing a 

final concentration of 10 mM ammonium acetate; mobile phase B composition: methanol. Mobile phases 

ratio was 80:20 (A:B), run isocratically at a flow rate of 0.35 mL/min for 6 min, with a 5 µl injection volume. 

Circulating Oxidative Stress-Related Biomarkers Analysis 

Serum levels of reactive oxygen metabolites (D-ROMs) and oxidized low-density lipoproteins (oxLDL) as 

oxidative stress-related biomarkers were monitored. Both D-ROMs and oxLDL analyses were carried out on 

an automated analyzer (Free Carpe Diem, Diacron International, Grosseto, Italy) using relative commercial 

kits (Diacron International) according to the manufacturer’s instructions, as previously reported 

(Annunziata et al., 2019b; Barrea et al., 2019c). 

 D-ROMs test (Free Carpe Diem, Diacron International, Grosseto, Italy) - 10µl of serum were 

transferred into 1cm cuvettes containing 1ml of R2 reagent (acetate buffer, pH4.8). The sample-

containing mixture was gently mixed and 20µl of R1 reagent (a chromogenic mixture consisting of 

aromatic alkyl-amine, A-NH2) were added. Cuvettes were mixed by inversion and samples were 

read at 546nm (5 min, 37°C) on an automated analyzer. 

 LP-CHOLOX test (Free Carpe Diem, Diacron International, Grosseto, Italy) - 10µl of serum were 

added in a plastic tube containing 1ml of R1 reagent (indicators mixture) and two drops of R2 

reagent (reduced iron) were transferred. The mixture was mixed by shaking, incubated at 37°C for 2 

min and centrifuged at 1,400 g for 2 min. Supernatants were transferred into 1cm cuvettes and read 

at 505nm (37°C) on an automated analyzer. Blank was prepared following the same procedure, 

without the addition of sample. 

Study-specific materials and methods 

 Study: “Antioxidant activity of Taurisolo® on human peripheral blood cells” (Annunziata et al., 

2021)  

Cell isolation and cell viability test 
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Venous blood samples were obtained from the antecubital vein of adults with MetS, in suitable vacutainers 

with EDTA as an anticoagulant. Blood samples were obtained at 08:00 after 12 h overnight fasting. 

Neutrophil fraction was purified following an adaptation of the method described by Bøyum (Bøyum, 1964). 

Blood was carefully introduced on Ficoll in a proportion of 1.5 : 1 and was then centrifuged at 900 g, at 4° C 

for 30 min. The precipitate containing the erythrocytes and neutrophils was incubated at 4° C with 0.15 M 

ammonium chloride to haemolyse erythrocytes. The suspension was centrifuged at 750 g, at 4° C for 15 min, 

and the supernatant was then discarded. The neutrophil phase at the bottom was washed first with 

ammonium chloride and then with phosphate buffer saline (PBS), pH 7.4. Cell viability was evaluated by a 

crystal violet nuclear staining assay, as previously described (Busquets-Cortés et al., 2018). Violet dye binds 

to proteins and DNA of living cells. Cells that undergo cell death lose their adherence to culture surface and 

are subsequently lost from the population of cells, reducing the amount of crystal violet staining in a culture. 

Briefly, cell suspension (500 µL) was incubated with 0.5% crystal violet solution (20 µL) in 30% acetic acid for 

10 min at RT. Cells were then centrifugated at 1000rpm for 10 min and washed three times with PBS, until 

the dye stopped coming off. 100 µL of ethanol were added and all the volume was then transferred in a 96-

well microplate and absorbance at 570 nm was recorded in a microplate reader (Bio-Tek Instruments, Inc., 

Winooski, VT, USA). 

Total antioxidant capacity (FRAP) 

The total antioxidant capacity was measured using the ferric reducing antioxidant power (FRAP) assay, 

following the method described by Benzie and Strain (Benzie and Strain, 1996). 

Cell treatment and experimental design 

Purified neutrophils from each study participants (n = 14) were cultured with RPMI 1640 culture medium 

containing 2 mM L-glutamine and divided into four aliquots: (i) control group (Ctr; neutrophils treated only 

with culture medium), (ii) control+Taurisolo® group (Taurisolo®; neutrophils treated with culture medium in 

addition to 1 mg/ml Taurisolo®), (iii) PMA group (PMA; neutrophils treated with culture medium in 

addition to 5 µg/ml PMA) and (iv) PMA+ Taurisolo® group (PMA+Taurisolo®; neutrophils treated with 

culture medium in addition to 5 µg/ml PMA and 1 mg/ml Taurisolo®). All neutrophil groups were incubated 

in polypropylene tubes at 37° C for 2 hours. Subsequently, the cells were pelleted by centrifugation (900 ×g, 5 

min, 4∘ C) and cell-free supernatants were stored at −80° C until biochemical determinations; the 

determinations made in the cell-free supernatants will be considered as determinations in the extracellular 

media. Neutrophils were resuspended with 2 mL of PBS and one aliquot (1 mL) was centrifuged 900 ×g, 5 

min, 4° C, and the precipitate containing the neutrophils was lysed with distilled water and stored at −80° C; 

determinations performed in the neutrophils lysates will be considered as determinations in the intracellular 

media. 
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Hydrogen peroxide production 

H2O2 production in neutrophils was measured before and after stimulation with PMA using 2,7-

dichlorofluorescin-diacetate (DCFH-DA) as indicator. A stock solution of DCFHDA (1 mg/mL) in ethanol 

was prepared and stored at 20 C until analysis. DCFH-DA (30 µg/mL) in PBS was added to a 96-well 

microplate containing 150 µL of neutrophil suspension from each one of the six groups. The fluorescence 

(Ex, 480 nm; Em 530 nm) was recorded at 37° C for 1 h in FL 9800 Microplate Fluorescence Reader (Bio-tek 

Instruments, Inc.). 

Antioxidant enzyme activity 

The activities of CAT and MPO were determined both in extracellular and intracellular media. Both enzyme 

activities were determined with a Shimadzu UV-2100 spectrophotometer at 37°C. MPO activity was 

measured by guaiacol oxidation (Capeillère-Blandin, 1998). The reaction mixture contained sodium 

phosphate buffer pH7 and 13.5 mM guaiacol. The reaction was initiated by adding 300 mM H2O2, and 

changes at 470nm were monitored. CAT activity was measured by the spectrophotometric method of Aebi 

based on the decomposition of H2O2  (Aebi, 1984). 

Malondialdehyde assay 

Malondialdehyde (MDA) as a marker of lipid peroxidation was analyzed in gastrocnemius muscle 

homogenate by a colourimetric assay based on the reaction of MDA with a chromogenic reagent to yield a 

stable chromophore with maximal absorbance at 586 nm. Briefly, samples or standards were placed in glass 

tubes containing n-methyl-2-phenylindole (10.3 mM) in acetonitrile:methanol (3:1). HCl 12 N was added, and 

the samples were incubated for 1 h at 45º C. Absorbance was measured at 586 nm. 

 Study: “Effects of Taurisolo® on cardiomyoblast” (Lama et al., 2020) 

Cell Culture  

Rat cardiomyocytes (H9c2) (ATCC, Manassas, VA) cells were cultured in DMEM, at two different glucose 

concentration 5.5 mM (NH-H9c2) and 44 mM (HG-H9c2), supplemented with 10% fetal bovine serum, 100 

U/mL of penicillin, and 100 lg/mL of streptomycin in 150 cm2 tissue culture flasks at 37° C in a humidified 

atmosphere of 5% CO2. The cells were fed every 2–3 days and subcultured once they reached 70–80% of 

confluence. After 4 hr incubation, cells were washed with 1% PBS to remove unattached dead cells and 

treated with Taurisolo® (0,5 µg/µL), TMAO (50 µM), and TMAO/ Taurisolo® combination.  

Cell Proliferation Assay 
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The evaluation of cell proliferation was performed on NG-H9c2 and HG-H9c2 cell line after 24 and 72 hr 

incubation with Taurisolo®, TMAO, and TMAO/ Taurisolo® combination. The cells were seeded in 96-well 

plates in a number of 30 × 102 per well. The growth was assessed by MTT viability assay as previously 

described (Gomez-Monterrey et al., 2011). Then, MTT assay was carried out by triplicate determination on at 

least three separate experiments. All data were expressed as mean±SD. We have determined also the cell 

number and proliferation by TC10 automated cell counter (Bio-Rad, Milan, Italy).  

Morphological Evaluation of Cardiomyocytes by Confocal Microscopy 

After 72 hr incubation with Taurisolo®, TMAO, and TMAO/ Taurisolo® combination, the HG-H9c2 cells were 

fixed for 20 min with a 3% (w/v) paraformaldehyde (PFA) solution and permeabilized for 10 min with 0.1% 

(w/v) Triton X– 100 in phosphate-buffered saline (PBS) at room temperature. To prevent nonspecific 

interactions of antibodies, cells were treated for 2 hr in 5% fetal bovine serum (FBS) in PBS; then, cells were 

incubated with a specific mouse monoclonal antibody raised against actin (1:500 Alexa Fluor®, BD 

Pharmingen™) for 24 hr at 37° C. The slides were mounted on microscope slides by Mowiol. The analyses 

were performed with a Zeiss LSM 510 microscope equipped with a planapochromat objective X 63 (NA 1.4) 

in oil immersion. Actin fluorescence was collected in a multitrack mode. The nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI) (Tenore et al., 2019).  

Nitrite Levels 

Nitrite was measured by the Griess reaction. Briefly, 50 µL of medium was mixed with an equal volume of 

the Griess reagent (0.5% sulfanilamide, 2.5% H3PO4, and 0.05% naphthylethylene diamine in H2O) and 

incubated for 10 min at room temperature. Absorbance was assayed at 550 nm and compared with a 

standard curve obtained using sodium nitrite (Tenore et al., 2012).  

Thiobarbituric Acid-Reactive Species (TBARS) Assay 

Samples were incubated with 0.5 mL of 20% acetic acid, pH 3.5, and 0.5 mL of 0.78% aqueous solution of 

thiobarbituric acid. After heating at 95° C for 45 min, samples were centrifuged at 4000 rpm for 5 min. The 

TBARS were quantified by spectrophotometry at 532 nm. Results were expressed as TBARS µM/g of 

proteins. Each data point is the average of triplicate measurements, with each experiment performed in 

triplicate. 2.8. AST and LDH Assay. NG-H9c2 and HG-H9c2 cardiomyocytes (1 × 105 cells/well) after 24 and 

72 hr incubation with Taurisolo®, TMAO, and TMAO/ Taurisolo® combination were cultured in 6-well 

plates. The medium was collected for the measurement of the Aspartate transaminase (AST) and Lactate 

dehydrogenase (LDH) enzymes, including isoform 1 and 2 release. The enzyme activity was measured using 
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an Abbott Aeroset fully automatic biochemical analyzer (Abbott Laboratories, USA). The levels of enzymes 

were assayed according to the instructions provided with the corresponding enzymatic kits.  

Western Blots 

We followed the methods of Vanacore et al. 2018 (Vanacore et al., 2018) for evaluation the protein expression 

by Western blot. Briefly, the cells were cultured at different condition for 72 hr, and then, cell pellets were 

lysed with 1 mL of lysis buffer (1% Triton, 0.5% sodium deoxycholate, 0.1 M NaCl, 1 mM Ethylenediamine 

tetra-acetic acid (EDTA), pH 7.5, 10 mM Na2HPO4, pH 7.4, 10 mM Phenylmethyl sulfonyl fluoride, 25 mM 

benzamidine, 1 mM leupeptin, and 0.025 units/mL aprotinin). The lysates were centrifuged at 12,000 rpm for 

10 min at 4° C. Equal amounts of protein extracts were separated by SDS-PAGE, electrotransferred to 

nitrocellulose, and reacted with the different antibodies (ERK, pERK, LC3II, and Mn-SOD). All Western blots 

were repeated for three times. GAPDH was used as internal control. To quantify the results, the relative 

amount of each protein was determined.  

Mass Spectrometry  

LIPID MAPS Lipidomics Gateway and Human Metabolome Database queries were used to assign putative 

identities to mass features using based on mass accuracy within ±1 Da. (http://www.lipidmaps.org/ 

data/structure/index.html.) 

 Study: “Effects of Taurisolo® on endothelial function” (Martelli et al., 2021) 

Cell cultures 

Human aortic mooth muscle cells, HASMCs (Life Technologies, Carlsbad, CA, USA), were cultured in 

Medium 231 (Life Technologies, Carlsbad, CA, USA) supplemented with Smooth Muscle Growth 

Supplement (Life Technologies, Carlsbad, CA, USA), 1% of 100 units·ml−1penicillin and 100 mg·ml−1 

streptomycin (Merck KGaA, Darmstadt, Germany). Human umbilical vein endothelial cells, HUVECs (Life 

Technologies, Carlsbad, CA, USA) were cultured in Medium 131 (Life Technologies, Carlsbad, CA, USA) 

supplemented with 10% Fetal Bovine Serum, 1% of 100 units·ml−1penicillin and 100 mg·ml−1 streptomycin, 

1% L-Glutamine, heparin 10U/ml, epidermal growth factor (EGF, 10ng/ml), and basic fibroblast growth 

factor (bFGF, 5ng/ml) (Merck KGaA, Darmstadt, Germany). Both cell lines were cultured in T75 red cap 

tissue culture flasks at 37 °C in a humidified atmosphere of 5% CO2. Cells were split 1:2 once a week and 

used until passage 20 for HASMCs and 13 for HUVECs. 

Evaluation of the cell viability preservation against H2O2-induced cell damage in HASMCs and HUVECs 
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Cells were cultured up to 90% confluence and 24 h before the experiments they were plated into a 96-well 

cell culture transparent plate (at a density of 104 cells per well for HASMCs and 2 × 104 cells per well for 

HUVECs). After 24h, to allow cell attachment, the medium was replaced by fresh culture medium, and cells 

were treated with Taurisolo® (TAU 10, 30, and 100µg/ml) or vehicle for 1h. After 1h, cells were challenged 

with the oxidant stimulus, represented by H2O2 (200 µM for HASMCs and 100 µM for HUVECs). At the end 

of the 2h of H2O2 incubation, the cell viability was assessed using an aqueous solution of the cell 

proliferation reagent WST-1 (Roche, Basilea, Switzerland). It was added at a ratio of 1:10 of the total volume 

of the wells and incubated for 1h at 37 °C in a humidified atmosphere of 5% CO2, and the absorbance was 

measured at λ=495 nm by a multiplate reader (EnSpire, Perkin-Elmer, Waltham, MA, USA). 

Evaluation of cell viability preservation against H2O2-induced cell damage in HASMCs and HUVECs in the presence 

of Sirtuin and AMPK inhibitors 

Cells were cultured up to 90% confluence and 24 h before the experiments, they were plated into a 96-well 

cell culture transparent plate (at a density of 104 cells per well for HASMCs and 2 × 104 cells per well for 

HUVECs). After 24h to allow cell attachment, the medium was replaced and both the cell lines were 

incubated for 1h with Sirtinol (a sirtuin inhibitor, Tocris Bio-Techne, Minneapolis, MN, USA) or Compound 

C (also known as dorsomorphin, an AMPK inhibitor, Merck KGaA, Darmstadt, Germany) at the 

concentration of 10µM, or both, or their vehicle. After 1h of incubation, Taurisolo® (TAU, 100µg/ml) or 

vehicle (culture medium) was added and incubated for 1h. After 1h, the cells were incubated for2h with the 

pro-oxidant agent represented by H2O2 (200µM for HASMCs, and 100 µM for HUVECs). Cell viability was 

assessed using an aqueous solution of the cell proliferation reagent WST-1 (Roche, Basilea, Switzerland). It 

was added at a ratio of 1:10 of the total volume of the wells and incubated for 1h at 37 °C in a humidified 

atmosphere of 5% CO2, and then the absorbance was measured at λ=495 nm by a multiplate reader (EnSpire, 

Perkin-Elmer, Waltham, MA, USA). 

Measurement of intracellular H2O2-induced ROS production in HUVECs and HASMCs in the presence of Sirtuin and 

AMPK inhibitors 

Cells were treated as reported in paragraph 2.2.2and, at the end of the treatment, intracellular levels of 

reactive oxygen species (ROS) were measured. In particular, the ROS production was measured using an 

aqueous solution of the fluorescent probe dihydroethidium (DHE 10µM; Merck KGaA, Darmstadt, 

Germany) incubated at 37°C for 30 min in the dark and in a humidified atmosphere of 5% CO2. Fluorescence 

values corresponding to intracellular ROS production were measured at λex=500nm and λem=580nmby a 

multiplate reader (EnSpire, Perkin-Elmer, Waltham, MA, USA). 

Cell experiments data analysis 
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The experiments were carried out in triplicate and repeated at least three times (n=9), and the values 

obtained were expressed as a mean ± standard error (SEM). The data were analyzed by using the ANOVA 

one way test followed by Bonferroni’s Multiple Comparison post hoc test; a level of P < 0.05 was considered 

to be a statistical significance limit (*p< 0.05; **p< 0.01; ***p< 0.001). 

Brachial artery flow-mediated dilation (FMD) and reactive hyperemia index (RHI) 

All assessments were performed by the same expert operator, blinded for ongoing treatment. FMD and RHI 

were measured by ultrasound imaging, as described in the guidelines of the International Brachial Artery 

Reactivity Task Force (Corretti et al., 2002).  

FMD and RHI of the brachial artery were evaluated according to a standardized ultrasound protocol (M. N. 

D. Di Minno et al., 2020) using an automatic edge detection software (Cardiovascular Suite®, FMD studio, 

QUIPU Srl, Pisa, Italy). Briefly, brachial artery was visualized on the longitudinal plane with ultrasound (10 

MHz linear transducer, Esaote®, MyLab 25 Gold, Pisa, Italy). Brachial artery diameter (BAD) and the flow 

velocity were recorded at rest for 60 seconds and for 240 seconds during reactive hyperemia following 300 

seconds of induced ischemia of the forearm (blood pressure cuff placed on the forearm and inflated up to 70 

mmHg above the systolic blood pressure). FMD was calculated as (Max post-ischemic BAD – Basal 

BAD)/Basal BAD x 100. The reactive hyperemia index (RHI) was calculated as (average flow velocity after 

cuff deflation/flow velocity measured at the baseline) (A. Di Minno et al., 2020). 

 Study: “Effects of Taurisolo® on AMD” (article in press)  

Ophthalmic Outcomes Evaluation 

CFT was monitored using an Optical Coherence Tomographer (Model Cirrus Zeiss HD-5000, Carl Zeiss, 

Wetzlar, Germany) to assess retinal structure and measure CFT after pupillary dilation. Twelve 6-mm radial 

scans spaced 15° were recorded. CFT was measured as the distance between the high-reflectance 

vitreoretinal interface and the retinal pigment epithelium/choriocapillaris complex based on the vertical and 

horizontal B-scans of the Stratus or based on the central B-scan of the Cirrus. 

Visual acuity was assessed monocularly with the right eye tested first unless otherwise clinically indicated 

using a distance Snellen chart to determine the power that yielded best-corrected visual acuity. 

 Study: “Effects of Taurisolo® on muscle quality in aged rats” (Annunziata et al., 2020b) 

Gastrocnemius muscle homogenate 
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Gastrocnemius muscle portions (100 mg) were homogenized in a relationship 1:5 in a solubilization buffer 

(250 mM sucrose, 20 mM Tris–HCl, 40 mM KCl, and 2 mM EGTA, pH 7.4), using a disperser (IKA T10 basic 

ULTRA-TURAX). The homogenates were sonicated at 20 W and centrifuged (at 5000 g, 4 °C, for 15 min) and 

supernatants were stored at -80°C until their utilization. Total protein content was measured by Bradford's 

protein–dye-binding assay (Bradford, 1976). 

Total antioxidant capacity (FRAP) 

The total antioxidant capacity was measured using the ferric reducing antioxidant power (FRAP) assay, 

following the method described by Benzie and Strain (Benzie and Strain, 1996). 

Antioxidant activities determination 

The activities of antioxidant enzymes (CAT, SOD, GRd and GPx) were determined in gastrocnemius muscle 

homogenates. All activities were determined with a Shimadzu UV-2100 spectrophotometer at 37ºC. CAT 

activity was measured by the spectrophotometric method of Aebi based on the decomposition of H2O2  (Aebi, 

1984). SOD activity was measured by an adaptation of the method of McCord and Fridovich (McCord and 

Fridovich, 1969). GRd activity was measured by a modification of the Goldberg and Spooner 

spectrophotometric method (Goldberg and Spooner, 1984). GPx activity was measured using an adaptation of 

the spectrophotometric method of Flohe and Gunzler (Flohe and Gunzler, 1984). Results were normalized with 

protein concentration. 

Malondialdehyde assay 

Malondialdehyde (MDA) as a marker of lipid peroxidation was analyzed in gastrocnemius muscle 

homogenate by a colourimetric assay based on the reaction of MDA with a chromogenic reagent to yield a 

stable chromophore with maximal absorbance at 586 nm. Briefly, samples or standards were placed in glass 

tubes containing n-methyl-2-phenylindole (10.3 mM) in acetonitrile:methanol (3:1). HCl 12 N was added, and 

the samples were incubated for 1 h at 45º C. Absorbance was measured at 586 nm. 

N-Tyrosine determination 

Nitrotyrosine (N-Tyr) were determined by immunological method OxiSelect™ Nitrotyrosine Immunoblot Kit 

(Cell Biolabs, INC) following the manufacturer’s instructions. Total protein concentrations were measured by 

the method of Bradford. 10 µg of protein from samples homogenate were transferred onto a nitrocellulose 

membrane by the dot blot method. Nitrocellulose membranes were incubated with rabbit anti-N-Tyr antibody. 

This step was followed by incubation with a horseradish peroxidase antibody (goat anti-rabbit IgG) conjugate 

directed against the primary antibody. The membrane was then treated with luminol, which is converted to a 
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light-emitting form at wavelength 428 nm by the antigen/primary antibody/ secondary antibody/peroxidase 

complex. The light was visualized and detected by short exposure to a Chemidoc XRS densitometer (Bio-Rad 

Laboratories). Image analysis was performed using Quantity One-1D analysis software (Bio-Rad Laboratories). 

The coefficient of variation has been calculated to be 12% for N-Tyr index. 

Gene expression 

Total RNA was obtained from 0.1 g from gastrocnemius muscle using TriPure Isolation Reagent (Roche 

Diagnostics) following the manufacturer's instructions. Total RNA was quantified using the Take3 Microplate 

in a PowerwaveXS spectrophotometer (BioTek, Winooski, VT, USA). A 1 µg sample of total RNA was reverse 

transcribed to cDNA using 25 U MuLV reverse transcriptase in 5 µl retrotranscription mixture (10 mM Tris–HCl 

pH 9.0, 50 mM KCl, 0.1, 2.5 mM MgCl2, 2.5 µM random hexamers, 10 U RNase inhibitor, and 500 µM of each 

dNTP) for 60 min at 42 °C in a Gene Amp 9700 thermal cycler (Applied Biosystems). cDNA solutions were 

diluted 1/10, and aliquots were frozen (−20 °C) until analyzed. Real-time PCR was carried out using SYBR 

Green technology in a LightCycler rapid thermal cycler (Roche Diagnostics). The amplification program 

consisted of a preincubation step for denaturation of template cDNA (95 °C, 10 min) followed by 45 cycles 

consisting of a denaturation, an annealing, and an extension step under the conditions given in Table X. After 

each cycle, fluorescence was measured at 72 °C. 

Table X. Primers sequences and Real-Time PCR conditions 

Gene Sequence Temperature (ºC) 

Β-Actin Fw:  5’-AGG GAAATCGTGCGTGAC-3’ 95ºC            15 Seg 

60ºC            30 Seg 

72ºC            30 Seg 

Rev: 5’-CGCTCATTGCCGATAGTC-3’ 

Mn-SOD Fw:  5’-GGCCAAGGGAGATGTTACAA -3’ 95ºC            15 Seg 

60ºC            30 Seg 

72ºC            30 Seg 

Rev: 5’- GCTTGATAGCCTCCAGCAAC-3’ 

IL-10 Fw:  5’-GGCTCAGCACTGCTATGTTGCC-3’ 95ºC            15 Seg 

60ºC            30 Seg 

72ºC            30 Seg 

Rev:5’-AGCATGTGGGTCTGGCTGACT -3’ 

IL-6 Fw:  5’-GCCACTGCCTTCCCTACTTCA-3’ 95ºC            15 Seg 

60ºC            30 Seg 

72ºC            30 Seg 

Rev:5’- GACAGTGCATCGCTGTTCA-3’ 

GPx Fw:  5’-GCTCATGACCGACCCCAAGT-3’ 95ºC            15 Seg 

65ºC            30 Seg Rev:5’-GCCAGCCATCACCAAGCCAATA -3’ 
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72ºC            30 Seg 

Catalase Fw:  5’-TGGCCTCCGAGATCTTTTCAATG-3’ 95ºC            15 Seg 

63ºC            30 Seg 

72ºC            30 Seg 

Rev:5’-GCGCTGAAGCTGTTGGGGTAGTA-3’ 

Sirt-1 Fw:  5’-TGGAGCAGGTTGCAGGAATCCA -3’ 95ºC            15 Seg 

60ºC            30 Seg 

72ºC            30 Seg 

Rev:5’-TGGCTTCATGATGGCAAGTGGC -3’ 

Abbreviations: Mn-SOD, mitochondrial superoxide dismutase; IL-10, interleukin-10; IL-6, interleukin-6; 

GPx, glutathione peroxidase; Sirt-1, sirtuin 1 
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Appendix B – Detailed materials and methods of animal-based studies 

 Study: “Effects of Taurisolo® on endothelial function” (Martelli et al., 2021) 

All experimental procedures were carried out according to the Code of Ethics of the World Medical 

Association (Declaration of Helsinki, EU, Directive 2010/63/EU for animal experiments) and following the 

guidelines of the European Community Council Directive 86-609. The experiments were authorized by the 

Ethical Committee of the University of Pisa (Protocol number: 0037321/2013) and by the Italian Ministry of 

Health (authorization number 487/2020-PR). Animal studies were carried out in compliance with the 

ARRIVE guidelines and the Basel Declaration including the 3Rs concept (Kilkenny et al., 2010; McGrath and 

Lilley, 2015). All procedures were carried out to minimize the number of animals used and their suffering. 

Evaluation of the vasorelaxing effect of Taurisolo® on rat aorta rings in the presence and absence of endothelium 

3-month-old male Wistar rats (280-350g) housed in cages with free access to food and water, were sacrificed 

with an overdose of Sodium Thiopental 100 mg/kg (MSD Animal Health, Milan, Italy), and thoracic 

descending aorta segment was excised, divided into 5mm-rings and set up on 20 mL organ baths, containing 

Tyrode solution (saline composition: NaCl 136,8; KCl 2,95; CaCl2.2H2O 1,80; MgSO4.7H2O 1,05; 

NaH2PO4.H2O 0,41; NaHCO3 11,9; Glucose 5,5 mM), thermostated at 37°C and saturated with Clioxicarb 

(95% O2 and 5% CO2). Each aortic ring was maintained under a preload of 2 g and, after a period of 30 min of 

stabilization, KCl 25 mM (CARLO ERBA Reagents S.r.l., Milan, Italy) was added to induce a vasoconstricting 

effect. After reaching a stable plateau, a test with Acetylcholine (Ach) 10-5M (Merck KGaA, Darmstadt, 

Germany), was performed to assess the presence of endothelium. As concerns the endothelium-intact aortic 

rings, a relaxation ≥70% of the KCl-evoked contraction was considered representative of a functional 

endothelium; on the other hand, the aortic rings exhibiting a relaxation <70% were discarded. As regards the 

endothelium-removed aortic rings, a relaxation <10% of the KCl-evoked contraction was considered 

representative of an acceptable lack of the endothelial layer; conversely the rings exhibiting a relaxation 

≥10%, were discarded. This procedure was followed by washes to remove Ach and a stabilization period of 

20 min (Bertini et al., 2010; Calderone et al., 2006). 

At the end of the stabilization period, the aortic rings were challenged again with KCl 25mM to induce 

vasoconstriction and, once reached a stable plateau, increasing cumulative concentrations of Taurisolo® 

(0,003; 0,01; 0,03; 0,1; 0,3; 1; 3 mg/mL) were administered in aortic rings with and without endothelium. To 

verify the involvement of endogenous nitric oxide (NO) in the endothelium-dependent vasorelaxation 

induced by Taurisolo®, the aortic rings with intact endothelium were pre-incubated with the inhibitor of NO 

biosynthesis L-NAME 100 µM (Merck KGaA, Darmstadt, Germany) for 20 min, before the administration of 

increasing cumulative concentrations of Taurisolo®. The vasorelaxing effect promoted by Taurisolo® was 
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expressed as a percentage of the maximum contraction induced by KCl 25 mM.The maximal vasorelaxant 

efficacy(Emax) represented the maximal vasorelaxing response achieved by the highest concentration of 

Taurisolo® and it is expressed as a percentage (%) of the contractile tone induced byKCl 25mM.The potency 

parameter (pEC50) is expressed as the negative logarithm of the molar concentration of Taurisolo® evoking 

an effect = 50% of Emax. Both the parameters for efficacy and potency are expressed as mean ± SEM,from 

aortae of six animals (n = 6) for each different treatment (Calderone et al., 2007; Martelli et al., 2020). 

Evaluation of the involvement of Sirtuins and AMPK pathways in the vasorelaxing activity of Taurisolo® 

The potential mechanisms of action, accounting for the vasorelaxing effect exhibited by Taurisolo® on the 

endothelium-intact aortic rings, were investigated through the pre-incubation of the vessels, for 1h, with 

Sirtinol (a sirtuin inhibitor) 100µM (Tocris Bio-Techne, Minneapolis, MN, USA) or Compound C (also known 

as dorsomorphin, an AMPK inhibitor) 100µM (Merck KGaA, Darmstadt, Germany) or both at the 

concentration of 100µM. Therefore, after reaching a stable plateau obtained by administration of KCl 25 mM, 

increasing concentrations of Taurisolo® (0,003; 0,01; 0,03; 0,1; 0,3; 1; 3 mg/mL) were administered to each 

aortic ring. The vasorelaxing effect, observed after the administration of each concentration of Taurisolo®, 

was expressed as a percentage of the maximum contraction induced by KCl 25mM.The maximal 

vasorelaxant efficacy (Emax) represented the maximal vasorelaxing response achieved with the highest 

concentration of Taurisolo® and it is expressed as a percentage (%) of the contractile tone induced by KCl 

25mM. The potency parameter (pEC50) is expressed as the negative logarithm of the molar concentration of 

Taurisolo® evoking an effect = 50% of Emax. Both the parameters for efficacy and potency are expressed as 

mean ± SEM, from aortae of six animals (n = 6) for each different treatment. 

Evaluation of the efficacy of Taurisolo® to restrain Noradrenaline (NA)-induced vasoconstriction  

Three different concentrations of Taurisolo® (10, 30, 100 µg/mL) or the corresponding vehicle (deionized 

water) were pre-incubated for 20 min on different isolated endothelium-intact aortic rings. Then, increasing 

concentrations of Noradrenaline (NA) (Merck KGaA, Darmstadt, Germany) (10-9 M; 3x10-9 M; 10-8 M; 3x10-8 

M; 10-7 M; 3x10-7 M; 10-6 M) were added in each aortic ring. Finally, after the NA-cumulative concentration–

responsecurve, the aortic ringswere washed and, after a stabilization period of 20 minutes, KCl 60 mM was 

administered to obtain a maximal contraction (100%). The vasocontracting effect of each NA concentration 

was expressed as a percentage of the vasoconstriction induced by KCl 60 mM. The maximal vasocontracting 

efficacy (Emax) represented the maximal vasocontracting response achieved with the highest concentration 

of NA and it is expressed as a percentage (%) of the contractile tone induced by KCl60mM. The potency 

parameter (pEC50) is expressed as the negative logarithm of the molar concentration of NA evoking an effect 

= 50% of Emax (Martelli et al., 2020).  
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In vitro experiments statistical analysis 

Experimental data were analyzed by a computer fitting procedure (software: GraphPad Prism 6.0).The 

experiments were conducted in triplicate and repeated at least three times (n=9). The statistical significance 

was obtained by the Two-Way ANOVA statistical analysis followed by Bonferroni post-test. Values were 

considered statistically different when p<0.05.  

Anti-hypertensive effects of Taurisolo® in spontaneously hypertensive rats (SHRs) in vivo model 

Twenty spontaneously hypertensive rats (SHRs; Charles River Laboratories, Calco, Italy) of 6 weeks of age 

(starting mean weight: 181 ± 3 g and systolic blood pressure: 186 ± 3 mmHg), were housed in cages with food 

and water ad libitum and were exposed to a 12h dark/light cycle. Although not yet affected by a condition of 

fully establishedhypertension,6-week-old SHR rats were selected because they show a progressive increase 

in blood pressure up to maximum values around the 10th week of age. After a period of 2 weeks, during 

which animals were daily conditioned to be handled for measurement of blood pressure according to the 

”tail-cuff” method, by a BP recorder (BP-2000 Blood Pressure Analysis System, Series II, Visitech System, 

Apex, NC, USA), they were randomized into 4 groups (5 animals for each group). The 4 groups daily 

received (per os, dissolved in the drinking water) 4 different treatments for 4 weeks: 1) Tap water (control 

group), 2) Taurisolo® 10mg/kg, 3) Taurisolo® 20 mg/kg, and 4) Captopril 20mg/kg (Merck KGaA, Darmstadt, 

Germany) used as reference anti-hypertensive drug. Both Taurisolo® and Captopril solutions were daily 

freshly prepared. During the 4 weeks of treatment, animals were weekly weighed to monitor health status 

and consider any dose adjustments. Systolic blood pressure was measured three times per week (on 

alternate days): specifically, conscious animals were placed into containment cages on a 37°C heated 

platform for 10 min and then systolic blood pressure values were recorded (Breschi et al., 2006, 2004). The 

statistical significance was obtained by the Two-Way ANOVA statistical analysis followed by Bonferroni 

post-test. Statistical significance was set at p<0.05. 

Evaluation of Taurisolo® protection against endothelial dysfunction in SHRs 

At the end of the chronic in vivo treatment, SHRs were sacrificed by an overdose of Sodium Thiopental (100 

mg/kg, i.p.), their thoracic aortas were removed, and rings were set up as previously described, to assess the 

possible protection of Taurisolo® against endothelial dysfunction. After setting up the aortic rings, they were 

pre-contracted with NA 1µM and, upon reaching the vasoconstriction plateau, Ach was administered at 

increasing cumulative concentrations (10-9 M; 3x10-9 M; 10-8 M; 3x10-8 M; 10-7 M; 3x10-7 M; 10-6 M) to assess 

the response of the endothelial component in each treatment group. Some aortic rings were used to verify 

that vasodilation was due to endothelial deficiency and not to damage of the smooth muscle component. For 

this purpose, Sodium Nitroprusside (SNP) (CARLO ERBA Reagents S.r.l., Milan, Italy), a NO-donor agent, 
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was administered at the same increasing cumulative concentrations used for Ach (Martelli et al., 2013). The 

maximal vasorelaxant efficacy (Emax) represented the maximal vasorelaxing response achieved with the 

highest concentration of Ach and it is expressed as a percentage (%) of the contractile tone induced by NA 

1µM.  

The experiments were conducted in fivefold and derived from aortas of 5 different animals (n=5). The 

statistical significance was obtained by the Two-Way ANOVA statistical analysis followed by Bonferroni 

post-test. Statistical significance was set at p<0.05. 

Effect of Taurisolo® on glycemic and lipid parameters in SHRs 

At the end of the 4-week of chronic in vivo treatment, the lipid (total cholesterol, HDL, LDL, triglycerides) 

and glycemic profiles were also investigated. After an 18-hour fasting, blood glucose measurement was 

carried out collecting blood from the tail of conscious animals, while the lipid panel was analyzed from 

blood collected from the heart of rats previously anesthetized with Sodium Thiopental (100mg/kg, i.p.). The 

instruments used were Glucocard™ blood glucose meter (Menarini, Florence, Italy) and Cobas b 101 (Roche 

Diagnostics, Basilea, Switzerland), respectively. 

Preventive effects of Taurisolo® against cardiac hypertrophy in SHRs 

At the end of the chronic treatment, the heart of each animal was removed, washed, dried, dissected, and 

finally weighed to assess the preventive effects of Taurisolo® against the development of cardiac 

hypertrophy in SHRs. Data were expressed as a ratio between heart weight and animal body weight (g/kg) 

(Breschi et al., 2006). Significance was obtained with One-Way ANOVA statistical analysis followed by 

Bonferroni post-test. Data were considered statistically different when p<0.05. 

Measurement of coagulation factors and fibrinogen  

Mice were randomly separated into four experimental groups of six animals of each, balancing body weight 

variation across groups. Taurisolo® (TAU®) at a dose of 1, 10 and 20 mg/kg and distilled water (TAU vehicle; 

Ctrl group) were administered orally (p.o.; 200 µl/mouse) for 4 weeks. Thereafter, blood was collected via 

intracardiac puncture in citrated blood samples to perform haematological investigations of coagulation 

factors, including prothrombin time (PT; expressed as seconds), partial thromboplastin time (PTT; expressed 

as seconds) and fibrinogen (expressed as mg/dl) (Feng et al., 2018). Blood biochemical examinations were 

performed by CELL-DYN Sapphire purchased from Abbott SRL (Milan, Italy). Standard laboratory 

procedures were used for blood sampling and measurements (Kim et al., 2018) and all procedures were 

conducted under strictly aseptic conditions. 
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Clot retraction assay 

For clot retraction assay, we adopted the protocol proposed by Law and coll. with slight modifications (Law 

et al., 1999). Briefly, not-anticoagulated blood samples, obtained by intracardiac puncture (300 µl) were 

transferred into Microvette® 300 Z (Sarstedt, Verona, Italy) containing clotting activator and incubated at 

room temperature for 2h in order to get clots formation. Thereafter, clots were collected and weighed (g), 

and residual serum volumes (µl) were pipetted as an indirect value of clot reaction (Tucker et al., 2012). 

The data and statistical analysis in 2.5 experimental procedures comply with the international 

recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) and data 

sharing and presentation in preclinical pharmacology (Alexander et al., 2018; George et al., 2017). The results 

obtained were expressed as the mean ± SD. Statistical analysis were performed by using One-Way ANOVA 

followed by Bonferroni’s for multiple comparisons. GraphPad Prism 8.0 software (San Diego, CA, USA) was 

used for analysis. Data were considered statistically significant when a value of p≤ 0.05 was achieved. 

 Animal-based study: “Effects of Taurisolo® on aged brain-associated cognitive decline” (article in 

press) 

Animals 

Young (3 months, n=8) and old (20 months, n=24) male Wistar rats (Harlan, Barcelona, Spain) were 

individually housed with free access to standard food (Panlab A04) and tap water, under controlled 

environmental conditions (20±2 °C; 70 % humidity), in a sound-attenuated chamber, and maintained at 12-h 

light/dark photoperiod (lights on at 08:00 h daily) with an average of 300 lux of indirect light provided from 

fluorescent lamps. Animals were daily handled for several days prior to starting tests to reduce stress during 

testing. Every 3–4 days during treatments, animals were weighed. All procedures were in accordance with 

the European Convention for the Protection of Vertebrate Animals used for Experimental and other 

Scientific Purposes and in agreement with the Bioethical Committee of the University of Balearic Islands 

(Exp: 2019/14/AEXP). 

Treatment 

Old animals were randomly allocated into three intervention groups: control (Ctr; 50 mg/kg maltodextrins 

daily; n=8), active group 1 (100; 100 mg/kg Taurisolo® daily; n=8) and active group 2 (200; 200 mg/kg 

Taurisolo® daily; n=8); young animals were treated with 50 mg/kg maltodextrins (positive Ctr). Both 

treatments (maltodextrins and Taurisolo®) were orally administered for 30 days. All animals also received 

NSD 1015 (100 mg/kg, i.p. at 0730 h) 30 min before being sacrificed by decapitation. This administration was 

performed to measure the in vivo activity of TPH and TH, through the accumulation of 5-HTP and DOPA 
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respectively during these 30 min. Brains were quickly removed and dissected on an ice-cold plate to separate 

pineal gland (1.2–1.3 mg), hippocampus (60–65 mg), and striatum (caudate-putamen) (15–20 mg), which 

were immediately frozen in liquid nitrogen and stored at −80 °C until assays. 

Visuospatial Learning in Barnes Maze Test  

The maze consists on a circular disk (130 cm diameter) elevated above the floor with 18 holes equidistantly 

located around the perimeter. Under one of these holes, there is a black box or target not visually 

discriminated from the centre of the maze. The maze was set in an experimental room with several visual 

cues to serve as reference points for locating the target. The bright light was used as a stimulus to find the 

target, accentuating the natural agoraphobia of rats (Barrett et al., 2009). Previous studies indicated that 

performance on this task requires spatial stimuli recognition mediated by the hippocampus (Deacon and 

Rawlins, 2002). Animals were habituated to the maze, allowing them to freely explore the maze the day 

before the test in one session (familiarization phase). Each rat was placed in the middle of the platform, the 

light was switched on and the animal had 3 min to escape by hiding in the target. If the rat did not escape, it 

was manually placed in the target box, where it remained for 1 min. Once the animal is inside the box the 

light was turned off. Between tests and trials, the whole apparatus was cleaned with ethanol 90%, to avoid 

the presence of olfactory or solid traces between animals. The day of the test, each rat performed four trials 

separated by 10 min. The trial finished when the animal entered the target or after 3 min when the animal 

was manually placed into the target box and remained there for 1 min. The time spent exploring the maze 

until reaching the target was denominated latency. Exploration of the non-target hole was counted as an 

error. Three different strategies to search the target were considered (Rueda-Orozco et al., 2008): direct (rats 

go directly to the target), serial (rats explore holes in sequence), or random (any other pattern to reach the 

target).  

Motor Coordination in Rotarod Test  

Motor ability and balance were evaluated on the rotarod treadmill (Panlab®). Animals were submitted to 

training sessions during 4 days prior to the test (one session/day) on a rotarod at a constant speed of 4 rpm 

until their performance was stabilized. In the test phase, the rats were placed on the rotarod in acceleration 

mode (from 4 to 40 rpm over a period of 60 s) for recording the latency to fall. Each rat repeated the test five 

times, leaving a 10 minutes for recovery. 

 Animal-based study: “Effects of Taurisolo® on muscle quality in aged rats” (Annunziata et al., 2020b) 

Animals Ethics approval 
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Old male Sprague-Dawley rats (20 months; 580±11.8 5 g weight; n = 32; Charles River, Spain) were housed 

individually in standard cages under controlled environmental conditions (20±2ºC;70% humidity, and 12-h 

light/dark cycle, lights on at 08:00) with free access to standard food (Panlab A04, Spain) and tap water. All 

procedures were performed during the light period and in accordance with the European Convention for the 

Protection of Vertebrate Animals used for Experimental and other Scientific Purposes (Directive 86/609/EEC) 

and approved by the Bioethical Committee of the University (approval file number 2019/14/AEPX). 

Experimental design 

The animals were chronically treated once daily for 30 days. The aged placebo group (n=8) and the young 

control group (n=8) orally received 50 mg/kg of maltodextrin (Sigma–Aldrich, Madrid, Spain) as a vehicle, 

and the aged rats (n=8) were orally treated with 100 mg/kg of Taurisolo®. For the treatments, both Taurisolo® 

or maltodextrin were separately dissolved in water obtaining 100 mg/ml solutions that were orally 

administered, on the base of the animal body weights, in order to reach the treatment doses. Before starting 

the treatments, all the animals were accustomed to both the solution flavour and the mode of administration 

with 1-2 ml of maltodextrin solution for a week. This preventive procedure allowed high animal compliance 

for the 30-day treatment. All rats were sacrificed by decapitation 30 days after the treatment beginning at 

08:00 (during dark/light change). Gastrocnemius muscles were quickly removed and immediately frozen in 

liquid nitrogen, and stored at -80ºC until analysis. 

Motor coordination in Rotarod test 

Motor function and balance were evaluated by means of a rotarod (Panlab®). Animals performed training 

sessions during 5 days prior to the test (one session/day) on the rotarod at a constant speed (4 rpm) until 

they attained a stable performance. In the test day, the rats were placed on the rotarod in an acceleration 

mode (from 4 to 40 rpm over a period of 60 s) in order to evaluate the latency to fall down. Each rat repeated 

the test five times, leaving some minutes for recovery between tests. The mean measured was used as the 

motor coordination value. The rotarod design was performed at the beginning of the treatments (t0) and 

after the 30 days of the treatments (t30).  
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Appendix C – Detailed study populations and methods of RCTs 

 RCT: “Effects of Taurisolo® on TMAO serum levels in healthy subjects” (Annunziata et al., 2019c) 

Study design, setting and population 

Healthy subjects, aged 25-35 years were enrolled in July 2018 from personnel and students of our 

Department. All subjects gave their informed consent for inclusion before they participated in the study. The 

study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the 

Ethics Committee of AO Rummo Hospital (Benevento, Italy) (protocol n. 123512 of 18/06/2018). 

This is a 70-day randomised, double-blind, single-centre, placebo-controlled, crossover trial. The subjects 

were randomly divided into two groups. They were followed by a crossover design consisted of run-in 

period (7 days), washout period (7 days) and intervention period (28 days). During the intervention period, 

each subject was given 300 mg Taurisolo® in acid-resistant capsules or placebo (identically appearing 

capsules containing only maltodextrin) twice daily, in correspondence of the two main meals. Subjects were 

instructed to annotate their dietary habits on a food diary and to maintain their habitual physical activity 

patterns for the entire duration of the study. In order to verify the compliance and increase protocol 

adherence, qualified personnel performed standardised and periodic telephone interviews, reminding 

patients to complete their daily reports, as previously described. During clinic visits, self-administered 

questionnaires on quality of life aspects were completed by each patient, and diaries were checked for data 

completeness and quality of documentation to ensure patient comprehension of the diary items. 

Blood samples were collected after 12 h of fasting at days 8, 35, 42 and 70 in 10-mL EDTA-coated tubes 

(Becton–Dickinson, Plymouth, UK) and plasma was isolated by centrifugation (20 min, 2,200 rpm, 4 °C). All 

samples were stored at −80 °C until analysis. Subjects were instructed to abstain from alcohol consumption 

and practice of hard physical activity 48 h prior to blood sampling. 

Exclusion criteria were: smoking, obesity (BMI > 30 kg/m2), diabetes, hepatic disease, renal disease, heart 

disease, family history of chronic diseases, drug therapy or supplement intake for hypercholesterolemia, 

drug therapy or supplement intake containing grape polyphenols, heavy physical exercise (> 10 h/week), 

pregnant women, women suspected of being pregnant, women who hoped to become pregnant, 

breastfeeding, birch pollen allergy, use of vitamin/mineral supplements 2 weeks prior to entry into the 

study, and donation of blood less than 3 months before the study.  

Randomization, concealment, and blinding  
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A total of 20 eligible patients (10 men and 10 women, 25–35 years of age) were randomly assigned to two 

sub-groups (each one of 10 subjects). In the case of dropping out before the intervention period, the patient 

was replaced by the next eligible patient enrolled. The concealed allocation was performed using an internet-

based randomization schedule, stratified by study site. An independent investigator, not clinically involved 

in the trial, generated the random number list. Patients, clinicians, core laboratories, and trial staff (data 

analysts statisticians) were blind to treatment allocation.  

Study outcomes and data collection  

Primary endpoints measured were the variations of Trimethylamine N-oxide (TMAO) serum levels. All raw 

patient ratings were evaluated in a blinded manner at the site of the principal investigator. The decision 

process was performed according to a consensus document (unpublished standard operating procedure) 

before unblinding in order to define conclusive primary efficacy data from a clinical perspective.  

Safety  

Safety was assessed using reports of adverse events provided by study participants as well as laboratory 

parameters concerning the hepatic and renal function, vital signs (blood pressure, pulse, height, weight, and 

body mass index), and physical or neurological examinations. These data regarding the safety were collected 

at days 8, 35, 42, and 70, including adverse events occurring in the first three weeks after cessation of 

treatments.  

Statistics  

Methodology  

During the trial, it became apparent that dropouts and incomplete diary documentation created missing data 

that could not be adequately handled by the intended robust comparison.  

To deal with the missing data structure, we used a negative binomial, generalized linear mixed effects model 

(NB GLMM) that not only yields unbiased parameter estimates when missing observations are missing at 

random (MAR), but also provides reasonably stable results even when the assumption of MAR is violated. 

Patients who did not provide any diary data (leading to zero evaluable days) were excluded from the MAR-

based primary efficacy analysis, according to an “all observed data approach” as proposed by White and 

colleagues. This approach is statistically efficient without using multiple imputation techniques.  

Data retrieved after withdrawal of randomized study treatment were also included in the analysis. Unless 

otherwise stated, all of the experimental results were expressed as mean ± standard deviation (SD) of at least 

three replications. Statistical analysis of data was performed by the Student’s t-test or two-way ANOVA 
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followed by the Tukey-Kramer multiple comparison test to evaluate significant differences between a pair of 

means. Cochran’s test (P < 0.1) were used to assess the statistic heterogeneity. The I2 statistic was also 

calculated, and I2> 50% was considered as significant heterogeneity across studies. A random-effects model 

was used if significant heterogeneity was shown among the trials. Otherwise, results were obtained from a 

fixed-effects model. Percent change in mean and SD values were excluded when extracting SD values for an 

outcome. SD values were calculated from standard errors, 95% CIs, p-values, or t if they were not available 

directly.  

Previously defined subgroup analyses were performed to examine the possible sources of heterogeneity 

within these studies and included health status, study design, type of intervention, duration, total 

polyphenols dose, and Jadad score. Treatment effects were analyzed using PROC MIXED with treatment 

and period as fixed factors, subject as a random factor and baseline measurements as covariates, and defined 

as weighted mean differences and 95% CIs calculated for net changes in parameters evaluated. Data that 

could not meet the criteria of variance homogeneity (Levene’s test) and normal distribution (determined by 

residual plot examination and Shapiro–Wilks test) even after log transformation were analyzed by a 

nonparametric test (Friedman). The level of significance (α-value) was 95% in all cases(P < 0.05).  

Analysis sets  

The full analysis set population included all randomized patients, and patients who did not fail to satisfy a 

major entry criterion. Patients who did not provide primary efficacy data from efficacy analyses were 

excluded. The per protocol set consisted of all patients who did not substantially deviate from the protocol; 

they had two characteristics. Firstly, this group included patients for whom no major protocol violations 

were detected (for example, poor compliance, errors in treatment assignment). Secondly, they had to have 

been on treatment for at least 50 days counting from the day of first intake (completion of a certain 

prespecified minimal exposure to the treatment regimen). Hence, patients who prematurely discontinued 

the study or treatment were excluded from the per protocol sample.  

Patient involvement  

No patients were involved in setting the research question or the outcome measures, nor were they involved 

in developing plans for participant recruitment, or the design and implementation of the study. There are no 

plans to explicitly involve patients in dissemination. Final results will be sent to all participating sites.  

Safety issues  

Although no specific toxicity studies have been performed herein, the safety of polyphenol content of grapes 

has been widely demonstrated by mutagenicity tests, acute/subacute toxicity studies both in mice and 
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human. In particular, the Commission Regulation (EC) No. 258/1997 established 1000 mg as maximum 

polyphenolic extract daily intake in humans. Accordingly, the Taurisolo® dose adopted for the trial (600 

mg/day) was compatible with that regarded as safe in humans. All results from laboratory analysis 

concerning the hepatic and renal function, indeed, did not indicate alteration of values after the Taurisolo® 

treatment period. Other safety assessments, such as vital signs, were all periodically monitored and baseline 

values did not change substantially during and at the end of the trial. 

 RCT: “Effects of Taurisolo® on oxLDL and TMAO serum levels in overweight/obese subjects” 

(Annunziata et al., 2019b) 

Study participants were overweight/obese subjects aged from 18 to 83 years, enrolled in September 2018. 

Smokers and subjects with hepatic disease, renal disease, heart disease, family history of chronic diseases, in 

drug therapy or supplement intake containing grape polyphenols, practicing heavy physical exercise (over 

10 hours per week), pregnant, suspected of being pregnant or hoping to become pregnant, breastfeeding, 

birch pollen allergy, using vitamin or mineral supplements 2 weeks prior to entry into the study and 

donating of blood less than 3 months prior to the study were excluded. All subjects gave their informed 

consent for inclusion before they participated in the study. The study was conducted in accordance with the 

Declaration of Helsinki, and the protocol was approved by the Ethics Committee of AO Rummo Hospital 

(Benevento, Italy) (protocol 106 n. 123512 of 18/06/2018). This study islisted on the ISRCTN registry 

(www.isrctn.com) with ID ISRCTN10794277 (doi: 10.1186/ISRCTN10794277). This study was designed as a 

16-week monocentric, double-blind, randomized, placebo-controlled, 2-arm parallel-group trial. Subjects 

were randomly allocated in two intervention groups: group A (300 mg Taurisolo® twice daily) and group B 

(300 mg Taurisolo®+300 mg pectin twice daily). The study consisted of 4-week run-in period, 8-week 

intervention period and a 4-week follow-up period. During the run-in period, subjects were given placebo 

(maltodextrins). Participants were asked to maintain their usual lifestyle habits throughout the entire study 

duration. Standardized and periodic telephone interviews were performed by qualified personnel in order to 

verify and increase the protocol compliance, and self-administered life quality questionnaires were 

completed by subjects during the clinic visits. Blood samples were collected after 12 h of fasting at weeks 0, 

4, 8, 12 and 16 in 10-mL EDTA-coated tubes (Becton–Dickinson, Plymouth, UK) and plasma was isolated by 

centrifugation (20 min, 2,200g, 4 °C). All samples were stored at −80 °C until analysis. Subjects were asked to 

abstain from alcohol consumption and practice of hard physical activity 48 h prior to blood sampling.  

 RCT: “Effects of Taurisolo® on oxLDL, DROMs and TMAO serum levels in subjects with CVD risk 

factors” (article in press) 

Study population and protocol 
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Study participants were recruited by the Cardarelli Hospital (Naples, Italy). Subjects were enrolled in January-

April 2019. All subjects underwent a standardised physical examination, assessment of medical history (for up 

to five years before enrolment), laboratory examination, measurement of blood pressure and heart rate, and 

evaluation of BMI. Body mass index (BMI) was calculated from body height and body weight. Body fat 

percentage was measured using a body composition analyzer (TBF-310, Tanita Corp., Tokyo, Japan) and 

systolic blood pressure, diastolic blood pressure, and heart rate, were measured using a HBP-9020 (OMRON 

COLIN Corp., Tokyo, Japan). At each clinic visit, subjects had to complete three self-administered 

questionnaires on quality of life aspects, and their diaries were checked for data completeness and quality of 

documentation to ensure subject comprehension of the diary items. Subjects aged 18–75 years with body mass 

index (BMI) ≥ 18.5 kg/m2 were eligible for enrolment.  

The subjects received oral and written information concerning the study before they gave their written consent. 

Protocol, letter of intent of volunteers, and synoptic document about the study were submitted to the Scientific 

Ethics Committee of AO Rummo Hospital (Benevento, Italy). The study was approved by the committee 

(protocol 106 n. 123512 of 18/06/2018), and carried out in accordance with the Helsinki declaration of 1964 (as 

revised in 2000). The subjects were asked to make records in an intake-checking table for the intervention study 

and side effects in daily reports.  

Subjects were informed not to drink alcohol or perform hard physical activity 48 h prior to blood sampling. 

Participants maintained their usual dietary and lifestyle patterns throughout the study. 

Study procedures 

Participants arrived at the research centre in the morning after 12 h of fasting. All blood samples were taken in 

the morning and immediately after measurement of heart rate and blood pressure. Blood samples were 

collected from each participant before administration of the reference glucose solutions and the treatment 

beverages, in 3-mL EDTA-coated tubes (Becton–Dickinson, Plymouth, UK). Plasma was immediately isolated 

by centrifugation (20 min, 2.200 g, 4 °C). All biochemical analyses including fasting plasma glucose, total 

cholesterol, fasting plasma TG were performed with a Roche Modular Analytics System in the Central 

Biochemistry Laboratory of our Institution. Low-Density Lipoprotein (LDL) cholesterol and HDL cholesterol 

were determined by a direct method (homogeneous enzymatic assay for the direct quantitative determination 

of LDL and HDL cholesterol).  

Statistics 

Methodology 
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Unless otherwise stated, all of the experimental results were expressed as mean ± SEM. Statistical analysis of 

data was performed by the Student’s t test or Pearson correlation. The statistic heterogeneity was assessed by 

using Cochran’s test (p<0.1). The I2 statistic was also calculated, and I2>50% was considered as significant 

heterogeneity across studies. A random-effects model was used if significant heterogeneity was shown among 

the trials. Otherwise, results were obtained from a fixed-effects model. SD values were calculated from 

standard errors, 95% CIs, p-values, or t if they were not available directly. Previously defined subgroup 

analyses were performed to examine the possible sources of heterogeneity within these studies and included 

health status, study design, type of intervention, duration, total nutraceutical dose, and Jadad score. Treatment 

effects were analysed using PROC MIXED with treatment and period as fixed factors, subject as random factor 

and baseline measurements as covariates, and defined as weighted mean difference and 95% CIs calculated for 

net changes in fecal and serum parameters, and blood pressure values. Data that could not meet the criteria of 

variance homogeneity (Levenes test) and normal distribution (determined by residual plot examination and 

Shapiro–Wilks test) even after log transformation were analysed by a nonparametric test (Friedman). The level 

of significance (α-value) was 95% in all cases (P < 0.05). 

Analysis set 

The full analysis set population included all randomised subjects, and subjects who did not fail to satisfy a 

major entry criterion. The per protocol set consisted of all subjects who did not substantially deviate from the 

protocol. This group included subjects for whom no major protocol violations were detected (for example, poor 

compliance, errors in treatment assignment).  

Statistics 

All of the experimental data were expressed as mean ± SEM. Statistical analysis of data was carried out  by the 

Student’s t test or Pearson correlation. The level of significance (α-value) was 95% in all cases (P < 0.05). The 

degree of linear relationship between two variables was measured using the Pearson product moment 

correlation coefficient (R). Correlation coefficients (R) were calculated using Microsoft Office Excel. 

 RCT: “Effects of Taurisolo® on AMD” (article in press) 

Study population and protocol 

Study participants were recruited by the Cardarelli Hospital (Naples, Italy). Subjects were enrolled in January 

2019. All subjects underwent a standardised physical examination, assessment of medical history (for up to five 

years before enrolment), laboratory examination, measurement of blood pressure and heart rate, and 

evaluation of BMI. Body mass index (BMI) was calculated from body height and body weight. Body fat 

percentage was measured using a body composition analyzer (TBF-310, Tanita Corp., Tokyo, Japan) and 
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systolic blood pressure, diastolic blood pressure, and heart rate, were measured using a HBP-9020 (OMRON 

COLIN Corp., Tokyo, Japan). At each clinic visit, subjects had to complete three self-administered 

questionnaires on quality of life aspects, and their diaries were checked for data completeness and quality of 

documentation to ensure subject comprehension of the diary items. Subjects aged 18-70 years with diagnosis of 

AMD were eligible for enrolment.  

The subjects received oral and written information concerning the study before they gave their written consent. 

Protocol, letter of intent of volunteers, and synoptic document about the study were submitted to the Scientific 

Ethics Committee of AO Rummo Hospital (Benevento, Italy). The study was approved by the committee 

(protocol 106 n. 123512 of 18/06/2018), and carried out in accordance with the Helsinki declaration of 1964 (as 

revised in 2000). The subjects were asked to make records in an intake-checking table for the intervention study 

and side effects in daily reports.  

Subjects were informed not to drink alcohol or perform hard physical activity 48 h prior to blood sampling. 

Participants maintained their usual dietary and lifestyle patterns throughout the study. 

Study procedures 

Participants arrived at the research centre in the morning after 12 h of fasting. All blood samples were taken in 

the morning and immediately after measurement of heart rate and blood pressure. Blood samples were 

collected from each participant before administration of the reference glucose solutions and the treatment 

beverages, in 3-mL EDTA-coated tubes (Becton–Dickinson, Plymouth, UK). Plasma was immediately isolated 

by centrifugation (20 min, 2.200 g, 4 °C). All biochemical analyses including fasting plasma glucose, total 

cholesterol, fasting plasma TG were performed with a Roche Modular Analytics System in the Central 

Biochemistry Laboratory of our Institution. Low-Density Lipoprotein (LDL) cholesterol and HDL cholesterol 

were determined by a direct method (homogeneous enzymatic assay for the direct quantitative determination 

of LDL and HDL cholesterol). Plasma insulin concentrations were measured using an enzyme linked 

immunosorbent (ELISA) assay commercial kit (InterMedical srl, Italy).  

Statistics 

Methodology 

Unless otherwise stated, all of the experimental results were expressed as mean ± SEM. Statistical analysis of 

data was performed by the Student’s t test or Pearson correlation. The statistic heterogeneity was assessed by 

using Cochran’s test (p<0.1). The I2 statistic was also calculated, and I2>50% was considered as significant 

heterogeneity across studies. A random-effects model was used if significant heterogeneity was shown among 

the trials. Otherwise, results were obtained from a fixed-effects model. SD values were calculated from 
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standard errors, 95% CIs, p-values, or t if they were not available directly. Previously defined subgroup 

analyses were performed to examine the possible sources of heterogeneity within these studies and included 

health status, study design, type of intervention, duration, total nutraceutical dose, and Jadad score. Treatment 

effects were analysed using PROC MIXED with treatment and period as fixed factors, subject as random factor 

and baseline measurements as covariates, and defined as weighted mean difference and 95% CIs calculated for 

net changes in fecal and serum parameters, and blood pressure values. Data that could not meet the criteria of 

variance homogeneity (Levenes test) and normal distribution (determined by residual plot examination and 

Shapiro–Wilks test) even after log transformation were analysed by a nonparametric test (Friedman). The level 

of significance (α-value) was 95% in all cases (P < 0.05). 

Analysis set 

The full analysis set population included all randomised subjects, and subjects who did not fail to satisfy a 

major entry criterion. The per protocol set consisted of all subjects who did not substantially deviate from the 

protocol. This group included subjects for whom no major protocol violations were detected (for example, poor 

compliance, errors in treatment assignment).  

Statistics 

All of the experimental data were expressed as mean ± SEM. Statistical analysis of data was carried out  by the 

Student’s t test or Pearson correlation. The level of significance (α-value) was 95% in all cases (P < 0.05). The 

degree of linear relationship between two variables was measured using the Pearson product moment 

correlation coefficient (R). Correlation coefficients (R) were calculated using Microsoft Office Excel. 

 RCT: “Effects of Taurisolo® on endothelial function in healthy subjects” (Martelli et al., 2021) 

Study population and protocol 

Study participants were recruited from personnel and students of the Department of Pharmacy, 

University of Naples Federico II (Naples, Italy). Subjects were enrolled in February-April 2019. All subjects 

underwent a standardised physical examination, assessment of medical history (for up to five years before 

enrolment), laboratory examination, measurement of blood pressure and heart rate, and evaluation of BMI. 

Body mass index (BMI) was calculated from body height and body weight. Body fat percentage was measured 

using a body composition analyzer (TBF-310, Tanita Corp., Tokyo, Japan) and systolic blood pressure, diastolic 

blood pressure, and heart rate, were measured using a HBP-9020 (OMRON COLIN Corp., Tokyo, Japan). At 

each clinic visit, subjects had to complete three self-administered questionnaires on quality of life aspects, and 

their diaries were checked for data completeness and quality of documentation to ensure subject 
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comprehension of the diary items. Subjects aged 18–75 years with body mass index (BMI) ≥ 18.5 kg/m2 were 

eligible for enrolment.  

The subjects received oral and written information concerning the study before they gave their written 

consent. Protocol, letter of intent of volunteers, and synoptic document about the study were submitted to the 

Scientific Ethics Committee of AO Rummo Hospital (Benevento, Italy). The study was approved by the 

committee (protocol 106 n. 123512 of 18/06/2018), and carried out in accordance with the Helsinki declaration of 

1964 (as revised in 2000). The subjects were asked to make records in an intake-checking table for the 

intervention study and side effects in daily reports.  

Subjects were informed not to drink alcohol or perform hard physical activity 48 h prior to blood 

sampling. Participants maintained their usual dietary and lifestyle patterns throughout the study. 

Study procedures 

Participants arrived at the research centre in the morning after 12 h of fasting. All blood samples were 

taken in the morning and immediately after measurement of heart rate and blood pressure. Blood samples 

were collected from each participant before administration of the reference glucose solutions and the treatment 

beverages, in 3-mL EDTA-coated tubes (Becton–Dickinson, Plymouth, UK). Plasma was immediately isolated 

by centrifugation (20 min, 2.200 g, 4 °C). All biochemical analyses including fasting plasma glucose, total 

cholesterol, fasting plasma TG were performed with a Roche Modular Analytics System in the Central 

Biochemistry Laboratory of our Institution. Low-Density Lipoprotein (LDL) cholesterol and HDL cholesterol 

were determined by a direct method (homogeneous enzymatic assay for the direct quantitative determination 

of LDL and HDL cholesterol).  

Statistics 

Methodology 

Unless otherwise stated, all of the experimental results were expressed as mean ± SEM. Statistical analysis 

of data was performed by the Student’s t test or Pearson correlation. The statistic heterogeneity was assessed 

by using Cochran’s test (p<0.1). The I2 statistic was also calculated, and I2>50% was considered as significant 

heterogeneity across studies. A random-effects model was used if significant heterogeneity was shown among 

the trials. Otherwise, results were obtained from a fixed-effects model. SD values were calculated from 

standard errors, 95% CIs, p-values, or t if they were not available directly. Previously defined subgroup 

analyses were performed to examine the possible sources of heterogeneity within these studies and included 

health status, study design, type of intervention, duration, total nutraceutical dose, and Jadad score. Treatment 

effects were analysed using PROC MIXED with treatment and period as fixed factors, subject as random factor 



 

221 

and baseline measurements as covariates, and defined as weighted mean difference and 95% CIs calculated for 

net changes in fecal and serum parameters, and blood pressure values. Data that could not meet the criteria of 

variance homogeneity (Levenes test) and normal distribution (determined by residual plot examination and 

Shapiro–Wilks test) even after log transformation were analysed by a nonparametric test (Friedman). The level 

of significance (α-value) was 95% in all cases (P < 0.05). 

Analysis set 

The full analysis set population included all randomised subjects, and subjects who did not fail to satisfy a 

major entry criterion. The per protocol set consisted of all subjects who did not substantially deviate from the 

protocol. This group included subjects for whom no major protocol violations were detected (for example, poor 

compliance, errors in treatment assignment).  

Statistics 

All of the experimental data were expressed as mean ± SEM. Statistical analysis of data was carried out  by 

the Student’s t test or Pearson correlation. The level of significance (α-value) was 95% in all cases (P < 0.05). The 

degree of linear relationship between two variables was measured using the Pearson product moment 

correlation coefficient (R). Correlation coefficients (R) were calculated using Microsoft Office Excel. 

 

 

  

  


