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    Natural products have always played a dominant role in the life of humans, influencing several aspects of biological processes and many of them are fundamental for their wellness. Taking into account, just to mention a few, the epigenetic role of natural compounds on metabolic pathways and, in the whole, on the development of the human race. Particularly, medicinal plants are an inexhaustible source of drug discovery and for the identification of scaffolds useful for the formulation of several pharmaceuticals. In this context, in vitro and in vivo methods for the assessment of preclinical activities of natural products are gaining importance. There are several methods that can be applied to assess the activities of medicinal plants and their secondary metabolites. There is a need for a detailed methodology (in terms of the procedure itself, the correct dose selection, preparation of test materials, utilization of the right solvent, specific evaluation of the solubility and compatibility properties, application particulars, as well as constructive critical evaluation of the obtained results) among the researchers who are carrying out bioactivity evaluation studies. Therefore, this book will cover every scientific aspect of preclinical scientific research on natural products. Natural product researchers, pharmacists, medical doctors, and students in pharmacognosy, chemistry and biology will be the target audience interested in the topics of this book.




    The book offers an overview of preclinical methods throughout its ten chapters, focusing on the etiology of diseases, natural products as the materials for the bioassays, extract types, the concentration of the extracts/compounds for in vitro and in vivo assays, preparation of the test materials, application of the test materials, methods (step by step processes) and calculations.




    

      Ipek Suntar


      Department of Pharmacognosy


      Faculty of Pharmacy


      Gazi University, 06330, Etiler


      Ankara


      Türkiye


      


      Davide Barreca


      Dipartimento di Scienze Chimiche, Biologiche


      Farmaceutiche ed Ambientali Università di Messina Viale F.


      Stagno d'Alcontres 31 98166


      Messina


      Italy


      


      &


      


      Luigi Milella


      Department of Science


      Università degli Studi della Basilicata


      V.le Ateneo Lucano 10, Potenza, 85100


      Italy

    


  




  




  




  

    

      List of Contributors


    


  




  

    

      

        	Immacolata Faraone



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy


        Spinoff BioActiPlant s.r.l., viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Daniela Russo



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy


        Spinoff BioActiPlant s.r.l., viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Fabiana Labanca



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Ludovica Lela



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Maria Ponticelli



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Chiara Sinisgalli



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy


        Spinoff BioActiPlant s.r.l., viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Luigi Milella



        	Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Cigdem Kahraman



        	Department of Pharmacognosy, Faculty of Pharmacy, Hacettepe University, Ankara, Türkiye



      




      

        	Iffet Irem Tatli Cankaya



        	Department of Pharmaceutical Botany, Faculty of Pharmacy, Hacettepe University, Ankara, Türkiye



      




      

        	Giovanni Enrico Lombardo



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy



      




      

        	Alessandro Maugeri



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy



      




      

        	Caterina Russo



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy


        Fondazione “Prof. Antonio Imbesi”, Messina, Italy



      




      

        	Laura Musumeci



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy



      




      

        	Santa Cirmi



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy


        Department of Pharmacy-Drug Sciences, University of Bari “Aldo Moro”, Bari, Italy



      




      

        	Michele Navarra



        	Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina, Messina, Italy



      




      

        	Teresa Gervasi



        	Department of Biomedical and Dental Sciences and Morphofunctional Imaging, University of Messina, Messina, Italy



      




      

        	Giuseppina Mandalari



        	Department of Chemical, Biological, Pharmaceutical and Environmental Science, University of Messina, Messina, Italy



      




      

        	Esra Emerce



        	Department of Pharmaceutical Toxicology, Faculty of Pharmacy, Gazi University, Ankara, Türkiye



      




      

        	Kevser Taban Akça



        	Department of Pharmacognosy, Faculty of Pharmacy, Gazi University, Ankara, Türkiye



      




      

        	Murside Ayse Demirel



        	Department of Pharmaceutical Basic Sciences, Faculty of Pharmacy, Gazi University, Etiler, Ankara, Türkiye



      




      

        	Ipek Süntar



        	Department of Pharmacognosy, Faculty of Pharmacy, Gazi University, Etiler, Ankara, Türkiye



      




      

        	Sümeyra Çetinkaya



        	Biotechnology Research Center of Ministry of Agriculture and Forestry, 06330, Yenimahalle, Ankara, Türkiye



      




      

        	Andrea Gerbino



        	Department of Biosciences, Biotechnologies and Biopharmaceutics, University of Bari, via Orabona 4, 70126 Bari, Italy



      




      

        	Monica Carmosino



        	Department of Sciences, University of Basilicata, via dell’Ateneo Lucano 10, 85100 Potenza, Italy



      




      

        	Rosangela Montanaro



        	Department of Science, University of Basilicata, Potenza, Italy



      




      

        	Emma Mitidieri



        	Department of Pharmacy, University of Naples Federico II, Naples, Italy



      




      

        	Roberta d’Emmanuele di Villa Bianca



        	Department of Pharmacy, University of Naples Federico II, Naples, Italy



      




      

        	Vincenzo Brancaleone



        	Department of Science, University of Basilicata, Potenza, Italy



      




      

        	Rosangela Montanaro



        	Department of Science, University of Basilicata, Potenza, Italy



      




      

        	Francesco Maione



        	Department of Pharmacy, University of Naples Federico II, Naples, Italy



      


    


  




  




  




  

    Antioxidant Activity Methods




    


    Immacolata Faraone1, 2, †, Daniela Russo1, 2, †, Fabiana Labanca1, Ludovica Lela1, Maria Ponticelli1, Chiara Sinisgalli1, 2, Luigi Milella1, *




    

      1 Department of Science, University of Basilicata, viale dell’Ateneo Lucano 10, 85100 Potenza, Italy


    




    

      2 Spinoff BioActiPlant s.r.l., viale dell’Ateneo Lucano 10, 85100 Potenza, Italy


    






    

      Abstract




      Antioxidants are groups of substances able to prevent and delay the oxidation of easily oxidizable molecules and avoid free radicals’ formation. In living organisms, the main free radicals are reactive oxygen species and reactive nitrogen species. At low levels, they are involved in the regulation of diverse physiological processes, but an imbalance between free radicals and the ability of the body to eliminate them results in a pathological condition called oxidative/nitrosative stress. Oxidative/nitrosative stress causes damage to cellular structures such as lipids, nucleic acid, and proteins, compromising cellular health and viability and inducing the development of several diseases. Physiological systems are able to contrast the free radical excess, through the endogenous enzymatic materials (e.g., uric acid, glutathione etc.), and via transcription factor activation. The uptake of natural antioxidants can contribute to prevent cellular damage and exert beneficial effects. Natural antioxidants are generally derived from plant sources and they play an important role by directly scavenging free radicals or increasing antioxidant defences. Natural antioxidants have gained remarkable interest and several methods have been developed for identifying their antioxidant capacity. This chapter reviews the major in vitro and in vivo assay procedures for the antioxidant activity estimation describing materials, extract types, extracts/pure compounds' concentrations, step by step processes and calculations for each assay. Advantages and limitations, as well as the molecular mechanisms of each method have been reported.
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      INTRODUCTION




      Antioxidants are substances that, in low quantities, prevent or delay the oxidation of easily oxidizable substrates. In chemistry, oxidation reactions are well-known




      processes that lead to the removal of electrons from a compound, forming the free radicals [1].




      Free radicals, usually referred to as reactive species of oxygen (ROS) or nitrogen (RNS), are highly unstable and reactive molecules that are missing one of two electrons in the outer orbital and are desperately looking for other molecules to attack, to complete the chemical structure. In this way, the free-radical gains or donates an electron, and the attacked molecule or atom becomes a free-radical itself, and so on, triggering a cascade reaction. Antioxidants can interrupt the chain reactions by destroying free-radical intermediates and blocking subsequent oxidation reactions by different mechanisms.




      The main producers of endogenous free radicals are the mitochondria during aerobic respiration, peroxisomes and endoplasmic reticulum, due to high oxygen consumption [2].




      The main free radicals include superoxide radical anion (O2•-), hydroxyl radical (•OH), singlet oxygen (1O2), nitric oxide (•NO), nitrogen dioxide (•NO2), and alkoxyl (RO•), or peroxyl (ROO•) radicals. Hydrogen peroxide (H2O2), and peroxynitrite (ONOO−)/peroxynitrous acid (ONOOH) do not contain unpaired electrons, but they belong to two-electron oxidants.




      ROS and RNS have a double effect. Low levels of them are involved in the regulation of diverse physiological processes as the defence from infective agents or maintenance of the homeostasis status. The superoxide and nitric oxide production by neutrophils and macrophages contributes to destroy bacteria during the phagocytosis process. Nitric oxide promote the vascular smooth muscle relaxation causing vasodilation and increasing the blood flow [3].




      Exogenous producers of harmful substances are solar radiation with ultraviolet rays, pollution, alcohol, tobacco smoke, heavy metals, industrial solvents, and pesticides. Also certain drugs contribute to increase the level of free radicals.




      An excess of ROS/RNS leads to a pathological condition named oxida-tive/nitrosative stress. In biological systems, oxidative/nitrosative stress is characterized by an imbalance between free radicals and the ability of the body to eliminate these reactive species using endogenous and exogenous antioxidants. This is a harmful process that may generate serious damages to cellular structures. Free radicals can induce lipid peroxidation to the polyunsaturated membrane lipids with loss of fluidity and cell lysis, inactivation and denaturation of the proteins with loss of their biological functions, and modification of the nucleic acid bases, inducing carcinogenesis [4].




      All these damages are implicated in the development of several diseases, including cancer, cardiovascular diseases, neurodegenerative disorders, liver diseases, ulcerative colitis, aging, and atherosclerosis [5].




      Fortunately, nature has built-in-defence mechanisms against free-radicals. The human body and living organisms developed a complex system of physiological enzymatic and non-enzymatic antioxidant defences to counteract the harmful effects of free radicals and other oxidants.




      Endogenous enzymatic defence system is equipped with superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) enzymes [6]. SODs are ubiquitous enzymes involved in the dismutation reaction of the superoxide anions in molecular oxygen and H2O2 (Eq. 1). They represent the dominant detoxification system in living cells and the presence of cofactors (Zn, Cu) is required for their activity. Although H2O2 is not a free radical, it is the precursor of some radical species; it can diffuse a notable distance before its decomposition to give the reactive and dangerous hydroxyl radicals. The H2O2 is then converted by CAT or GPx in harmless molecules. CAT uses iron or manganese to catalyse the reduction of H2O2 into water and oxygen (Eq. 2); it is mainly found in peroxisomes, and its main function is to eliminate the H2O2 generated during the oxidation of fatty acids. GPx, a selenoperoxidase, plays an important role in inhibiting the process of lipid peroxidation; it breaks down H2O2 in water and lipid peroxides in their corresponding alcohols mainly in the mitochondria and sometimes in the cytosol (Eq. 3).




      

        

          	

            2O2•- + 2H+ → O2 + H2O2


          



          	(1)

        


      




      

        

          	

            H2O2 → 2H2O + O2
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            H2O2 (ROOH) + 2GSH → GSSG + H2O + ROH


          



          	(3)

        


      




      Non-enzymatic endogenous antioxidants are molecules able to neutralize free radicals and oxidant agents [7]. Among endogenous antioxidants, uric acid and bilirubin fulfil an efficient defence antioxidant system in blood serum. Uric acid is the end-product of purine metabolism and provides an antioxidant defence in humans [8]. It is a donor of electrons and a selective peroxynitrite scavenger, requiring the presence of ascorbic acid and thiols to exert its action. Uric acid acts against hydroxyl radicals, singlet oxygen, and lipid peroxides by converting itself in urea and allantoin.




      Bilirubin is derived from the enzymatic degradation of haemoglobin and other heme-proteins. In biological systems, bilirubin shows potent antioxidant properties, especially against peroxyl radicals [9].




      Glutathione (GSH), a hydrosoluble antioxidant present in high cellular concentrations in the nucleus, mitochondria, and cytoplasm, is mainly synthesized in the liver and exists in several redox forms, among which the most predominant is the reduced GSH. The thiol group of the cysteine residue confers the antioxidant activity to the GSH. As an antioxidant, GSH reduces ROS during the non-enzymatic reactions as first defence line and enzymatic reactions participating as a co-factor (GPx, reductase and oxidase) [10].




      Melatonin is produced mainly by the pineal gland in the brain, and it indirectly reduces free radical formation by stimulating the expression of endogenous antioxidant enzymes that metabolize reactive species and maintain redox homeostasis within cells as SOD, GPx, glutathione reductase (GR), and CAT [11].




      Other endogenous antioxidants are metal binding proteins, coenzyme Q10, polyamines, and thioredoxin (Trx) [7].




      Dietary antioxidant uptake represents an integrated antioxidant defence enhancing the protection against ROS/RNS and preventing chronic oxidative stress-associated diseases. The major sources of natural antioxidants are vegetables and fruits with their specialized metabolites. Among them phenolic acids and polyphenols such as flavonoids, stilbenes, lignans, and others have attracted great interest from scientific community and experimental evidences support their health-promoting properties.




      Natural compounds, as polyphenols directly scavenge ROS/RNS due also to the presence of hydroxyl groups on their chemical structures. In fact, it is well reported that the radical-scavenging capacity depends on the number and position of the hydroxyl groups and glycosylation or methoxylation can affect their antioxidant activity. Furthermore, flavonoid compounds are considered potent free radical scavengers, hydrogen donating compounds, singlet oxygen quenchers, and metal ion chelators, due to the presence of the o-dihydroxy structure in the B ring, the C2-C3 double bond and the presence of both 3-OH and 5-OH groups [12, 13]. Vitamin C (ascorbic acid), found in citrus fruits and green vegetables, is a reducing agent that neutralizes ROS such as H2O2 [14].




      Consumption of natural compounds increases the activities of antioxidant enzymes. Quercetin acts to increase the activities of SOD and CAT in diabetic mice [15, 16]; genistein, instead, increases GPx in breast cancer cells [17]. Hydroxytyrosol, compound in olive oil and leaves of Olea europaea L. improves the antioxidant defense and promote cardiovascular diseases by 5' Adenosine monophosphate-activated protein kinase (AMPK) phosphorylation and subsequent activation of CAT [18, 19].




      Hesperidin attenuates oxidative stress increasing SOD and GPx activities and GSH content and similarly, chrysin attenuates lipid peroxidation and improves enzymatic and non-enzymatic antioxidant defence nephrotoxicity induced in rats [20].




      Epigallocatechin gallate (EGCG), the main component of green tea, and capsaicin in spicy red pepper, can enhance the Ho-1 expression via the PI3K and upregulate Nrf-2 levels increasing ARE activity [21, 22]. The enhanced expression of Nrf-2 conferred hepatoprotective effects in human hepatoma cell line (HepG2) by capsinoids in sweet red pepper extract [23], or neuroprotection by luteolin treatment in pheochromocytoma (PC12) and culture rat (C6) cells [24]. Also resveratrol upregulates the Nrf/Keap1/ARE pathway resulting in increased quinone reductase NQO1 expression level in human erythroleukemic cells (K562) [25].


    




    

      PRECLINICAL ACTIVITY ASSESSMENT OF NATURAL PRODUCTS ON RELATED ACTIVITY




      Many plants are traditionally known for their therapeutic properties and they have been used as alternative and complementary treatments since ancient times. Traditional use is valid but not enough for scientific data generation and scientific validation. The application of natural products for human care based on anecdotal therapeutic effects reported in ancient texts or on the empirical knowledge of traditional healers could lead to new therapeutic applications. In this way, however, pharmacokinetic and toxicology of a substance are ignored as well as the real activity. Such evidence from the current practices of traditional health practitioners or from reports in the literature could be the start for in vivo and/or in vitro studies in order to validate therapeutic efficacy of herbal remedies [26].




      Thus, preclinical studies of botanicals are needed to substantiate the ethnopharmacological/ethnopharmaceutical use.




      Preclinical experimentation is useful for observing the behaviour and toxicity of natural products or compounds in complex living organisms, for studying absorption, distribution, metabolism, and excretion (ADME). No single assay system or model is adequate for assessing preclinical efficacy and safety of natural products.




      In vitro bioassays are commonly used in botanical research to screen new extracts and isolated compounds and to evaluate mechanisms of action. These assays are inexpensive and relatively easy to perform. Due to the complex nature of biological systems, there is no single universal method for measuring antioxidant capacity but various chemical in vitro assays have been developed [27].




      In this way, the most active and promising extracts are selected and tested in a more complex system like cell models which allow to evaluate firstly cytotoxicity and then the antioxidant activity evaluating the ability to reduce intracellular ROS as well as molecular pathway involved.




      Only when it has been ascertained that the molecule has potential therapeutic effects, it can be tested on animals. The in vivo studies aim to verify and confirm the efficacy of the active substance, demonstrated in vitro, in specific animal models of human diseases. These studies also aim to provide preliminary data on the behaviour of the experimental molecule once present in the organism in terms of absorption, distribution within the tissues, metabolism, and excretion (pharmacokinetics) and to demonstrate the effective safety before starting the human experimentation (toxicology).




      In vivo toxicology tests identify the initial dose for administration in humans. Much attention is paid to evaluating the effects on the nervous cardiovascular and respiratory systems. Animal safety studies also allow to evaluate any reactions that may occur following long-term (chronic) treatment, effects on fertility, reproduction, and potential carcinogenic effects. The safety data obtained in laboratory animals, extremely critical for the authorization of clinical trials, are produced according to the rules of Good Laboratory Practice (GLP) at facilities certified by the Ministry of Health.




      There are several aspects of safety that need to be considered for herbal products that are candidates for a clinical trial. The first requirement is to identify any potential toxicity by undertaking an extensive search of the literature and evaluating performance in preclinical toxicological tests. The range of preclinical tests available for the evaluation of a synthetic drug before beginning clinical trials is well-known.




      

        In vitro Assay Procedures




        Antioxidant activity can be explicit through numerous mechanisms, which can be evaluated through quick, simple, and usually automated chemical tests. These tests are used for an initial screening and for the evaluation of discovery of new antioxidant compounds or extracts of natural products / by-products with antioxidant activity. Therefore, there is no single in vitro method capable of evaluating the overall action of an antioxidant.




        Nowadays, the in vitro antioxidant assays are numerous (Table 1) and range from conventional cuvette assay and 96-well plate assay, in-cell tests and chromatographic analyses.




        

          Table 1 In vitro antioxidant assays and their mechanism.




          

            

              

                	In vitro antioxidant methods

              


            



            

              

                	ET Based Assays



                	HAT Based Assays



                	Other Methods

              




              

                	● Ag+ reducing


                ● Au3+ reducing Ce (IV)-based reducing capacity (CERAC)


                ● Chromium reducing antioxidant capacity (CHROMAC)


                ● Copper (II) reduction capacity


                ● Cupric Ion Reducing Antioxidant Capacity (CUPRAC)


                ● 2,2-diphenyl-1-picrylhydrazine (DPPH) free radical scavenging assay


                ● Ferric Reducing Antioxidant Power (FRAP)


                ● N,N-dimethyl-p-phenylenediamine (DMPD) assay


                ● Thiobarbituric acid-reactive substances (TBARS) assay


                ● Total polyphenols content by Folin-Ciocalteu method (TPC)


                ● 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) Equivalent Antioxidant Capacity (TEAC)



                	● 2,2'-azinobis (3-ethylebenzothiozoline-6-sulphonic acid) (ABTS) radical scavenging method


                ● Crocin Bleaching Assay (CBA)


                ● Hydroxyl radical antioxidant capacity (HORAC)


                ● Hydroxyl radical scavenging activity by p-NDA (p-butrisidunethyl aniline)


                ● Inhibited Oxygen uptake (IOC)


                ● Nitric Oxide radical inhibition activity (NO)


                ● Oxygen radical absorbing capacity assay (ORAC)


                ● Photochemiluminescence (PCL) Assay


                ● Scavenging of H2O2 radicals


                ● Scavenging of super oxide radical formation by alkaline (SASA)


                ● Superoxide anion radical scavenging assay (SO)


                ● Total Radical Trapping Antioxidant Potential assay (TRAP)


                ● β-carotene–linoleic acid bleaching (linoleate) (BCB) assay



                	● Ascorbic acid content assay


                ● Cellular antioxidant assay (CAA)


                ● Chemiluminescence


                ● Dye-substrate oxidation method


                ● Electrochemiluminescence


                ● Electron paramagnetic resonance (EPR)


                ● Enhanced chemiluminescence (ECL)


                ● Fluorometric analysis


                ● Gas chromatography


                ● Haemolysis inhibition assay


                ● Inhibition of Briggs-Rauscher oscillation reaction


                ● Inhibition of DNA oxidation and nicking


                ● LDL-cholesterol oxidation inhibition assay


                ● Metal chelating activity


                ● Phosphomolybdenum assay


                ● Spectroscopy investigations


                ● Thin Layer Chromatography (TLC) bioautography


                ● Total Oxidant Scavenging Capacity (TOSC)


                ● Xanthine oxidase method

              


            

          




        




        Generally, they can be classified into two categories based on the chemical reaction that is generated between the antioxidants and free radicals present in the test environment [28]:




        1. Electron transfer (ET) reaction based assays




        The ET-based assays quantify the reducing ability of samples based on simple redox reactions:




        

          

            	

              X• + AH → X− + AH•+


            



            	(4)

          


        




        

          

            	

              AH•+ + H2O → A• + H3O+


            



            	(5)

          


        




        

          

            	

              X− + H3O+ → XH + H2O


            



            	(6)

          


        




        where X• and AH represent a free radical and an antioxidant, respectively.




        In these reactions, the antioxidant compounds present in the sample reduce free radicals of the reaction medium and get themselves oxidized. The reaction is monitored thanks to the colorimetric variation of the reagent due to the reduction by antioxidant compounds. Colour change is measured by the absorbance.




        2. Hydrogen atom transfer (HAT) reaction based assays




        In the HAT-based assays, a synthetic free radical generator reacts with an oxidizable molecular probe and an oxidant.




        These assays measure the capability of a sample to quench free radicals by donating a hydrogen atom (H). The reaction that explains the HAT assays mechanisms implies that a hydrogen atom of a phenol/ antioxidant (ArOH) is transferred to a peroxyl radical as shown in the following reaction:




        ROO• + AH/ArOH [image: ] ROOH + A•/ArO• (Eqn 6)




        The aryloxyl radical (ArO•) is formed from the reaction of phenol with a peroxyl radical and it is stabilized by resonance [29].




        Regularly, all of these tests evaluate the antioxidant activity of a sample using oxidants (free radicals or other ROS/RNS) and oxidizable probes (not necessary for some assays) in chemical systems. Both reactions can also occur in parallel, in a paired way. In these cases, the chemical properties of the samples determine the dominating mechanism of reaction [30].




        The electron or hydrogen atom donating capacity data obtained give useful information on the intrinsic antioxidant potential of antioxidants undergoing only minimally environmental interference. Unfortunately, they are not able to reflect all the complex reactions that occur within food or in vivo.




        Measuring the antioxidant capacity of food products is important because it provides useful information such as quantitative contribution of present antioxidants, resistance to oxidation, and antioxidant compounds present in the organism when ingested [31]. The antioxidant analysis of food requires an initial investigation into its chemical composition, carefully evaluating the relationship existing in the food matrix with water and oil. Indeed, antioxidant compounds have different lipophilicity, and therefore, behave differently according to the chemical medium in which they are found [32].




        One of the most conventional used tests to describe the antioxidant capacity of a food is the oxygen radical absorbing capacity assay (ORAC), which evaluates the capacity of hydrogen atoms to donate antioxidants [33].




        Besides the tests on the transfer of electrons and hydrogen atoms, other methods act through other reaction mechanisms. In fact, research in the field of antioxidants has gone from antiradical screening carried out through autographic techniques of thin layer chromatography (TLC), to gas chromatography analysis (GC) up to nowadays nanotechnology-enabled approaches.




        TLC provides not only a measure of the radical scavenging activity of the sample, but also a simultaneous separation of the compounds present in it [34].




        The GC analysis, on the other hand, is mainly used to evaluate lipid peroxidation within a sample. In fact, this highly sensitive and specific antioxidant assay procedure allows monitoring the secondary oxidation products (SOPs) of the lipids that are generated by radicals [35, 36].




        The last frontier of in vitro evaluation of antioxidant activity is represented by nanoparticles (NPs) and their peculiar characteristics such as high surface area, catalytic activity, conductivity, sensitivity, and stability. There are numerous types of metal and metal oxide nanoparticles such as Gold NPs, Silver NPs, Metal oxide NPs and Carbon-based NPs. Nanomaterials can have a dual utility, in fact, they can be integrated within existing platforms to enhance detection capabilities [37].




        Moreover, the results obtained from these tests cannot always predict the activity of a given substance in vivo because of the high variability due to absorption, metabolism, and other cellular factors. For this reason, the use of cellular models is needful to further confirm and understand their activity and possible application in vivo.




        Below are the most commonly used in vitro tests for the analysis of antioxidant activity.


      




      

        Cuprac Assay




        

          Aim




          This method is used to quantify the antioxidant levels in plant extracts or other natural sources.


        




        

          Principle




          The assay consists of a reaction between a water-soluble antioxidant and the chromogenic oxidizing reagent bis(neocuproine)copper(II) cation (Cu(II)-Nc) forming a chelate complex of copper (I)–neocuproin, which provides colour measurable at 450 nm in a spectrophotometer at physiological pH [38].


        




        

          Materials and Equipments Required




          Plant material (0.1-2.0 mg/mL) or isolated compound (0.01-2.00 mg/mL), 96-well plate, UV-Vis spectrophotometer.


        




        

          Reagents Required




          1. Ammonium acetate buffer (NH4Ac) 1 M, pH 7.0




          2. CuCl2 2H2O 10 mM




          3. Neocuproine (Nc) 7.5 mM in ethanol




          4. Ethanol 96%




          5. Trolox


        




        

          Protocol




          1. 0.5 mL of different concentrations of plant extract or single compound are added to the reaction mixture (1 mL Nc, 1 mL CuCl2, and 1 mL NH4Ac buffer).




          2. Trolox 1x10-3 M is prepared in ethanol 96%.




          3. The blank is prepared in the same way but without CuCl2.




          4. After 30 min of incubation at room temperature, the absorbance is measured at 450 nm by a UV-Vis spectrophotometer.


        




        

          Calculations




          CUPRAC activity is expressed as Trolox Equivalents per gram of dry or fresh weight (mg TEs/g).


        


      




      

        DPPH Scavenging Activity




        

          Aim




          The present assay is used to evaluate the radical scavenging activity of natural products or plant extracts using the neutral radical DPPH.


        




        

          Principle




          The DPPH is a synthetic radical, stable at room temperature, thanks to the delocalisation of the spare electron over the molecule that produces a violet colour quantified in ethanol solution at about 513-528 nm. In the presence of an antioxidant, the substance is reduced into 2,2-diphenyl-1-picrylhydrazine, producing a pale yellow solution. It represents a rapid way to evaluate the antioxidant activity of a natural sample by spectrophotometric techniques [39].


        




        

          Materials and Equipments Required




          Plant extract (0.1-10.0 mg/mL) or single compound (0.01-5.00 mg/mL), 96-well plate, spectrophotometer.


        




        

          Reagents Required




          1. DPPH 100 μM




          2. Methanol




          3. Trolox


        




        

          Protocol




          1. 50 μL of different dilutions of plant extract or isolated compound or Trolox (positive control) are added to 200 μL of DPPH methanolic solution in a 96-well plate.




          2. Incubation in the dark at room temperature for 30 min.




          3. Read the absorbance at 517 nm.


        




        

          Calculations




          [image: ]




          Calculation of the IC50 (Inhibitory Concentration 50%) or milligram equivalents of Trolox per milligram of dry or fresh weight.




          An alternative way to measure DPPH radical scavenging activity from antioxidants is represented by TLC. The protocol is the same as in spectrophotometric method but at the end of incubation, 15 μL of the mixtures are dropped into a TLC plate. After 5 min incubation, TLC plates are scanned. It can also be measured through EPR spectroscopy [40] or amperometric detection [41].


        


      




      

        FRAP Assay




        

          Aim




          This assay is used to evaluate the ferric reducing power of plant extract or natural compounds.


        




        

          Principle




          FRAP assay is based on the reductant activity of an antioxidant molecule in a redox-linked colorimetric reaction. The reduction of a ferric-tripyridyl-s-triazine at low pH to the ferrous complex causes the formation of a violet coloured probe spectrophotometrically quantified at 593 nm [42, 43].


        




        

          Materials and Equipments Required




          Plant extract (0.1-10.0 mg/mL) or single compound (0.01‒2.00 mg/mL), 96-well plate, laboratory oven, spectrophotometer.


        




        

          Reagents Required




          1. Ferric chloride hexahydrate (FeCl3 x 6H2O) in distilled water 20 mM




          2. 2,4,6-tripyridyl-s-triazine (TPTZ) 10 mM




          3. Hydrochloric acid (HCl) 40 mM




          4. Sodium acetate 300 mM, pH 3.6




          5. Acetic acid




          6. Trolox


        




        

          Protocol




          1. 25 μL of Trolox (reference) or different concentrations of the extract or single compound are added to 225 μL of FRAP reagent (acetate buffer, FeCl3 x 6H2O, and TPTZ in HCl, in a 10:1:1 ratio




          2. The mixture is incubated at 37°C in the dark for 40 min




          3. The absorbance of the solution is measured at 593 nm in a UV-Vis spectrophotometer


        




        

          Calculations




          The results are expressed as milligram equivalents of Trolox per milligram of dry or fresh weight.


        


      




      

        TPC Assay




        

          Aim




          This assay gives an estimation of the amount of the total phenolics in a sample through the Folin-Ciocalteu reagent.


        




        

          Principle




          The Folin Ciocalteu reagent is made of phosphomolybdic/phosphotungstic acid complexes. In alkaline medium, the electrons are transferred from phenolics to form a phosphotungstic/phosphomolybdenum complex blue coloured which is spectrophotometrically detectable at 723-760 nm.


        




        

          Materials and Equipments Required




          Plant extract (0.1‒10.0 mg/mL) or isolated compound (0.01‒0.03 mg/mL), centrifuge machine, centrifuge tubes, test tubes, vortexer, spectrophotometer, 96-well plate.


        




        

          Reagents Required




          1. Folin-Ciocalteu reagent




          2. Sodium carbonate (Na2CO3) 10% v/v in H2O




          3. Gallic acid


        




        

          Protocol




          1. 425 µL of distilled water and 75 µL of different concentrations of the extract or natural compound or gallic acid (positive control) are added to 500 µL of Folin-Ciocalteu reagent and 500 µL of Na2CO3 solution.




          2. Vortex and incubate the mixture in the dark for 1h followed by optical density measurement at 723 nm using UV-VIS spectrophotometer.


        




        

          Calculations




          The amount of total phenolics in the sample is calculated based on the calibration curve of gallic acid and expressed as mg gallic acid equivalents (GAE)/g sample [44].


        


      




      

        ABTS Scavenging Activity




        

          Aim




          This method measures the total antioxidant activity of natural products by the reduction of the cationic radical ABTS•+. It is applicable to both hydrophilic and lipophilic antioxidants.


        




        

          Principle




          The ABTS•+ is generated through the reaction with a strong oxidizing agent (potassium persulfate) with the ABTS salt. The reduction of the blue-green ABTS radical by hydrogen-donating antioxidants is measured by the suppression of its characteristic long wave absorption spectrum at 734 nm. Trolox can be used as positive control, which is a water-soluble analogue of vitamin E.


        




        

          Materials and Equipments Required




          Plant extract (0.1-10.0 mg/mL) or single compound (0.01-5.00 mg/mL), 96-well plate, spectrophotometer.


        




        

          Reagents Required




          1. Potassium persulfate 2.45 mM




          2. Absolute ethanol




          3. ABTS salt (7.0 mM)




          4. Trolox


        




        

          Protocol




          1. The cationic radical ABTS•+ is generated by the reaction between ABTS stock solution with potassium persulfate 12-16 h before use




          2. 1.0 mL of ABTS solution is added to different dilutions of the sample or Trolox (0–15 μM) in ethanol




          3. After 30 min the absorbance is read at 734 nm through a UV-VIS spectrophotometer


        




        

          Calculations




          The results are expressed in milligram equivalents of Trolox per milligram of dry or fresh weight from the standard curve graph [45].


        


      




      

        NO Scavenging Activity




        

          Aim




          This assay is used to evaluate the nitric oxide radical scavenging activity of natural compounds or plant extract.


        




        

          Principle




          Nitric oxide is considered a free radical for its unpaired electron. When it reacts with superoxide radicals, it generates a dangerous peroxynitrite anion (ONOO−). In this method, nitrite is first treated with sulfanilamide, a diazotizing reagent, in acidic media. This intermediate product is allowed to react with a coupling reagent, N-naphthyl-ethylenediamine to form a stable purple coloured azo compound quantifiable at 540 nm [46].


        




        

          Material and equipments required




          Plant material (0.1−10.0 mg/mL) or isolated compound (0.5‒30.0 µM), test tubes, 96-well plate, UV-Vis spectrophotometer.


        




        

          Reagents Required




          1. Griess Reagent (1% sulphanilamide in 2.5% phosphoric acid and 0.1% naphthylethylene diamine dihydrochloride in 2.5% phosphoric acid)




          2. Sodium nitroprusside 10 mM




          3. Phosphate Buffered Saline (PBS)




          4. Gallic acid


        




        

          Protocol




          1. 0.5 mL of sodium nitroprusside in PBS is added to 1.0 mL of the different concentrations of plant extract or positive control (gallic acid) or single compound.




          2. The mixture is incubated at room temperature for 180 min.




          3. The sample is mixed with an equal volume of freshly prepared Griess reagent.




          4. 150 μL of the reaction mixture is transferred to a 96-well plate and the absorbance is measured at 546 nm using a UV-Vis spectrophotometer.


        




        

          Calculations




          The percentage nitrite radical scavenging activity of the ethanol extracts and gallic acid is calculated using the following formula:




          [image: ]




          NO can be also quantified through fluorescent, electrochemical, gas chromatography and chemiluminescent methods [47].


        


      




      

        ORAC Assay




        

          Aim




          The ORAC assay is used to measure the antioxidant activity of plant extract or natural compounds, especially food.


        




        

          Principle




          The assay measures the oxidative degradation of the fluorescent molecule fluorescein after being mixed with free radical generators such as azo-initiator compounds (e.g. 2,2'-Azobis(2-amidinopropane) dihydrochloride). These compounds produce the peroxyl radical by heating which damages the fluorescent molecule, resulting in the loss of fluorescence. In the presence of antioxidant substances, the fluorescent molecule is protected from oxidative degeneration. The degree of protection is quantified using a fluorometer [48].


        




        

          Materials and Equipments Required




          Plant material (0.1−20.0 mg/mL) or isolated compound (0.5‒30.0 µM), test tubes, 96-well plate, fluorometer.


        




        

          Reagents Required




          1. Fluorescein 1.5 mM




          2. NaH2PO4 buffer 75 mM, pH 7.4




          3. 2,2'-Azobis(2-amidinopropane) dihydrochloride (AAPH) 15 mM




          4. Trolox


        




        

          Protocol




          1. 50 µL of different concentrations of the extract or compound or Trolox (positive control) is incubated in a 96-well microplate with 100 µL of fluorescein and 50 µL of AAPH for 30 min at 37°C




          2. For the blank, 50µL of phosphate buffer are added to 100µL of fluorescein and 50µL of AAPH, while for the control, 50µL of phosphate buffer are added to 100µL of fluorescein




          3. Fluorescence is recorded (λex 490 nm and λem 515 nm) every 2 min at 37°C for 90 min using a fluorimeter




          4. Trolox is used as the reference standard


        




        

          Calculations




          Results are calculated based on the differences in areas under the fluorescence decay curve between the blank, samples, and standard. Final oxygen radical absorbance capacity values are expressed as µmol of Trolox equivalents (TE)/100 g of dried extract.


        


      




      

        SO Scavenging Activity




        

          Aim




          This assay allows the evaluation of superoxide radical scavenging activity of plant extracts or isolated natural compounds.


        




        

          Principle




          Even if the superoxide anion is a weak oxidant, it can generate hydroxyl radicals and singlet oxygen that can lead to oxidative stress. The assay is based on the capacity of various extracts to inhibit formazan formation by scavenging the superoxide radicals generated by phenazine methosulfate solution [49].


        




        

          Materials and Equipments Required




          Test tubes, plant material (0.1−10.0 mg/mL) or isolated compound (0.5‒30.0 µM), vortexer, spectrophotometer, 96-well plate.


        




        

          Reagents Required




          1. Tris–HCl buffer 16 mM, pH 8.0




          2. Nitroblue tetrazolium (NBT) 0.3 mM




          3. Nicotinamide adenine dinucleotide (NADH) solution 0.936 mM




          4. Phenazine methosulfate (PMS) 0.12 mM


        




        

          Protocol




          1. The superoxide anion radicals are generated in 3.0 mL of Tris–HCl buffer containing 0.5 mL of NBT, 0.5 NADH solution and 1.0 mL extract at different concentrations.




          2. The reaction is initiated by adding 0.5 mL of PMS solution to the mixture, incubated at room temperature for 5 min.




          3. The absorbance is measured at 560 nm against a blank sample.


        




        

          Calculations




          The percentage of inhibition is calculated as follows:




          [image: ]




          This assay can also be conducted through ultra-high performance liquid chromatography-diode-array detection (UPLC-DAD) or Electron Spin Resonance Spectrometry [50, 51].


        


      




      

        BCB Assay




        

          Aim




          This method is used to evaluate the capacity of plant extracts or natural compounds to inhibit lipid peroxidation.


        




        

          Principle




          The method is based on the discoloration of the yellow coloured β-carotene solution due to the addition of the unsaturated fatty linoleic acid that gets oxidized by ROS produced by oxygenated water. The product obtained can initiate the oxidation of β-carotene, thus leading to discoloration [52].


        




        

          Materials and Equipments Required




          Test tubes, plant material (0.5−10.0 mg/mL) or isolated compound (0.5‒10.0 mg/mL), vortex, rotavapor, laboratory oven, spectrophotometer, 96-well plate.


        




        

          Reagents Required




          1. Linoleic acid




          2. Tween 20




          3. Chloroform




          4. β-carotene 0.2 mg/mL




          5. Butylhydroxytoluen (BHT)


        




        

          Protocol




          1. β-carotene is dissolved in chloroform and added into a round bottom flask, along with 20 µL of linoleic acid and 200 µL of Tween 20.




          2. The chloroform is removed using a rotavapor.




          3. 50 mL of water is added to create the emulsion.




          4. Oxygenate the emulsion.




          5. The β-carotene/linoleic acid emulsion (950 μL) is added to the extract or solvent as blank (50 μL) .




          6. Outer wells were filled with 250 μL of water to provide a large thermal mass because the reaction is temperature-sensitive and close temperature control throughout the plate is essential in this assay




          7. BHT is used as positive control.




          8. 250 μL of this solution is transferred to a 96-well plate and incubated for 3 h at 50°C




          9. The absorbance is measured at 470 nm at 0, 30, 60, 90, 120, 150, and 180 min


        




        

          Calculations




          The results are expressed as a percentage of β-carotene bleaching inhibition (%AA) and calculated according to the following equation:




          [image: ]


        


      




      

        Lipid Peroxidation Assay in Cells




        Lipid oxidation represents one of the mechanisms by which oxidative stress from ROS damages cells.




        

          Aim




          This quantitative assay measures an end product of lipid peroxidation, the malondialdehyde (MDA), through the reaction with thiobarbituric acid (TBA).


        




        

          Principle




          Quantification of lipid peroxidation is essential to assess oxidative stress. The principle of this method depends on the extraction of MDA from the sample, which is one of the final products of polyunsaturated fatty acid peroxidation in the cells. Its extraction is made by trichloroacetic acid (TCA) solution and the subsequent reaction of MDA with TBA generates a MDA-TBA adduct. This pink-red adduct can be quantified fluorometrically by fluorescence excitation/emission (Ex/Em = 532/553 nm) or colorimetrically (Optical density, OD = 532 nm) [53, 54].


        




        

          Materials and Equipments Required




          Plant extract (10‒200 μg/mL) or single compound (10‒30 μg/mL), cells to analyze, 24-well microplates, centrifuge, centrifuge tubes, microplate reader/fluorescent miscroscope.


        




        

          Reagents required




          1. Trypsin-Ethylenediaminetetra acetic acid (EDTA)




          2. Cell medium




          3. TBA 0.75%




          4. TCA 30%




          5. HCl 5 N




          6. Cell lysis buffer


        




        

          Protocol




          1. Cells are plated into a 24-well plate and once the ideal confluence is reached, the growth medium is removed, and triplicate wells are treated with different concentrations of plant extract or isolated compound (10‒200 μg/mL) for 24h;




          2. The cells are detached and lysed by cell lysis buffer;




          3. Lysates are mixed with 0.5 mL of TCA, 50 µL of HCl and 0.5 mL of TBA;




          4. The mixture is subsequently heated at 100°C for 15 min in a boiling water bath, then centrifuged at 1000×g for 10 min;




          5. TBARs are measured spectrophotometrically in the supernatant at 535 nm. Results are expressed as a percentage of the control.


        




        

          Calculations




          Results are expressed as a percentage of control:
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        Antihaemolytic Activity




        

          Aim




          This method evaluates the protective effect of a natural product by inhibiting the free radical aggression to the blood cells.


        




        

          Principle




          Red Blood Cells (RBC) are oxygen and carbon dioxide carriers in the circulatory system. When hydroxyl radical damage is induced, there is an oxidation of proteins like for haemoglobin that leads to cell damage and haemolysis. The haemoglobin released is spectrophotometrically quantifiable at 540 nm [55, 56].


        




        

          Materials and Equipments Required




          Plant extract (10‒200 μg/mL) or isolated compound (10‒30 μg/mL), cell to analyze, centrifuge machine, test tubes, spectrophotometer,


        




        

          Reagents Required




          1. Vitamin C




          2. Sodium citrate




          3. H2O2 1 M




          4. Dextrose




          5. Sodium chloride 5% (v/v)




          6. PBS




          7. Sodium phosphate mono-dibasic


        




        

          Protocol




          1. Blood cells are collected and suspended in isosaline solution;




          2. Different concentrations of the extract or single compound or positive control (vitamic C) are added to 300 μL of cell suspension;




          3. 200 μL of H2O2 is added to the mixture to induce oxidative degradation of membrane lipids;




          4. The reaction mixture is incubated at 37°C for 3h and softly shaken;




          5. After mixture dilution with PBS centrifuge at 2000 g for 10 min;




          6. The absorbance of the supernatant is measured at 540 nm.


        




        

          Calculations




          [image: ]


        


      




      

        DNA Nicking Assay




        

          Aim




          This method is used to evaluate the ability of the natural substance to protect DNA plasmid from the effects of hydroxyl radicals produced by Fenton’s reagent.


        




        

          Principle




          Oxidative stress in cells can also lead to DNA damage, which is involved in numerous pathological processes such as carcinogenesis. The DNA nicking assay based on the Fenton reaction represents a good example of the in vivo situation, thanks to the production of hydroxyl free radicals from endogenous entities like intracellular iron. The •OH radicals originated from the reaction is highly reactive and cause a change in the initial supercoiled conformation of plasmid DNA to nicked linear forms that present altered electrophoretic mobility properties on gel [57, 58].


        




        

          Materials and Equipments Required




          Plant extract (10‒200 μg/mL) or isolated compound (10‒30 μg/mL), eppendorf tubes (1.5‒2.0 mL), tips, thermostat bath, centrifuge machine, electrophoresis apparatus, UV trans-illuminator and recording system.


        




        

          Reagents Required




          1. 300 ng/µL plasmid DNA




          2. Fenton’s reagent (30 mM H2O2, 50 μM ascorbic acid, and 80 μM FeCl3)




          3. Rutin




          4. Tannic acid




          5. Cyanidin chloride




          6. Phosphate buffer pH 7.4




          7. Ethidium bromide




          8. EDTA pH 8




          9. Agarose gel 0.8 or 1%


        




        

          Protocol




          1. Isolation of genomic DNA from bacteria;




          2. Measure the OD of DNA solution (1980 µL Tris EDTA buffer, 20 µL DNA sample at wavelength of 260 and 280 nm to provide an estimation of the purity of nucleic acid)




          3. Calculate DNA concentration:




          DNA (μg/μL) = OD 260 x dilution factor x 50 μg/mL/100




          4. 10 μL of Fenton’s reagent is mixed with 1 μL of 0.5 μg genomic DNA, with different concentrations of plant extract/ test compound or positive control (like tannic acid, rutin and cyanidin chloride) and phosphate buffer.




          5. Sample containing 0.5 μg genomic DNA without Fenton’s reagent is used as negative control.




          6. After 30 min of incubation at 37 ºC, the reaction is stopped with 1 μL of 0.5 EDTA




          7. Loading buffer (5μL) is added to the samples that are loaded to the individual wells into agarose gel and electrophoresed followed by ethidium bromide staining.




          Densitometric analysis is used to examine the DNA damage quantitatively thanks to the use of a specific software.




          In the presence of an antioxidant substance, the DNA will not show or at least will appear with less streaking thus indicating a protective effect against hydroxyl radical damage.


        


      




      

        Intracellular ROS Measurement by 2',7' Dichlorodihydrofluorescein Diacetate (DCFH2-DA)




        

          Aim




          This assay is used to estimate antioxidant activity of plant extracts through the prevention of 2',7' dichlorodihydrofluorescein (DCHF2) oxidation.


        




        

          Principle




          This method uses the fluorescent probe DCFH2-DA. It is a lipophilic and colorless molecule, which crosses the cell membrane and is deacetylated by intracellular esterases into cell-impermeable DCFH2. Different types of ROS (hydrogen peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, and peroxide radicals) are capable of oxidizing DCFH2 into 2',7' dichlorofluorescein (DCF), a fluorescent product detectable by flow cytometry (Ex/Em: 485–500 nm / 515–530 nm) [23].


        




        

          Materials and Equipments Required




          Plant extract (10‒200 μg/mL) or single compound (10‒30 μg/mL), cells to analyze, centrifuge tubes, 24-well microplates, centrifuge, flow cytometer/ microplate reader/fluorescent miscroscope.


        




        

          Reagents Required




          1. PBS




          2. Trypsin-EDTA




          3. Cell medium




          4. DCFH2-DA 10 μM




          5. Tert-butyl hydroperoxide (t-BOOH) or H2O2 or AAPH




          6. N-acetyl-L-cysteine (NAC) 10 mM


        




        

          Protocol




          1. HepG2 cells are seeded at a density of 1x104 cells/well on a 24-well microplate.




          2. After 24h, the growth medium is removed and triplicate wells are treated with different concentrations of plant extract or single compound and with NAC as positive control.




          3. After 24h, the treatment is removed and cells are treated with DCFH2-DA for 30 min.




          4. The cells are detached with trypsin-EDTA for 5 min, neutralized with growth medium and transferred to centrifuge tubes.




          5. Centrifuge at 1200 rpm, 4°C for 5 min.




          6. The supernatant is aspirated and the pellet is resuspended in 300 μL of PBS.




          7. Analyze with flow cytometer/fluorescent microscope/microplate reader (Ex/Em: 485–500 nm / 515–530 nm)




          It is also possible to simulate an oxidative stress condition by the exposition of cells to H2O2 (10 mM), t-BOOH (5mM) or AAPH (150 mM) for about 30 min.




          Different cell lines besides HepG2 can be used for the test and the different conditions can affect the results. Studies on human gastric adenocarcinoma cell line (AGS) [59], or colon carcinoma cell line (Caco-2) matured differentiated intestinal cells [60] are reported.


        




        

          Calculations




          Results are expressed as the percentage of control indicating the percentage of the intensity of treated cells deviated from control.




          [image: ]


        


      




      

        In vivo Assay Procedures




        In vivo validation of the antioxidant activity of natural extracts includes animal models. Approximately 20 million animal models are used in research today, but rats, mice, and Swiss albino inbred mice are the first-choice models in laboratories [61, 62]. Before the evaluation of the potential antioxidant activity of an extract, these models are generally submitted to a wide spectrum of stress-induced compounds like ethanol, streptozocin (STZ), bromobenzene, t-BOOH, carbon tetrachloride (CCl4), radiation, and others. Thus, the extract is administered at a different dosage depending on the method that the scientist decides to use. After a specific time, frame animal models used are usually sacrificed and samples of tissue and/or blood and its constituents are analyzed.




        Four solvents are generally used to obtain extracts whose potential antioxidant activity would be assayed in vivo: ethanol, methanol, water, and aqueous ethanol solution. These solvents possess a good range of polarity, so they are used to extract polar compounds such as flavonoids and phenolic molecules known to be effective antioxidants. However, methanol toxicity limits its use, whereas ethanol is the most widely used solvent not only because of its lack of toxicity but also because it has been shown to be more effective in extracting polyphenolic compounds [27].




        The evaluation of in vivo potential antioxidant activity is mainly assessed by the effects of the extract on several biochemical parameters involved in the maintenance of a balanced antioxidant status. Endogenous antioxidants, which provide protection against ROS are for example the CAT, SOD, GPx enzymes, and GSH. In this chapter, assays to evaluate endogenous antioxidants and in vivo antioxidant potential are described.


      




      

        SOD Activity




        

          Aim




          SOD is the most important antioxidant enzyme implied in the defence system against ROS, since it is involved in the transformation of superoxide radicals (O2•‒) into less dangerous molecules like oxygen (O2) and H2O2. Quantification of SOD is essential to determine the antioxidant ability of a biological system; this section will describe the SOD assay using water-soluble tetrazolium (WST-1) [63].


        




        

          Principle




          O2•‒, formed during hypoxanthine oxidation by xanthine oxidase, can reduce WST-1 to yellow-colored formazan. This generation of formazan is inhibited by SOD. Reduced WST-1 possesses a broad absorbance peak that allows performing the assay in a 96-well plate and making measurement in a plate reader, capable of kinetic measurement, set at 438 nm.


        




        

          Materials and Equipments Required




          A plate reader with a monochromator to be set at 438 nm or a 450 nm filter. 96-well plate.


        




        

          Reagents Required




          1. Sodium phosphate buffer 100 mM, pH 8.0 containing 0.1 mM of diethylenetriamine-penta acetic acid and 0.1 mM of hypoxanthine.




          2. WST-1: stock solution10 mM in distilled water.




          3. CAT 2 mg/mL prepared with phosphate buffer.




          4. Xanthine oxidase ammonium suspension to be diluted 1:100 with distilled water before using.




          5. Bovine Cu, ZnSOD stock solution at 6 mg/mL prepared with phosphate buffer (dilute 10-fold before using)




          6. Reagent mixture: for a full 96-well plate, mix 19.3 mL of buffer with 0.1 mL of CAT solution and 0.1 mL WST-1 solution. An amount of xanthine oxidase solution should be added to this mixture to give an absorbance change in the assay (without SOD) of 0.013‒0.017/min


        




        

          Protocol




          1. Sample preparation: tissue extract should be centrifuged in order to remove membranes, cells, and organelles.




          2. Create a SOD standard curve.




          3. Aliquot of SOD is added into the plate wells with different dilutions of the sample in a maximum volume of 10 µL and 2 µL of 6 mg/mL of SOD.




          4. Adding 0.2 mL of the reagent mixture containing xanthine oxidase to all of the wells.




          5. Immediately insert the plate into a plate reader.




          6. Measure the change in the absorbance at 434 nm for 3 min.


        




        

          Calculations




          The amount of SOD in the sample is calculated by relating the IC50 values of the sample to that of the standard.


        




        

          Alternative Methods




          SOD can also be determined indirectly using the principle for which superoxide radicals generated by the xanthine-xanthine oxidase system or NADH/D-amino acid oxidase-PMS system cause the reduction of tetrazolium salts to blue formazan determined spectrophotometrically at 470-560 nm [64, 65].


        


      




      

        CAT Activity




        

          Aim




          CAT is implied in the dissociation of H2O2 into water (H2O) and molecular oxygen (O2) [66]. Like CAT, other antioxidant enzymes are present in both plant or animal cells such as kidney cells, liver cells and erythrocytes [66, 67].




          In this section, two spectrophotometric methods for the evaluation of CAT activity in biological tissues and serum were described [68, 69].


        


      




      

        CAT Activity in Biological Tissues




        

          Principle




          The method carried out by Hadwan (2018) [69] for the evaluation of CAT activity in biological tissues (RBC, liver, and kidney homogenates tissue) is based on the conversion of cobalt (II) to cobalt (III) by H2O2 in the presence of bicarbonate solution. The reaction ends with the formation of the carbonato-cobalte (III) complex ([Co(CO3)3]Co) which possess two absorption bands at 440 and 640 nm. The absorption band at 440 nm is used to evaluate CAT activities. The dissociation of H2O2 is directly proportional to the enzyme activity in the sample tested.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents Required




          1. Cobalt (II): 20.3 g of Co(NO3)2 x 6H2O in 1 L of distilled water.




          2. Graham salt solution or sodium hexametaphosphate solution (10 g of (NaPO3)6 in 1 L of distilled water).




          3. Sodium carbonate solution (180 g of Na2CO3 in 2 L of distilled water)




          4. Working solution is prepared by mixing in this order 100 mL of cobalt (II) solution, 100 mL of Graham salt solution, and 1800 mL of sodium bicarbonate solution.




          5. Phosphate buffer (pH 7.0, 50 mM): solution A (6.91 g of KH2PO4 in 1 L of distilled water) and B (8.90 g of Na2HPO4 x 2H2O in 1 L of distilled water) at a ratio of 1:1.5




          6. H2O2 10 mM (0.1134 mL of 30% H2O2 in 100 mL of phosphate buffer)


        




        

          Protocol




          1. Erythrocyte lysate preparation: 3 mL of whole blood is transferred in a tube with heparin to prevent coagulation. To obtain the separation of plasma, after 10 min, the blood sample is centrifuged at 400×g for 10 min. 500 µL of the remaining RBC sediment is washed 3 times with 5 mL of 0.9% NaCl solution. After each wash, the sample is centrifuged at 400×g for 10 min. Subsequently, into the test tube with 500 µL of erythrocyte sediment, 2 mL of ice-cold distilled water is added to obtain a fivefold dilution, which is vortexed for 5 s and incubated at 4°C for 15 min in the dark. 2.5 mL of the fivefold re-suspended hemolysate is diluted a second time with phosphate buffer solution (0.05 M) to reach a dilution factor of 500. This hemolysate solution is used for the evaluation of CAT activity.




          2. Tissue preparation: Tissue samples from mice treated with plant extracts are washed with a solution of 0.9% (w/v) NaCl to eliminate external contaminants like blood. Subsequently, tissues are weighed and homogenized with a cold 1.15% (w/v) potassium chloride solution. The homogenate is filtered and diluted at a ratio of 1:500 with a phosphate buffer solution 0.05 M before analysis. The so obtained homogenated product is immediately used for the evaluation of the CAT activity.




          3. Test tube contains 500 µL of CAT source samples and 1000 µL of H2O2.




          4. Mixed with a vortex and incubated at 37°C for 2 min.




          5. Add 6000 µL of working solution.




          6. Tubes are vortexed for 5 s and maintained for 10 min in the dark at room temperature.




          7. Standard tube is obtained by substituting the CAT source sample with 500 µL of distilled water.




          8. Blank, 1500 µL of distilled water is used to override CAT source sample and H2O2. Changes in the absorbance are recorded at 440 nm.


        




        

          Calculations




          To determine CAT activity, the rate constant of a first-order reaction (k) equation is used:




          [image: ]




          Where:




          ● t: time




          ● S°: Absorbance of standard tube




          ● S: absorbance of the test tube


        


      




      

        CAT Activity in Serum




        

          Principle




          The method carried out by Hadwan (2016) [68] for the evaluation of CAT activity in serum is based on the principle that dichromate in acetic acid is reduced, under heat, to chromic acetate in the presence of H2O2 resulting in the formation of perchromic acid as an intermediate. H2O2 concentration is proportional to chromic acetate concentration. Chromic acetate production is measured at 570 nm.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents Required




          1. Dichromate/acetic acid: composed of 50 mL of a 5% aqueous solution of potassium dichromate and 150 mL of glacial acetic acid.




          2. Sodium potassium phosphate buffer 50 mM, pH 7.4.




          3. H2O2 (65 mM) in 50 mmol/L sodium-potassium phosphate buffer.


        




        

          Protocol




          1. Test tube is obtained by mixing100 µL of serum with 1000 µL of H2O2.




          2. Mixed with a vortex and incubated at 37°C for 3 min.




          3. Add 2000 µL of distilled water.




          4. Tubes are kept at 100°C for 10 min and then are centrifuged (2500 g for 5 min) to remove precipitated protein.




          5. In the control test, H2O2 is substituted by distilled water.




          6. 100 µL of distilled water is used in the substitution of serum while as blank, 1100 µL of distilled water is used to replace serum and hydrogen peroxide.




          7. Changes in absorbance are recorded at 570 nm against the reagent blank.




          The control test is used to eliminate the interference caused by the presence of amino acids, sugar, vitamins, and proteins in serum. By subtracting the absorbance of the control test from that of the serum test, interferences of oxidable compounds like sugar and amino acids are removed. Consequently, the remaining absorbance just belongs to the remaining absorbance.


        




        

          Calculations




          The following equation is used to determine CAT activity:




          [image: ]




          Where:




          ● t: time




          ● S°: Absorbance of standard tube (STD)




          ● S: Absorbance of test tube




          ● M: absorbance of control test (correction factor)




          ● Vt: total volume of reagents in test tube




          ● Vs: volume of serum


        


      




      

        GPx Activity




        

          Aim




          GPx is a selenoenzyme able to catalyze the reaction of hydroperoxides with reduced GSH to form GSH disulfide (GSSH) and the product of hydroperoxide reduction. A recent method (CUPRAC) for assessing GPx activity will be described in this section [70].


        




        

          Principle




          To determine GPx activity, enzyme samples were incubated with phosphate buffer, which comprises suitable concentrations of GSH and peroxide used as a substrate. After an appropriate incubation time, CUPRAC (Cu(Nc)22+) reagent is used to stop the reaction. Unreacted substrates work by reducing Cu(II)-Nc complex (Cu(Nc)22+) to strongly colored Cu(I)-Nc complex (Cu(Nc)2+) that is spectrophotometrically measured at 450 nm. The GPx activity is evaluated based on the decrease in the absorbance of the colored (Cu(Nc)2+).


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents Required




          1. Phosphate buffer solution 100 mM at pH 7.0




          2. Reduced GSH 4 mM




          3. H2O2 solution 2 mM in100 mM phosphate buffer solution, pH 7.0




          4. Copper (II) chloride 10-2 M




          5. Ammonium acetate (NH4Ac) buffer 1.816 M at pH 7.0




          6. Nc 7.5 x 10-3 M in EtOH 96%




          7. Working reagent is obtained by mixing Cu(II):Nc:NH4Ac at the ratio of 1:1:1 (v/v/v)


        




        

          Protocol




          1. For tissue preparation, mice livers are washed, weighed, and homogenized to prepare 10% of the homogenate in 0.1 M phosphate buffer. The homogenate is subsequently centrifuged at 10,000 rpm for 20 min to remove nuclei, mitochondria, cell debris, erythrocytes, and unbroken cells. The level of GPx is measured in supernatants.




          2. Test solution is formed by 1500 µL of sodium phosphate buffer, 200 µL of reduced GSH, and 100 µL of the sample.




          3. Reaction is initiated adding 200 µL of peroxide.




          4. Tubes are vortexed and incubated for 10 min at 37°C.




          5. Reaction is terminated using 0.5 mL of 8% TCA.




          6. The solution is centrifuged for 15 min at 3000 g.




          7. 1 mL of supernatant is removed and put in a clean tube with 3 mL of the working solution.




          8. Control is formed by 1900 µL of sodium phosphate buffer, 100 µL of the sample, and the final 3 mL of working reagent.




          9. In STD, 1600 µL of sodium phosphate buffer, 200 µL of reduced GSH, 200 µL of peroxide, and the final 3 mL of working reagent are added.




          10. Absorbance is read versus blank (only 2000 µL of sodium phosphate buffer and 3 mL of working reagent) at 450 nm after 30 min.


        




        

          Calculations




          The residual GSH concentration into the test tube is calculated as follows:




          Residual GSH concentration in test tube [image: ]




          Where the concentration of STD is 400 µM.




          It is possible to calculate the GPx activity (U/L) as follows:




          [image: ]


        




        

          Alternative methods




          Gpx can be also assessed using fluorimetric methods. Weiss et al. (1980) described a fluorimetric method able to determine the activity of Gpx in less than 100 µg of tissue and is based on the fluorimetric response of NADP+ resulting from oxidized GSH generated by the Gpx reaction [71]. Martinez et al. (1979) described a highly sensitive fluorimetric method using the assay of oxidized GSH with o-phthalaldehyde [72]. Kamata et al. (1994) evaluated another GSH sensitive method based on the reaction of oxidized GSH with N-(9-acridinyl) maleimide [73].


        


      




      

        GR Activity




        

          Aim




          GR is a flavoprotein able to catalyze the nicotinamide adenine dinucleotide phosphate (NADPH)-dependent reduction of oxidized glutathione disulphide (GSSH) into two molecules of the reduced form of GSH. Thus, GR represents an essential enzyme to maintain an adequate level of reduced cellular GSH. In this section, it will be described a spectrophotometric test for the evaluation of GR activity in plasma, erythrocyte lysates, or tissue homogenates [74, 75].


        




        

          Principle




          The assay is based on monitoring NADPH oxidation bound to GSSH reduction. In fact, NADPH absorbs at 340 nm and its oxidation is represented by a reduction in absorbance at this wavelength. To make a reproducible assay, it is important to run the reactions at constant temperature, for this reason, the specific activities are measured at 30°C.


        




        

          Materials and Equipments Required




          A spectrophotometer with a thermostat, cuvette.


        




        

          Reagents required




          1. Potassium phosphate buffer (KPE buffer) 0.2 M at pH 7.0 with 2 mM EDTA disodium salt.




          2. GSSG 20 mM in water.




          3. NADPH 2 mM in 10 mM Tris∙Cl, pH 7.0.


        




        

          Protocol




          1. Sample preparation. Animal tissue is homogenized (1:5 w/v ratio) in 5% sulfosalicylic acid with 4 mM EDTA. After 45 on ice, the sample is then centrifuged at 37,000 g for 15 min and the supernatant is analyzed.




          2. GR assay is performed in a cuvette at 30°C.




          3. Reagents are put in a cuvette in the following order: 500 µL of the assay buffer, 50 µL of 20 mM GSSG solution, 50 µL of 2 mM NADPH solution, and the enzyme-containing sample whose amount depend on its concentration and the specific activity of GR expected.




          4. MilliQ water is added to give a final volume of 1.0 mL.




          5. The cuvette is covered with parafilm and inverted three times to mix the solution (do not shake).




          6. The cuvette is placed in the spectrophotometer and the reaction is monitored for 1 min, or up to 10% reduction in absorbance (∆A=0.06) at 340 nm.




          7. The test sample is determined in duplicate or triplicate.




          8. In the sample-control all components except GSSG are inserted while the blank is formed by all components except sample.




          9. Values obtained for the sample are adjusted by subtracting the enzymatic oxidation of NADPH observed in the absence of GSSH.


        




        

          Calculations




          Enzyme activity is expressed in units ΔA/time, where ΔA is the variation in absorbance at the selected wavelength. Time is measured in minutes. The changing absorbance is proportional to the varying NADPH concentration as shown by the Lambert-Beer law (A = εlc; where ε is the molar extinction coefficient of NADPH, l is the cuvette path length, and c is the NADPH concentration). Thus:




          [image: ]




          In the present case, ε = 6.2 mM-1cm-1 and l = 1 cm.


        




        

          Alternative methods




          GR can also be evaluated using fluorimetric methods. Piggott et al. (2007) described a sensitive fluorimetric assay for the free sulfhydryl group based on the concept of fluorescence resonance energy transfer (FRET). In particular, the method consists of two fluorescein molecules bonded by a short disulfide-containing linker (FSSF). The scission of the disulfide linker from GSH enables the two fluorescein molecules to propagate separately, leading to decreased FRET-mediated quenching and a specific rise in fluorescence intensity at 520 nm (green) [76].


        


      




      

        Reduced GSH and GSSG Levels




        

          Aim




          GSH is a tripeptide thiol (γ-glutamyl cysteinyl glycine) whose intracellular concentration is an important indicator of oxidative stress. Within cells, it can exist in two different forms: the reduced sulfhydryl form (GSH) and the oxidized GSSH. When a condition of oxidative stress occurs, there is a dysregulation of the GSH/GSSG ratio in many organs, for this reason, GSH/GSSG status is often measured in pathophysiological and physiological conditions. In this section, a rapid, reproducible, and sensitive method for the determination of GSH and GSSH will be described [77].


        




        

          Principle




          The assay is based on the reaction between GSH and 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) (known as Ellman’s reagent) with the consequent production of the 2-nitro-5-thiobenzoic acid (TNB) chromophore and the oxidized GS-TNB adduct. TNB formation (measured at 412 nm) is directly proportional to GSH concentration in the sample. In presence of NADPH, the disulfide product GS-TNB is reduced by GR with the consequent formation of 2 molecules of GSH which is recycled back into the reaction. Thus, the amount of GSH determined with this method represents the sum of reduced and oxidized forms present in the sample ([GSH]total = [GSH] + 2 × [GSSH]).


        




        

          Materials and Equipments Required




          Microplate (96 well plate) reader, 96-well plates.


        




        

          Reagents required




          1. KPE buffer 0.1 M at pH 7.5




          2. Extraction buffer: 20 µL of Triton X-100 and 120 mg of sulfosalicylic acid in 20 mL of KPE buffer pH 7.5




          3. GSH standards: 1 mg/mL GSH into KPE




          4. GSSH standard: 2.01 mg/mL GSH in KPE




          5. 2-Vinylpyridine, dilute 1:10 with KPE and store on ice




          6. Triethanolamine, dilute 1:6 with KPE and store on ice




          7. DTNB: 2 mg in 3 mL of KPE




          8. β‒NADPH: 2 mg in 3 mL of KPE




          9. GR: 40 µL (250 U/mL) in 3 mL of KPE


        




        

          Protocol




          1. Sample preparation. GSH measurement can be done on the whole blood, plasma bronchoalveolar lavage (BAL) and cerebrospinal fluid (CSF), urine, and tissues or cell isolated from tissues and blood. The treatment of the sample for GSH measurement can vary according to the sample type studied. For hepatocyte lysate from rats or mice, the hepatocyte pellet is resuspended in 500 µL of ice-cold 5% metaphosphoric acid working solution. The cell suspension is homogenized and centrifuged at 3000g at 4°C for 10 min. The supernatant is used for the assay; generally, 2.5‒3.5 ×106 cells, corresponding to 5-8 mg of total protein, are used.




          2. GSH assay is performed in 96-well plates.




          3. Blank is composed of 20 µL of KPE.




          4. Standard curve is created using 20 µL of each standard.




          5. Test is made using 20 µL of the sample.




          6. DTNB and GR are mixed in equal volumes and 120 µL of them are added to each well.




          7. The plate is stored in the dark for 30 s to allow the conversion of GSSH to GSH.




          8. Add 60 µL of β-NADPH.




          9. The plate is immediately read at 412 nm in a microplate reader.




          10. Measurements are taken every 30 s for 2 min (5 reading in total from 0-120 s).


        




        

          Calculations




          Total GSH concentration in the sample is determined by using the values of the standard curves. Total GSH is expressed as µM or nM/mg protein, or nM per 106 cells.


        




        

          Alternative methods




          GSH analysis can also be made through fluorimetric assays able to offer high specificity. The most used assay employs ortho-phthalaldehyde (OPA) or its analogue 2,3-naphthalenedicarboxaldehyde, which reacts with GSH in order to form compounds with a fluorescence intensity at 420 nm [78]. Other fluorescent probes are less frequently used like monochlorobimane (MCB) and monobromobimane (MBB) able to form a fluorescent adduct with GSH which can be determined at 490 nm [79]. Concerning OPA, MCB and MBB possessed the advantage of penetrating the cell and reacting with cellular thiols.


        


      




      

        Glutathione S-Transferase (GSTs) Activity




        

          Aim




          GSTs are a group of enzymes involved in the detoxification of cells from either endogenous compounds and foreign chemicals like environmental pollutants and pharmaceuticals. In particular, they conjugate toxicants’ electrophilic group with GSH’s thiol group; these GSH conjugates are subsequently metabolized to mercapturic and excreted [80]. In this section, a rapid spectrophotometric method used to determine GST activity will be described [81].


        




        

          Principle




          The assay is based on the conjugation between 1-chloro, 2,4-dinitrobenzene (CDNB) with reduced GSH which is visible by an increase of the absorbance at 340 nm. One unit of enzyme is able to conjugate 10.0 nmol of CDNB with GSH per minute at 30°C.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents Required




          1. PBS 0.1 M, pH 6.5




          2. GSH 100 mM




          3. CDNB 100 mM




          4. Mix 980 µL PBS pH 6.5, 10 µL of 100 mM CDNB, and 10 µL of 100 mM GSH


        




        

          Protocol




          1. Animal liver sample is washed 3-4 times by using washing buffer. Subsequently, it is homogenized with 3 volumes of homogenizing buffer. The obtained suspension is centrifuged at 12,000 g for 30 min at 4°C and the supernatant is stored at -80°C.




          2. For each sample and the blank, 900 µL of the enzyme cocktail is placed into 1.5 mL plastic cuvettes.




          3. Incubate at 30°C for 5 min.




          4. Add to the blank cuvette 100 µL of PBS.




          5. Add to the test cuvette 100 µL of the sample.




          6. Absorbances are measured at 340 nm for 5 min after zero reading of the spectrophotometer by using 1 mL of distilled water.


        




        

          Calculations




          For calculation, the absorbance of the blank reaction at ∆340/min is subtracted from the absorbance of each sample reaction at ∆340/min. The molar extinction of CDNB is 0.0096 µM-1/cm.




          [image: ]


        




        

          Alternative methods




          GST analysis can be made also through fluorimetric assays based on borondipyrromethene (BODIPy) dye. In particular, for real-time detection of GST activities, a two-photon probe 2-Bromo-2-(2-nitrophenyl)acetic acid (BNPA) is selected. The electrophilic center of BNPA is attacked when the sulfhydryl group of GSH is catalyzed by GST leading to the increase in fluorescence at 588 nm [82].


        


      




      

        γ-Glutamyl Transpeptidase (GGT) Activity




        

          Aim




          GGT catalyzes the transfection of the γ-glutamyl functional group from GSH to an acceptor that may be a peptide, an amino acid, or water. This enzyme is located in cell membranes of many tissues predominantly in the liver, kidney, and pancreas [83].


        




        

          Principle




          The assay for GGT involves the use of γ-glutamyl-p-nitroanilide as donor and glycylglycine as an acceptor substrate. The reaction catalyzed by the enzyme can produce p-nitroanilide via autotranspeptidation and/or hydrolysis which is easily detected via spectrophotometry at 410 nm [83].


        




        

          Materials and Equipments Required




          A spectrophotometer with temperature-controlled cuvette holder, cuvette.


        




        

          Reagents required




          1. l-γ-glutamyl-p-nitroanilide: 0.134 g for free base form or 0.152 g for HCl salt in 10 mL of HCl 0,2 N




          2. Tris∙Cl 0.5 M at pH 9.0 to 9.5




          3. Working solution: at the solution of step 1, add 350 mL of distilled water and make 1.32 g of glycylglycine and 100 mL of Tris∙Cl 0.5 M at pH 9.0 to 9.5. The pH is adjusted to 8.0 with HCl and the volume is brought to 500 mL with distilled water.




          4. Homogenate buffer: 8.6 g of sucrose with 2 mL of Tris∙Cl 1 M at pH 8.0 and 0.04 mL of 500 mM EDTA at pH 8.0. This solution is diluted with distilled water to 95 mL, pH is adjusted to 7.4 with HCl, and is brought to a final volume of 100 mL with distilled water.


        




        

          Protocol




          1. For sample preparation, diced tissues are placed into the homogenate buffer and are homogenized using a Potter-Elvehjem. Homogenized tissues are then centrifugated for 10 min at 900 g and the supernatant is retained.




          2. 1 mL of the assay mixture is placed into a cuvette, which is then put at 37°C.




          3. Add 5 to 20 µL of homogenized sample.




          4. The increase in absorbance is registered at 410 nm.


        




        

          Calculations




          The enzyme activity is calculated as follows:




          [image: ]




          Where 8.8 mM-1/cm is the molar extinction coefficient for p-nitroaniline. In the case of the diluted sample to calculate the activity of the original homogenate, it is necessary to multiply this equation by a dilution factor.


        




        

          Alternative methods




          GTT can be alternatively determined using HPLC [84] or ratiometric fluorescence assay based on a single fluorophore via analyte-induced variation of substitution [85].


        


      




      

        Estimation of Lipid Peroxidation by Measuring Serum MDA Levels




        

          Aim




          Lipid peroxidation is a known mechanism of cellular injury widely used as an indicator of oxidative stress in cells and tissues. Generally, the extent of lipid peroxidation is performed by determining the levels of secondary metabolites like MDA, which is produced proportionally from the breakdown of polyunsaturated fatty acids [86]. In this section, a rapid spectrophotometric method is described to determine MDA levels [87].


        




        

          Principle




          The assay for MDA levels determination is based on the condensation of MDA with two molecules of TBA. This product has a stable pink color that absorbs at 532 nm. However, this assay is characterized by limitation since endogenous biochemicals may react with TBA resulting in products that should exhibit absorption spectra like that of TBA-MDA adduct.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents required




          1. BHT 0.2% dissolved in ethanol




          2. TCA 15% prepared with distilled water




          3. TBA 0.375% in 0.25 M HCl




          4. A standard curve is prepared by using different dilutions of MDA standard


        




        

          Protocol




          1. For the preparation of the sample, 250 mL of plasma is transferred into a 5 mL Nunc Cryotube E. Then 25 µL of 0.2% BHT and 1 mL of 15% TCA are added. The mixture is centrifuged at 4000 g for 15 min at 4°C and the deproteinized supernatant (stock) is stored at -70°C.




          2. 500 µL of the stock is transferred into a 5 mL Nunc Cryotube E with 1 mL of TBA 0.375%.




          3. Heat at 100°C for 15 min.




          4. After cooling, the solution is analyzed spectrophotometrically using a 1 cm absorption cell at 535 nm.




          5. A solution containing all reagents except sample is used as blank.


        




        

          Calculations




          MDA concentration is calculated by using MDA standard curve.


        




        

          Alternative methods




          Plasma MDA levels can be alternatively measured using HPLC [88] or by gas chromatography-mass spectrometry (GC-MS) [89]. These methods determine MDA levels in a more reproducible and reliable way, however, the single sample processing makes them labor-intensive, time-consuming, and impractical.




          Other lipid peroxidation markers able to provide trusty approaches for the identification of cell’s lipid oxidative damage are 4-hydroxy-2-nonenal (4-HNE), 8-iso-prostaglandin F2α (8-iso-PGF2α), lipid hydroperoxides (LOOH), and conjugated dienes (CD). 4-HNE can be investigated using HPLC with fluorescence detection or immunohistochemistry (IHC) methods [90, 91]. 8-Iso-PGF2α is generated as a consequence of nonenzymatic peroxidation in the phospholipids membrane of arachidonic acid. It is determined using ultra-high-performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) [92]. However, this method is labor-intensive and requires expansive and specialized instrumentation. LOOH is the primary oxidation product of polyunsaturated fatty acids (PUFAs) and can be assayed using the ferrous oxidation xylenol orange assay (FOX). This assay is based on the capability of LOOH to oxidize ferrous iron when xylenol orange is presently leading to the formation of the colored ferric-xylenol orange complex able to absorb at 560 nm [93]. CDs are produced as a result of PUFAs free radical-induced autoxidation and can be detected exploiting the maximum absorption of UV light at 233nm by these compounds [94].


        


      




      

        Lactate Dehydrogenase (LDH) Activity in Serum




        

          Aim




          LDH and lactate are examples of biochemical parameters of hypoxia. The extracellular activity of this enzyme rises under oxidative stress conditions, as cellular integrity can be disrupted throughout the process of lipid peroxidation [95]. Hence, LDH is frequently used to evaluate the presence of toxicity or damage in tissue and cells. In this paragraph, a spectrophotometric method used to evaluate total LDH activity in serum samples will be described [96].


        




        

          Principle




          LDH is an oxidoreductase implicated in the process of the carbohydrates’ metabolization since it catalyzes the reversible conversion of lactate to pyruvate using, as a hydride acceptor, nicotinamide adenine dinucleotide (NAD+). The equilibrium promotes the reduction of pyruvate to lactate at pH 7.4-7.8. LDH activity is directly proportional to the absorbance decrease at 340 nm.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvette.


        




        

          Reagents required




          1. Buffer substrate solution: 50 mM of phosphate buffer at pH 7.5, 0.6 mM of pyruvate, and 0.095% sodium azide




          2. Nicotinamide adenine dinucleotide reduced form (NADH) 0.18 mmol/L.


        




        

          Protocol




          1. 2 mL of NADH solution is incubated with 50 µL of a serum sample for 2 min.




          2. Add 2 mL of buffer substrate.




          3. The decrease in absorbance is evaluated at 340 nm at 1 min interval for 3 min.




          4. If the change in absorbance exceeds the value of 0.1/min, the sample must be diluted. In this case, the dilution factor will be included in the calculation.


        




        

          Calculations




          LDH activity/liter of serum is calculated using the following formula:




          [image: ]




          The molar extinction coefficient of NADH at 340 nm is 6.22 × 103× 10-6/µ mole/cm.


        


      




      

        Trx and Thioredoxin Reductase (TrxR) Activity




        

          Aim




          TrxR is a selenoprotein implied in the catalysis of Trx reduction which in turn reduced the mammalian typical 2-Cys peroxiredoxin (PRXs 1-4), a thiol peroxidase responsible for regulating redox cellular signaling [97]. In this paragraph, a protocol for a selective determination of Trx and TrxR will be described [98, 99].


        




        

          Principle




          The assay described below is specific for Trx and TrxR and uses insulin as a protein substrate since it exploits the tendency of Trx to be rapidly oxidized by insulin’s disulphides. The number of thiols produced in the reduced insulin is measured with DTNB, once the reaction has been arrested by guanidine hydrochloride, with a correct measurement of Trx or TrxR activities in biological samples.


        




        

          Materials and Equipments Required




          A spectrophotometer, cuvettes.


        




        

          Reagents required




          1. TE buffer: 50 mM Tris-HCl and 2 mM EDTA at pH 7.5.




          2. HEPES buffer 1.0 M at pH 7.6.




          3. EDTA 0.2 M.




          4. A stock solution of insulin 1.6 mM in 50 mM Tris-HCl at pH 7.5.




          5. A stock solution of NADPH 50 mM.




          6. Pure TrxR control at a dilution of about 1 U/mL in TE buffer.




          7. Pure Trx control at a working dilution of about 100 µM in TE buffer




          8. DTNB 1 mM.




          9. Master mixture: mix 1295 µL of HEPES buffer 200 mM (85 mM final), 625 µL of insulin 1.6 mM (0.3 mM final), 40 µL NADPH 50 mM (660 µM final), and 40 µL EDTA 0.2 M (3 mM final).


        




        

          Protocol




          1. During the preparation of the sample, it is necessary to ensure the inclusion of EDTA because TrxR is inhibited by metal ions. Moreover, there is a need to keep the pH near 7.0‒8.0, and the possibility to incorporate protease inhibitors. Generally, a suitable protein concentration in the sample is usually 1-5 μg/μL.




          2. The assay can be made using disposable plastic cuvettes or 96-well microplates.




          3. To measure Trx activity, two reaction mixtures per sample are prepared. The reaction mixture A (with TrxR) is formed by 33 µL of master mixture, (7 – x) µL of HEPES buffer 200 mM (where x indicates the volumes of sample added), 10 µL of TrxR pure control 250 nM (~50 nM final), and x µL of protein sample (usually 10 to 20 µg of total protein is used). On the other hand, the reaction mixture B is prepared by mixing 33 µL of master mixture, (17 – x) µL of HEPES buffer 200 mM, and x µL of protein sample. Both the reaction mixtures have a final volume of 50 µL.
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