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    Due to the importance of oxygen to conserve and maintain the life of organisms on earth, it is imperative to be conscious of the need for knowledge about this element, its physical, chemical and physicochemical properties, metabolism, and everything related to its behavior and its relationship with living organisms in different ecosystems and environments. Similarly, it is vital to know the causes and serious consequences caused by the incorrect management of natural resources on the levels and quality of this element in the biosphere.




    This book presents and analyses evidence of the high enzymatic reactivity of reactive oxygen species, their production sources, chemical formation mechanisms, enzymatic oxidation, reaction centers, mechanisms involved in oxidation-reduction reactions, cell respiration chemistry, enzymatic kinetics, electron transport chain mitochondrial and chloroplast, oxidation-reduction potential, reaction constants, reaction velocity and reaction mechanisms involved, cellular cytotoxicity, antioxidant defense mechanisms in plants and animals, the response of plants to conditions of environmental stress, xenobiotics, heavy metals, paraquat, and the thermodynamics inherent to oxygen metabolism. Chapter 5 presents evidence and analyzes the action of flavonoids as promoters of reactive oxygen species. It is written as a paradoxical example of the high reactive affinity of reactive oxygen species for enzymes since during the whole metabolic process that presents flavonoids as trapping agents of reactive oxygen species or oxidants, in the end, and due to this high affinity and reaction rates, they become promoting agents of the same reactive oxygen speciesi-ROS.




    Dioxide O2 is not stored in the body. However ambient air (or water) if it is the immediate reservoir of dioxide. The ability to extract oxygen from the environment and carry it to each cell in complex multicellular organisms through just-in-time metabolism was one of the main developments of organisms during evolution. In human cells, there is an increase in reactive oxygen species under conditions of low levels of available oxygen-hypoxia.




    The unfortunate experience in which we human beings currently live has alerted all of humanity to the need to take care of nature and the need to have an environment that is as unpolluted as possible since there is sufficient scientific evidence to show the decrease in oxygen levels in the terrestrial and aquatic environments and the devastating effects this has on the survival of organisms. Therefore, there is a need to form citizen conscience about the care of nature and the presence of this essential element for life on earth.




    

      CONSENT FOR PUBLICATION




      Not applicable.


    




    

      CONFLICT OF INTEREST




      The author declares no conflict of interest, financial or otherwise.


    




    ACKNOWLEDGEMENTS




    Declared none.




    

      Carmen Cecilia Espíndola Díaz

    


  




  




  




  

    Oxygen




    


    Cecilia Espíndola


    




    

      Abstract




      Earth's life depends mainly on the availability of oxygen in the terrestrial biosphere. Based on geochemical records of existing terrestrial oxides, oxygenic photosynthesis occurred in the cyanobacterial precursors approximately 2800 Ma ago. The oxygen level in the atmosphere is now 21%. The human cells use this oxygen to extract the necessary energy through mitochondrial respiration using the reactions of the redox system that involves the transfer of electrons, enzymatic agents, and reactive oxygen species, mainly superoxide radical (O.-2), hydroxyl radical (.OH) and hydrogen peroxide (H2O2). The different reaction mechanisms from and to produce reactive oxygen species with their reaction constants in aquatic environments are presented here, as well as their production through the Fenton reaction. Oxidative stress is an imbalance between both normal oxygen-free radicals’ production and the cell's ability to detoxify it.
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      INTRODUCTION




      According to the geochemical records of terrestrial oxides that exist, the accumulation of oxygen in the Earth's atmosphere was originated from evolutionary processes that took place in the precursors of cyanobacteria before about 2.8 billion years ago [1].




      There is evidence of a permanent increase in O2 concentrations in the atmosphere since 2400 and 2100 Ma. Evidence of the presence of oxygen in the atmosphere is the appearance of soils with an oxidized red color and the disappearance of the old stream beds of easily oxidizable minerals such as pyrite (FeS2) [2]. Oxygen constitutes 21% of the current atmosphere.




      In the search for oxygen levels in the atmosphere, Lyon et al., 2014, state that from the first photosynthetic production of oxygen and based on sulfur isotope records, after GOE, oxygen levels raised again and then decreased in the atmos-




      phere where they remained for more than 1000Ma with very low levels. This extended inactivity was possibly caused by biogeochemical feedbacks that generated a deep ocean without oxygen. This anoxygenic ocean, with large deposits of H2S attracted concentrations of bio-essential elements that, together with the low availability of oxygen, unchained the evolutionary events that gave rise to eukaryotic organisms and animals diversity until the final oxygenation and life expansion.




      The differentiation of biotic or abiotic oxidation pathways, which can occur with or without oxygen, is the main difficulty in reaching a consensus on the appearance of atmospheric oxygen, despite intensive research in recent times.




      Biomarkers are fossil molecules derived from organic compounds that bind to specific biological products present at the moment in which the sediments were deposited. The presence of cyanobacteria and eukaryotes in rocks from 2700 Ma ago was recorded with a biomarker [4].




      The oldest producers of O2 through photosynthesis, which are still found today, are cyanobacteria. Oxygen identification can also be performed by the recognition of sterane biomarkers in Eukaryotes since oxygen is required for the biological synthesis of sterols. This implies that the production and accumulation of oxygen occurred approximately 300Ma before the Great Oxidation Event - GOE, which occurred approximately 3800 to 2350 Ma ago.




      The GEO is a time interval in which the differences in oxygen concentrations in the biosphere would represent a balance between early oxygen production and carbon deposits.




      The available evidence suggests that oxygenic photosynthesis is much older than 2500Ma and that the production of oxygen through photosynthesis did not accumulate permanently in the atmosphere, due to the balance between carbon deposition and compensatory buffering [5].




      There is evidence that, under conditions such as low SO4 sulfate content in the archaic ocean and low O2 levels in both the ocean and the atmosphere, high levels of methane (CH4) and hydrocarbons from its photochemistry, such as ethane (C2H6), were produced.




      O2 levels in the earth are mainly due to photosynthesis. In the ocean, most of this oxygen is consumed through aerobic microbial respiration. In nature, the most complex metabolic process is oxygenic photosynthesis. It consists of two reaction centers in which electrons produced in the first reaction center (PSII) are then




      transferred to a second reducing center (PSI), through a cytochrome complex (Chapter 4).




      A source of both light and electron reducing power is required for photosynthetic life. Considering that the electron donor for oxygenic photosynthesis is the surrounding water, it is possible that carbon fluxes through the biosphere were overloaded by oxygenic photosynthesis. This is supported because without an external source of carbon, H2S-based photosynthesis is difficult to maintain, and organic matter deposits in archean reservoirs came from waters with Fe2+ levels.




      It is unlikely that Fe2+ based photosynthesis would have occurred since this metabolism produces organic carbon particles and iron oxide minerals, which would disappear by microbial iron reduction. Likewise, H2-based photosynthesis would also be unlikely to occur. Therefore, the most accurate explanation is that oxygenic photosynthesis was the origin of organic ponds in the pre-GOE ocean.




      Oxygen present in nature has been originated by the fusion of 4He atoms that occurs at high temperatures in stars, and the concentration of oxygen is approximately or higher than the concentration of carbon in the solar system. The electronic configuration of oxygen favors fast reactions with atoms and molecules to form radicals.




      When oxygen reacts with a metal of groups I, II, III, IV, V, VI, corresponding oxides, such as H2O, MgO, CaO, AlO, CO2, SiO2, NOx, PO4, SOx are formed, and when it reacts with transition metals, such as Mn and Fe, it forms insoluble oxyhydroxides.




      Redox reactions lead to oxygen reactivity and produce stable compounds such as H2O, CO2, HNO3, H2SO4 and H3PO4 and intermediate unstable compounds, such as H2O2, NO, NO2, CO, SO2 are produced by abiotic oxygen reactions. Most oxygen reactions are exergonic.




      Oxygen production from water oxidation is the most important reaction of oxygenic photosynthesis, in which Mn and Ca atoms are involved. By sequential electron transfer driven by a single photon, Mn atoms remove electrons releasing O2 from the water molecule. Calcium stabilizes the intermediate oxygen until a second atom is released [6].




      A complex five-step mechanism to remove four electrons and four protons (transition state S) is required to produce oxygen by water oxidation and is the most energy-demanding biological redox reaction [7].


    




    

      



      1. NATURE




      Oxygen is the most abundant element in the earth's crust and, after hydrogen and helium, is the third most common element in the universe. The discovery of oxygen has given rise to the understanding of similar chemical processes, such as combustion and aerobic catabolism: high-energy bonds that oxidize, releasing energy. In 1777 Lavoisier named this new element OXYGEN. His name means acid producer, so all acids were thought to contain this substance, and the understanding of oxygen chemistry by Lavoisier changed the concept of combustion theory by the concept of oxidation.




      The most stable allotropic form of oxygen is dioxide O2 and constitutes about 21% of the Earth's atmosphere being the key component of the two most important half-reactions for life on Earth:




      

        

          	

            2 H2O → O2 + 4H+ + 4e- (Photosynthesis)


          



          	(1)

        


      




      

        

          	

            O2 + 4H+ + 4e- → 2 H2O (Respiration)


          



          	(2)

        


      




      In reaction 1, energy from sunlight is captured to obtain protons and electrons that combine with CO2 to produce (CHO)n, whose high-energy bonds are oxidized to form the carbon chemistry of photosynthesis for life. In reaction 2, the (CHO)n compounds are transformed to supply the energy needed for respiration. These processes are carefully controlled by the enzyme systems of the cells. As these protons and electrons are given to oxygen to form water, the energy of combustion is captured for synthesis, repair, and the work necessary for life.




      For instance, in biological membranes, there are gaps such as the enzyme family’s NADPH-oxidizes (Nox) that transfer electrons from NADPH, a two-electron reductant, to dioxygen to produce superoxide (reaction 3):




      

        

          	

            NADPH + 2O2 → NADP+ + 2O.-2 + H+


          



          	(3)

        


      




      

        



        1.2. OXYGEN FREE RADICALS




        A free radical is a chemical species that contains one or more missing electrons in its external orbital. Due to their electronic configuration, free radicals are unstable and extremely reactive since they quickly extract electrons from nearby molecules; so, they have a short half-life and a low steady-state concentration. The main types of biological reactions involving free radicals are presented in Table 1.




        

          Table 1 Main biological reactions of free radicals.




          

            

              

                	Reaction



                	Chemical Model

              


            



            

              

                	A. + B. → A-B



                	Addition

              




              

                	A. + B-C-D. → A-B + C = D



                	Disproportionation

              




              

                	A-B. → A. + B



                	Fragmentation

              




              

                	A. + B-C → A-B + C.




                	Transference of radical

              




              

                	A. + B = C → A-B-C.




                	Addition

              


            

          




        




        A non-free radical compound can become a free radical by the gain or loss of an electron. Free radicals can also easily form when a covalent bond is broken, leaving one electron of the shared pair in each of the atoms that were united; this process is called homolytic fission (reaction 4). Normally, when a bond is broken, it is broken heterolytically, i.e., one of the atoms conserves both electrons, giving rise to an anion (negative charge), and the other atom loses an electron, giving rise to a cation (positive charge) (reaction 5).




        

          

            	

              A:B → A. + B.


            



            	(4)

          


        




        

          

            	

              A:B → A:- + B+


            



            	(5)

          


        




        The oxygen molecule can be qualified as birradical since it has two missing electrons, each one located in a different anti-binding orbital π*; this is the most stable state of oxygen and is called the ground state. Oxygen in its ground state, despite being powerful oxidants, is not very reactive. Due to the parallel spins of the unpaired electrons, the reactivity of oxygen as a biradical molecule decreases. Thus, when oxygen accepts a pair of electrons from another atom or non-radical molecule, these must-have parallel spins to the couple in s orbital vacancies π5.




        Considering the Pauli Exclusion Principle, the electron spins in an atomic or molecular orbital must have opposite directions; due to this, a restriction is imposed on an oxidation reaction by oxygen (Fig. 1). Due to the spin constraint, oxygen reactions are slowed down, allowing electron transfer and free radical formation, this constitutes an advantage for aerobic organisms [8].




        
[image: ]


Fig. (1))


        Arrangement of anti-bonding electrons π* of oxygen [8].



        An increase in the reactivity of molecular oxygen can be obtained to form singlet oxygen by spin inversion of one of the electrons of its outer electrons or by its sequential and univalent reduction to form oxygen free radical intermediates:




        

          

            	[image: ]



            	(6)

          


        




        

          



          1.2.1. Reactive Oxygen Species (ROS)




          The following table lists the main reactive oxygen species produced in biological systems.




          

            Table 2 Main reactive oxygen species.




            

              

                

                  	ROS



                  	Name

                


              



              

                

                  	O.-2




                  	Superoxide anion radical

                




                

                  	HO.2




                  	Perhydroxyl radical

                




                

                  	H2O2




                  	Hydrogen peroxide

                




                

                  	
.OH



                  	Hydroxyl radical

                




                

                  	RO.




                  	Alkoxy radical

                




                

                  	ROO.




                  	Peroxyl radical

                




                

                  	
1ΔgO2




                  	Oxygen singlet delta

                




                

                  	O2




                  	Molecular oxygen

                


              

            




          




          

            



            1.2.1.1. Singlet Oxygen




            The parallel spins of the two electrons of the external orbitals of molecular oxygen can become anti-parallel by a pulse of energy, resulting in singlet oxygen. There are two types of singlet oxygen: the oxygen singlet delta (1ΔgO2), which is the most biologically important due to its long half-life and oxygen singlet sigma (1Σ+O2), very reactive, but with a short half-life because, after forming, it quickly decays to the singlet delta oxygen state. The molecular oxygen to singlet oxygen excitation can be carried out by several biological pigments such as chlorophyll or retinal when illuminated with light of a certain wavelength in O2 presence. The pigments absorb the light, enter a higher state of electronic excitation, and then transfers energy to O2 to form singlet oxygen while returning to its original state.


          




          

            



            1.2.1.2. Superoxide Radical




            The superoxide radical ion (O.-2) is formed when the molecular oxygen is reduced by an electron. This chemical species is very reactive and very unstable in aqueous solutions since can react spontaneously to herself by a dismutation reaction to produce hydrogen peroxide (H2O2) and molecular oxygen (reaction 7). With neutral or physiological pH, this dismutation reaction is catalyzed by superoxide dismutase (SOD). Singlet oxygen can also be formed during superoxide dismutation, however, only less than 0,008% of the oxygen produced in this way is in the singlet state.




            

              

                	

                  O.-2 + O.-2 + 2H+ → H2O2 + O2


                



                	(7)

              


            




            The superoxide radical, at low pH, can be in its proton form as a perhydroxyl radical (HO.2), from which hydrogen peroxide is rapidly formed (reaction 8).




            

              

                	

                  HO.2 + e- + H+ → H2O2


                



                	(8)

              


            


          




          

            



            1.2.1.3. Hydrogen Peroxide




            When two electrons reduce the oxygen molecule, peroxide ion is produced (O22-), whose protonated form is hydrogen peroxide. H2O2 is not a free radical and generally, in aqueous media, it does not oxidize some organic molecules; however, it is a biologically important oxidant because from it, through its interaction with transition metals, the hydroxyl radical (.OH), is generated. The H2O2 is dangerous for cells because it is generally not ionized and can spread through cell membranes.


          




          

            



            1.2.1.4. Hydroxyl Radical




            The reduction of molecular oxygen by three electrons originates the free radical hydroxyl (see also Fig. 2, chapter 4). This is a highly reactive chemical species that can react with any biological molecule at a rate of 107- 1010 mol/seg; therefore, its half-life and radius of action are extremely short (fractions of microseconds and 30 Å, respectively). The main source of hydroxyl radicals is the Haber-Weiss reaction (reaction 11), which results from the balance of two reactions (reactions 9 and 10), the second of which is Fenton´s reactions which requires an iron chelate to produce. Other transition metals, similarly, accelerate the production of hydroxyl radicals.


          




          

            

              	

                O.-2 + Fe3+ → O2 + Fe2+


              



              	(9)

            


          




          

            

              	

                Fe2+ + H2O2 → Fe3+ + OH- + .OH


              



              	(10)

            


          




          

            

              	

                O.-2 + H2O2 → O2 + OH- + .OH


              



              	(11)

            


          


        




        

          



          1.2.2. Reactions of Reactive Oxygen Species in Aqueous Environments




          Ionizing radiations, ultraviolet radiations and particular radiations transfer their energy to cell components and are therefore a source of free radicals. These radiations produce the heterolytic fission of water to obtain hydrated electrons, hydrogen atoms, superoxide, hydroxyl radicals, and hydrogen peroxide, in the presence of oxygen. Free radicals can also be generated by the photolysis of chemical bonds caused by visible light of a suitable wavelength, mainly in the presence of photosensitizers.




          In water radiolysis, when a short pulse of electrons is applied on pure water after 107 s, the processes are more direct and the reactive intermediates: hydrated electron, hydrogen atom, hydroxyl radical, hydrogen peroxide and molecular oxygen are homogeneously distributed in the solution. Their products respectively are: G(e-aq) = 0.27 µmolJ-1, G(H˙) = 0.07 µmolJ-1, G(.OH) = 0.27 µmolJ-1, G(H2O2) = 0.07 µmolJ-1. When studying the reaction of a given intermediate with the solute S, concentrations of solute high enough to ensure the complete activity of the investigated intermediate are utilized. This concentration is determined by the products of the reaction constants (k) and the concentration of the solute [S]. This quantity is called the trapping capacity = k[S].




          When the proper concentration is selected, the concentrations of the intermediate states formed in both the solute and the water radiolysis are practically equal. For example, for the reaction of the hydrated electron, we have G(e‒aq) = G(S¯). The value of G is utilized to calculate the molar absorption coefficient, which is necessary to calculate the second-order constant and for the identification of the absorption spectra.




          With a constant k in the controlled diffusion range ̴1010mol-1dm3s-1 and with a concentration of solute 10-3 moldm-3 [S], the entrapment is nearing completion (trapping capacity, k[S] ≈ 107 s-1). However, in practice, the trapping capacity is lower than 107s-1 e.g. due to low reactivity (low k) or low solubility (low [S]). In the case of molecules with a strong absorbance in the near UV/visible region (low light transparency), low solute concentrations could be utilized.




          For example, it is possible to consider organic dyes with molar absorption coefficients greater than 105mol-1dm3 cm-1 in the visible range. The spectra of these molecules overlap strongly with those of the intermediate states produced. The net result can be negative or positive. Because a decrease in absorbance due to depletion (Δ negative absorbance) or an increase in absorbance due to intermediate states (Δ positive absorbance) could occur.




          When the trapping capacity is less than 107s-1, the intermediate + solute reaction of water radiolysis is not complete and an amount of solute is lost in each concentration of the water radiolysis intermediates or in their reactions with H2O, H+ and H2O2.




          Pálfi et al., 2010, made kinetic calculations of the reactions that occur in water radiolysis, based on the following 50 reactions in Table 3.




          

            Table 3 Reactions of Oxygen free radicals and their constants (mol-1dm3s-1).




            

              

                

                  	Reaction No



                  	Reaction



                  	Constants

                


              



              

                

                  	12



                  	e‒aq + e‒aq + 2H2O → H2 + 2OH¯



                  	5.5 x 109


                




                

                  	13



                  	e‒aq + H˙ + H2O → H2 + OH¯



                  	2.31 x 1010


                




                

                  	14



                  	e‒aq + .OH → OH¯



                  	3 x 1010


                




                

                  	15



                  	e‒aq + O˙¯ + H2O → 2OH¯



                  	2.2 x 1010


                




                

                  	16



                  	e‒aq + H2O2 → .OH + OH¯



                  	1.1 x 1010


                




                

                  	17



                  	e‒aq + HO2¯ → O˙¯+ OH¯



                  	3.5 x 109


                




                

                  	18



                  	e‒aq + O2 → O.-2




                  	1.9 x 1010


                




                

                  	19



                  	e‒aq + O.-2 → O22-




                  	1.3 x 1010


                




                

                  	20



                  	e‒aq + HO2˙ → HO2¯



                  	1.7 x 1010


                




                

                  	21



                  	e‒aq + H2O → H˙ + OH¯



                  	1.9 x 1010


                




                

                  	22



                  	e‒aq + H3O+ → H˙ + H2O



                  	2.3 x 1010


                




                

                  	23



                  	H˙ + H˙ → H2




                  	7.8 x 109


                




                

                  	24



                  	H˙ + .OH → H2O



                  	7 x 109


                




                

                  	25



                  	H˙ + H2O2 → .OH + H2O



                  	5.1 x 107


                




                

                  	26



                  	H˙ + HO2¯ → .OH + HO¯



                  	1.2 x 109


                




                

                  	27



                  	H˙ + O2 → HO2˙



                  	2.1 x 1010


                




                

                  	28



                  	H˙ + HO2˙ → H2O2




                  	1.92 x 1010


                




                

                  	29



                  	H˙ + O.-2 → HO2¯



                  	1.92 x 1010


                




                

                  	30



                  	H˙ + OH¯ → e‒aq + H2O



                  	2.5 x 107


                




                

                  	31



                  	
.OH + .OH → H2O2




                  	5.5 x 109


                




                

                  	32



                  	
.OH + O˙¯ → HO2¯



                  	1.73 x 1010


                




                

                  	33



                  	
.OH + H2O2 → H2O + HO2˙



                  	2.7 x 107


                




                

                  	34



                  	
.OH + HO2¯ → H2O + HO2˙



                  	7.5 x 109


                




                

                  	35



                  	
.OH + HO2˙ → H2O + O2




                  	6.8 x 109


                




                

                  	36



                  	
.OH + O.-2 → OH¯ + O2




                  	9.52 x 109


                




                

                  	37



                  	
.OH + H2 → H˙ + H2O



                  	4.2 x 107


                




                

                  	38



                  	O˙¯ + O˙¯ → O22‒




                  	2 x 109


                




                

                  	39



                  	O˙¯ + H2O2 → H2O + O.-2




                  	5 x 108


                




                

                  	40



                  	O˙¯ + HO2¯ → OH¯ + O.-2




                  	4 x 108


                




                

                  	41



                  	O˙¯ + O2 → O3˙¯



                  	3.6 x 109


                




                

                  	42



                  	O˙¯ + O.-2 + H2O → 2OH¯ + O2




                  	6 x 108


                




                

                  	43



                  	O˙¯ + H2 → H˙ + HO¯



                  	1.1 x 108


                




                

                  	44



                  	H2O2 → H2O + O˙



                  	3.36 x 10-8 a


                




                

                  	45



                  	O˙ + O˙ → O2




                  	4.8 x 109


                




                

                  	46



                  	HO2˙ + HO2˙ → H2O2 + O2




                  	8.3 x 105


                




                

                  	47



                  	HO2˙ + O.-2 → HO2¯ + O2




                  	9.7 x 107


                




                

                  	48



                  	O.-2 + O.-2 → O22- + O2




                  	1.42 x 109


                




                

                  	49



                  	O22- + H2O → HO2¯ + OH¯



                  	9.61 x 105


                




                

                  	50



                  	OH¯ + H3O+ → 2H2O



                  	7.5 x 1010


                




                

                  	51



                  	2H2O → OH¯ + H3O+




                  	2.5 x 10-7


                




                

                  	52



                  	
.OH + OH¯ → O˙¯ + H2O



                  	1.2 x 1010


                




                

                  	53



                  	O˙¯ + H2O → .OH + OH¯



                  	9.3 x 107


                




                

                  	54



                  	H2O2 + OH¯ → HO2¯ + H2O



                  	1.3 x 1010


                




                

                  	55



                  	HO2¯ + H2O → H2O2 + OH¯



                  	9.8 x 105


                




                

                  	56



                  	O.-2 + H3O+ → HO2˙ + H2O



                  	4.8 x 1010


                




                

                  	57



                  	HO2˙ + H2O → O.-2 + H3O+




                  	1.3 x 104


                




                

                  	58



                  	HO3˙ → .OH + O2




                  	1.1 x 105a


                




                

                  	59



                  	O3¯ → O˙¯ + O2




                  	1.8 x 106a


                




                

                  	60



                  	O3˙¯ + H3O+ → HO3˙ + H2O



                  	5.2 x 1010


                




                

                  	61



                  	HO3˙ + H2O → O3˙¯ + H3O+




                  	6.7 x 102


                




                

                  	62



                  	e‒aq + N2O → O˙¯ + N2




                  	9.1 x 109


                




                

                  	63



                  	H˙ + N2O → .OH + N2




                  	2.1 x 106


                




                

                  	64



                  	
.OH + (CH3)3COH → H2O + ˙CH2(CH3)2COH



                  	4 x 109


                




                

                  	65



                  	H˙ + (CH3)3COH → H2 + ˙CH2C(CH3)2OH



                  	1 x 106


                


              

            




            

              a s-1

            




          




          From the studies performed, the concentration of e-aq, is maintained in the range of 5-10 at a constant dose/pulse value. However, the concentration of e-aq decreases at a pH at which the ˙H atom increases due to H/e-aq conversion in the reaction (reaction 22), for example, at pH ˂ 5.




          In the reaction H˙ + OH¯ (reaction 30) e-aq production increases at pH > 13, has a relatively low coefficient of 2.5 x 107 mol-1dm3s-1 and is an important reaction at high OH¯ concentrations. The .OH concentration reflects the conversion ˙OH/O˙¯ (reaction 52) with pKa of 11.9 and H2O2 concentration reflects the conversion H2O2/HO2¯ (reaction 55) with pKa of 11.6 [9].




          Considering the sensitivity analysis in pure water performed, of the 50 reactions, only 21-31 reactions considerably influenced the concentrations of intermediates in neutral solutions. The hydrated electrons concentration depended on largely on self-reaction (reaction 12). In such a manner, that in the reactions 13, 14 and 16, the e‒aq reaction with H˙, .OH and H2O2 contribute very few to the deterioration. The concentration of the hydrogen atom depends from the reaction of the ˙H atom with the hydrated electron (reaction 13), of the reaction with another hydrogen atom (reaction 23) and from the reaction with the hydroxyl radical (reaction 24). For hydroxyl radical, the self-reaction (reaction 31) and the reaction with the hydrated electron (reaction 14) are of particular importance.




          For the hydrated electron reactions, calculations were made on solutions with 5% v/v tert-butanol. Selected doses/pulse of 1, 10 and 100 Gy, was also applied 1 x 109 mol-1s-1 for the coefficients of the solutes with the hydrogen atom (reaction 67).




          

            

              	

                e‒aq + S → S¯


              



              	(66)

            


          




          

            

              	

                H˙ + S → HS˙ kH = 1 x 109 mol-1dm3 s-1


              



              	(67)

            


          




          With one dose/pulse of 1-100 Gy the hydrated electrons concentration at 10-7s is in the range of 10-5 - 10-7 moldm-3.




          At high trapping capacities k[S] = 107s-1 (example, with k ≈ 1 x 1010 mol-1dm3s-1 and [S] ≈ 10-3 moldm-3), react with the solute all the electrons released. With doses 10 Gy/pulse at a solute concentration of 10-6 moldm-3 only 10% of the e‒aq disappear in the reaction with S. The controlled diffusion-reaction 66 is similar to that of reactions 12, 13 and 14.




          When k = 1 x 1010 mol-1dm3s-1 to obtain SF = 0.5, [S] = 3.4 x 10-6, 3.4 x 10-5 and 3.4 x 10-4 moldm-3, is necessary to 1, 10 and 100 Gy doses/pulse, respectively. The formation rate of this depends directly on the solute concentration.




          Pseudo-first order conditions were considered to determine the reaction coefficient e‒aq + S, in pulse radiolysis measurements. The calculations are based on the constant kH = 1 x 109 mol-1dm3s-1 for reactions of the hydrogen atom with S (reaction 67). When changed kH Pálfi et al., 2010, found that its value slightly influences on S¯ production and that in contrast, the production of HS˙ in reaction 67 is strongly influenced by ke‒aq.




          

            

              	

                SF = [1 + 2 x eλ(χ – χc)]-1/2


              



              	(Equation 1)

            


          




          

            

              	

                χ = log (k[S]/D)


              



              	(Equation 2)

            


          




          Where λ and χc are constants (Table 4) [9]. According to this equation, when k[S] is very low, slightly trapping product is formed and when the value of k[S] is high, the SF is near to unity.




          

            Table 4 Parameters obtained by adjustment.




            

              

                

                  	



                  	λ (log(s Gy))



                  	χc (log (s-1 Gy-1))

                




                

                  	
e‒aq




                  	4.265 ± 0.015



                  	4.617 ± 0.001

                




                

                  	
.OH



                  	4.358 ± 0.011



                  	4.665 ± 0.001

                


              

            




          




          Under oxidative conditions (saturated solution of N2O, [N2O] = 2.5 x 10-2 moldm-3 at 1 pressure atmosphere) for hydroxyl radical reactions, similar trends in the formation of ˙SOH were observed, as when observed under reducing conditions to produce S¯ in e‒aq trapping.




          

            

              	

                .OH + S → ˙SOH (or H2O + S (‒H))


              



              	(68)

            


          




          The reaction (31) .OH + .OH which has the same constant 5.5 x 109 mol-1dm3s-1 that the reaction (12) e‒aq + e‒aq is the main competitor of the reaction (68) .OH + S.




          To compare the value of the equation with the parameters obtained by adjustment, pulse radiolysis experiments were performed at room temperature. In the reactions of .OH with thiocyanate ion and with p-cresol, the absorbance of the .OH radical was measured, depending on the concentration of this. With electron trapping utilizing diethyl fumarate, e‒aq reaction was studied. Applying the dose values of selected constants, the concentration of the solute varied between 10-6 and 10-3 moldm-3 and the absorbance of the product was determined.




          The determination of the relative product yield is facilitated by an electron adduct with a very high molar absorption coefficient 17,000 mol-1dm3cm-1 at 335 nm, which occurs when hydrated electrons react with diethyl fumarate.




          

            

              	

                e‒aq + C2H5O(O)C‒CH=CH‒C(O)OC2H5 → (C2H5O(O)C‒CH=CH‒C(O)OC2H5)¯




                ke-aq = 2.2 x 1010 mol-1dm3 s-1


              



              	(69)

            


          




          In the .OH reaction with SCN¯ ion, well-measured temporary products (SCN)2˙¯ are formed in two-step processes, the second step involves balancing:




          

            

              	

                .OH + SCN¯ → OH¯ + SCN˙ k˙OH = 1.1 x 1010 mol-1dm3s-1


              



              	(70)

            


          




          

            

              	

                SCN˙ + SCN¯ ↔ (SCN)2˙¯ kSCN˙ = 2.0 x 1010 mol-1dm3s-1


              



              	(71)

            


          




          K = 2 x 105 moldm-3




          The measurement of p-cresol was performed at neutral pH, observing the increase in absorbance around 435 nm of the cyclohexadienyl type radical [9]. Furthermore, its transformation into phenoxyl radical was slow and the reaction occurred in about 100 µs.




          

            

              	

                .OH + CH3C6H4OH → CH3C6H4(OH)2˙ k˙OH = 1.4 x 1010 mol-1dm3s-1


              



              	(72)

            


          




          

            

              	

                CH3C6H4(OH)2˙ → CH3C6H4O˙ + H2O → kelim = 5 x 104 s-1


              



              	(73)

            


          




          (pH 5-7)




          By developing the empirical equation, it is possible to estimate the production of intermediate products, which are utilized for the absorption spectra correction and for the extinction coefficients calculation.


        




        

          



          1.2.3. Fenton Reaction




          The classical Fenton mechanism (reaction 74, or with ligands reaction 75) determines that free hydroxyl radicals are produced when hydrogen peroxide is reduced at an iron center.




          

            

              	

                Fe2+ + H2O2 → Fe3+ + OH¯ + .OH


              



              	(74)

            


          




          

            

              	

                FeII(H2O)62+ + H2O2 → [FeIII(H2O)5OH]2+ + .OH + H2O


              



              	(75)

            


          




          Some hydroxyl radicals produced in the Fenton reaction, however, remain attached to the iron center as [Fe....OH]3+ or [Fe═O]2+ intermediates (reaction 76).




          

            

              	

                Fe2+ + H2O2 → [Fe═O]2+ + OH¯


              



              	(76)

            


          




          When an analogy is established between the reaction kinetics of hydroxyl radicals originating from the fenton reaction and those originating independently of iron, it is found that the intermediates from reaction 76 have different oxidizing properties.




          Research performed on Fenton reagents, it was concluded that .OH is not the dominant reagent and that a nucleophilic adduct reacts directly with the substrates, with the presence of an iron chelator.




          For reactions involving intermediate free radicals, ERS spectroscopy may be the best method, nevertheless by this technique the .OH radicals in the solution cannot be directly detected. Therefore, indirect techniques such as spin trapping with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) can be utilized. Under the conditions usually employed, the DMPO/˙OH adduct can originate from the reaction of a precursor DMPO/superoxide adduct or from the oxidation of DMPO itself followed by a reaction with water.




          Although the reactivity of iron complexes is recognized, the various complexes have different reaction rates for secondary reactions. Such reactions involve the iron complexes with hydroxyl radical trapping adducts under conditions normally employed. For example, the FeIIIDTPA (diethylenetriaminepentaacetic acid) complex can be reduced by oxidation of the DMPO/.OH spin adduct. These reactions, if not recognized, can lead to confounding stoichiometric calculations and kinetic comparisons in Fenton's reaction.




          When the radicals formed from the trapped molecules present an additional reaction, these trapping experiments are also difficult to interpret. Thus, studies conducted by Lloyd et al., 1997 [10], concluded that the nature of the chelating agent is an important factor, for example in the Fenton reaction FeIIEDTA, FeIIDTPA and FeIIHEDTA with trapping alcohols. They found that in the studies realized with FeIIHEDTA, the intermediate formed had better oxidizing properties than the hydroxyl radical, and that in the other two cases, the properties of the intermediate were equivalent to those of the hydroxyl radical. FeIIDTPA reacted with H2O2 to produce oxidizing species whose properties in tert-butyl alcohol trapping experiments did not match those of the .OH radicals (reaction 77).




          

            

              	

                FeII(DTPA)3- + H2O2 → [FeIV(DTPA)OH]2- + OH¯


              



              	(77)

            


          




          Furthermore, kinetic results different from hydroxyl radicals can also be obtained when radicals formed from alcohols in the Fenton reaction react with iron (II) and (III).




          It is possible that the oxygen atom was originated from hydrogen peroxide in both the ferric intermediate and the hydroxyl radical, although this has not been demonstrated. In addition, an exchange of oxygen atoms would occur if the hydroxyl radicals reacted with water. One possibility is that iron-bound hydroxyl radical species may exchange oxygen with water; however, in Fenton's reaction it has been shown that there is no exchange of oxygen atoms between 17O-labeled H2O2 and the water solvent and vice versa.




          The trapped hydroxyl radicals were derived exclusively from hydrogen peroxide and not from water, it was also concluded since, according to the hydroxyl radical generation method utilized, the percentages of 17O-labeled hydroxyl radicals trapped by DMPO and from the original hydrogen peroxide were the same. Similarly, the Fenton reaction with standard H2O2, and with 17O-labeled water, show that in the complementary reaction, none of the hydroxyl radicals were derived from the solvent water. In either case, the DMPO trapping was fast enough to avoid significant randomization of hydroxyl radicals with the water solvent.




          Hydroxyl radicals are produced by homolytic cleavage from the photolysis of hydrogen peroxide. When comparing the photolysis results with the radicals from the Fenton reaction, it is observed that in the latter reaction, the labeled radical was also trapped before an isotopic exchange could take place. Reactions 76 and 77 implies that a fraction of hydroxyl radicals formed is bound to the iron complex. If this occurs, then the dissociation of radicals in 17O-labeled species may not compete with intramolecular electron transfer in which water molecule bonds are involved, resulting in isotope randomization.




          The above, does not exclude direct reaction of the ferryl intermediate [Fe═O]2+ with DMPO to form DMPO/.OH when the ferryl oxygen is derived from H2O2 and is not exchanged with water binding. However, in some iron complex, oxygen exchange with hydroxyl radicals of similar reactivity, or such species dissociating into hydroxyl radicals, is excluded. Similarly, in DMPO/.OH generation, the possibility of an intermediate DMPO radical cation reacting with the hydroxyl anion to form DMPO/.OH by the Fenton reaction or by photolysis of H2O2 is excluded.


        


      




      

        



        1.3. CYTOTOXICITY OF REACTIVE OXYGEN SPECIES (ROS)




        Oxidative stress involves structural and functional changes produced by an unbalance between the generation of cell-damaging molecules and the cell's ability to detoxify itself. This imbalance occurs when unfavorable interactions of molecular oxygen (O2) or its reactives (ROS) with biomolecules take place. Among ROS, the most abundant are: superoxide (O.-2), hydroxyl radical (.OH), peroxynitrite (ONOO¯) and hydrogen peroxide (H2O2).




        

          1.3.1. Superoxide




          The O.-2 superoxide anion radical is produced by the one-electron reduction of the oxygen triplet through an enzymatically catalyzed reaction, mainly in biological systems. Usually, this reaction occurs in mitochondria and microsome membranes. Once O.-2 is generated, it can act as a free radical, an electron oxidizer, an electron reductant, or a weak nucleophile. Radical generation normally occurs by the release of hydrogen atoms added to the double bonds.




          However, for O.-2, these reactions are slower. In the presence of transition metals or quinones the O.-2 donates electrons to the peroxides. Conversely, O.-2 species can also act as oxidants on an electron, thus converting hydroquinone to semiquinone radicals with subsequent H2O2 production [11] (Fig. 2).




          
[image: ]


Fig. (2))


          Catechol-quinone redox cycle and superoxide dismutation.



          Microsomal membranes, which include the membranes of lysosomes, peroxisomes, and the endoplasmic reticulum, are abundant in enzymes responsible for the detoxification of xenobiotics or the oxidation of fatty acids and steroids.




          Microsomes contain mainly two different electron-carrying protein complexes and their isoforms: 1) NADH cytochrome b5 reductase/cytochrome b5 that contributes to the fatty acid acyl coenzyme A desaturase system and 2) NADPH-dependent cytochrome P450 reductase/ cytochrome P450- dependent mono oxygenase (CYP) complex that participates in the oxidation of endogenous and exogenous substrates by O2. During these reactions, more NAD(P)H is oxidized, and more oxygen is consumed than normally needed. Excess O2 can lead to O.-2 production.




          The increase in ROS levels caused by UV radiation in human keratinocytes is mediated by the protein complex of the Nox family. Nox proteins are NADPH-dependent oxidases found in the plasma membranes of epithelial cells of the skin and colon. They are also found in endothelial cells, vascular smooth muscle cells, cardiac myocytes, fibroblasts, and thyroid cells.




          Depending on the degree of activation and the cytotoxic signal, Nox 1 activation induces necrotic cell death through elevated ROS production. They also interfere with cell differentiation, thus contributing to epithelial cell transformation. Nox class enzymes are mainly expressed in phagocytic cells such as neutrophils and macrophages in contrast to NADPH-dependent oxidases. These cells produce large amounts of O.-2 (respiratory or oxidative burst) for defense against small solid particles, certain chemicals, and microorganisms. Oxidative burts facilitate tissue inflammation and releases cancer-promoting cytokines.




          Electron transport chain located in the mitochondrial inner membrane containing flavoproteins, non-heme iron sulfur proteins and iron- and copper-containing cytochromes (b562, b566, c1, c, a, c3) and coenzyme Q (ubiquinone-ubiquinol), oxidize the cofactors NADH and FADH2. There also free radicals are constantly formed of which O.-2 formation is proportional to mitochondrial O2 utilization. The levels of O.-2 formation correspond to 1-2% of total oxygen consumed but when electron flow is inhibited (by antimicin or rotenone), it increases considerably. There are at least two sites of O.-2 production: the flavoprotein complex NADH dehydrogenase and the ubiquinone segment cytochrome b562/b566, respectively. Under physiological conditions, cytochrome b566 is the most important, but when mitochondrial membrane damage occurs, it can be substituted by ubisemiquinone due to elevated proton concentrations. Normally, low amounts of O.-2 are released




          from mitochondria due to high levels of matrix-associated manganese-dependent superoxide dismutase (MnSOD) [12].


        




        

          



          1.3.2. Hydrogen Peroxide




          The toxicity of hydrogen peroxide is indirect since by itself it is not reactive, but through the Fenton reaction, it oxidizes Fe(II) to Fe(III) to generate hydroxyl radicals .OH [13]. Peroxisome metabolism, O.-2 dismutation by SOD and autoxidation of compounds during the redox cycling of the electron transport chain of both the microsome and mitochondria are the main cellular sources of hydrogen peroxide. Like O.-2 and due to its stability, H2O2 generated in certain compartments may represent a danger to biomolecules at distant sites. H2O2 is mainly removed by thioredoxin-dependent peroxidases (peroxiredoxins), glutathione peroxidases (GPx) and peroxisomal catalase.


        




        

          



          1.3.3. Hydroxyl Radical




          The hydroxyl radical .OH is the most toxic reactive species of the ROS. It has a very short half-life (~1ns), and interacts with biomolecules once generated. In the Fenton reaction, when copper or iron ions are present, electron donors such as NADPH, hydroquinones, ascorbic acid, catechins, or glutathione (GSH) facilitate the formation of .OH radicals from hydrogen peroxide H2O2. Low molecular weight iron complexes contribute mainly to the formation of high levels of .OH. Due to its ability to generate ROS iron can exert strong cytotoxicity and contribute to lipid peroxidation (LPO), if not controlled through binding to specific iron storage proteins such as ferritin. It is known that certain xenobiotic compounds, such as catechols, trigger the release of iron from ferritin and thus initiate LPO in exposed cells.


        




        

          1.3.4. ROS Damage to Macromolecules




          Human cells function in a reduced state; however, a certain degree of localized oxidation is needed. For example: for proteins to fold properly and disulfide bridges to be allowed to form, it is important that they are in a more oxidized state than the rest of the cell. Despite the above, when there is an overproduction of oxygen free radicals or when defense systems are damaged, these highly reactive chemical species are harmful.




          Interactions of oxygen free radicals with cellular constituents lead to alterations in cellular metabolism and cause subcellular damage that can lead to the onset of disease and even death. The intermediates and reactive oxygen by-products derived from oxidative metabolism are the main threat to the homeostasis of aerobic organisms.




          Oxygen free radicals, including molecular oxygen derivatives, can interact with almost any of the biomolecules that are constituents of cells. Proteins, lipids, and carbohydrates are fundamental targets of oxygen free radical reactions (Fig. 3); however, other cellular components may also be sensitive to the effects of these potent oxidants, among these components are neurotransmitters such as serotonin or adrenaline, various enzymatic cofactors, antioxidants, aromatic amino acids and sulfur [8].




          
[image: ]


Fig. (3))


          Free radical production and its relationship to cellular components.



          

            



            1.3.4.1. Proteins




            Protein susceptibility to free radical damage depends on amino acid composition. Because of free-radical reactivity to molecules with double bonds or containing sulphur groups, proteins with a large proportion of amino acids such as tryptophan, tyrosine, phenylalanine, hystidine, methionine and cysteine can easily be attacked by free radicals. In any case, the magnitude of oxidative damage will depend on whether these amino acids are part of functional groups responsible for the activity and/or conformation of these proteins. In this respect, it has been established that enzymes such as papain or glyceraldehyde-3-phosphate dehydrogenase, whose catalytic activity depends on these amino acids, in the presence of free radicals are inhibited. α1-antiprotease is also inactivated when methionine in its active center is oxidized to sulfoxide.




            Free-radical reactions with proteins also result in protein structural alterations, which cause cross-links and aggregation phenomena that may be mediated by intramolecular and intermolecular disulfide bridges. When a compound containing a sulfhydryl (RHS) group is oxidized by a free radical, a thiyl (RS.) radical is formed that can interact with another to form a disulfide (RSSR) bridge (reactions 78 and 79). These reactions could explain the protective effect of compounds containing sulfhydryl groups against free-radical damage.




            

              

                	

                  RSH + A. → RS. + AH


                



                	(78)

              


            




            

              

                	

                  RS. + RS. → RSSR


                



                	(79)

              


            




            Peptide bonds and amino acids such as proline or lysine, which are normally more resistant to modification, by the action of some highly reactive oxygen species may also be affected. Proline residue oxidation, mediated by hydroxyl or superoxide radicals, followed by hydrolysis of peptide bonds, is the proposed mechanism to explain oxidative excision and protein deamination.




            In addition to oxidizing amino acids, oxygen free radicals can react directly with the metal bonds of many metal proteins, modifying their redox state. For example, iron from haemoglobin or catalase may react with the superoxide radical and become its inactive part Fe3+. CuZn superoxide dismutase can react with hydrogen peroxide to generate hydroxyl radical, which can attack a residue of hystidine from the enzyme's active center. Finally, oxygen free radical reactions with proteins can also generate by-products that can extend the initial damage. For example, N-formylquinurenine, which originates from tryptophan oxidation, may react with compounds containing amino groups and cause cross-links between lipids and/or proteins.


          




          

            



            1.3.4.2. Lípids




            Oxidative stress damages macromolecules such as proteins, structural carbohydrates, and lipids. Lipid peroxidation is particularly affected, because the formation of products in this process leads to the easy propagation of free radicals. Free radicals can react with the polyunsaturated fatty acids of membrane lipids, causing oxidative damage to the membranes. This phenomenon, known as lipid peroxidation, is the source, for example, of the alteration of the cover of low-density lipoproteins (LDL).




            Lipid peroxidation can be initiated by hydroxyl and hydroperoxyl radicals, but not by superoxide radicals. The O.-2 may have a small role in the breakdown of the hydroperoxides formed (reaction 80).




            

              

                	

                  O.-2 + ROOH → O2 + OH- + RO.


                



                	(80)

              


            




            Lipid peroxidation consists of three phases: initiation, propagation, and termination. The initiation phase involves an extraction of hydrogen atoms. The first hydrogen atom can be extracted by the hydroxyl radical (.OH), the alkoxyl radical (RO˙), the peroxyl radical (ROO˙) and possibly HO˙2, but not by H2O2 or the superoxide radical O.-2. Due to the removal of a hydrogen atom from the methylene group (-CH2-), the polyunsaturated fatty acids of membrane lipids are very sensitive to peroxidation, leaving an unpaired electron on the -˙CH- carbon. The presence of a double bond in the fatty acid weakens the C-H bond on the carbon atom adjacent to the double bond and thus facilitates the extraction of H˙.




            Lipid peroxidation is initiated by the existence of an oxygen free radical (X˙), by light or by metal ions (Fig. 4). In the initial reaction of .OH with polyunsaturated fatty acids, an alkyl radical (R˙) is produced, which in turn reacts with molecular oxygen to form a peroxyl radical (ROO˙). The ROO˙ extracts a hydrogen from the adjacent fatty acid and produces a lipid hydroperoxide (ROOH) and a second alkyl radical. The ROOH presents a reductive fragmentation by reduced metals such as Fe2+, thus originating a lipid alkoxyl radical (RO˙). By abstraction of hydrogen atoms, both alkoxyl and peroxyl radicals stimulate the chain reaction of lipid peroxidation [14].




            ROOH may produce reactive aldehyde products such as 4-hydroxynonenal (HNE), acrolein and malondialdehyde (MDA), usually in the presence of metals or ascorbate. Through detoxification by glutathione-S-transferase and glutathione peroxidase, reduced glutathione (GSH) can be depleted due to lipid and aldehyde overproduction.




            The structure of HNE contains three functional groups. The most important is a conjugated system of C=C double bonds and a C=O carbonyl group, which contributes the partially positive charge to carbon 3. On carbon 4, this partial positive charge is enhanced by the inducing effect of the hydroxyl group. The HNE is the main product of the oxidation of the ω-6 polyunsaturated lipid chain (linoleic and arachidonic), is the most reactive of these compounds and is an important mediator of free radical damage.




            
[image: ]


Fig. (4))


            Lipid peroxidation reactions.



            Alterations in membrane fluidity and permeability, ion transport and inhibition of metabolic processes are some of the damages caused by lipid peroxidation. The ribosomes separate from the endoplasmic reticulum, the mitochondrial electronic transport deteriorates, and the mitochondria are lysed; the lysosomes are also lysed, and their enzyme content is discharged into the cytosol. The nuclear membrane also peroxidates, releases low molecular weight aldehydes that can inhibit protein synthesis. Damage to the mitochondria induced by lipid peroxidation may promote ROS regeneration [14].




            The complete process can be represented as follows:




            1) Initiation:




            

              

                	

                  ROOH + Metal(n)+ → ROO˙ + Metal(n-1)+ + H+


                



                	(81)

              


            




            

              

                	

                  X˙ + RH → R˙ + XH


                



                	(82)

              


            




            2) Propagation:




            

              

                	

                  R˙ + O2 → ROO˙


                



                	(83)

              


            




            

              

                	

                  ROO˙ + RH → ROOH + R˙, etc.


                



                	(84)

              


            




            3) Termination:




            

              

                	

                  ROO˙ + ROO˙ → ROOR + O2


                



                	(85)

              


            




            

              

                	

                  ROO˙ + R˙ → ROOR


                



                	(86)

              


            




            

              

                	

                  R˙ + R˙ → RR


                



                	(87)

              


            


          




          

            1.3.4.3. Carbohydrates




            The carbohydrates are also targeting the oxygen-free radicals. Monosaccharides such as glucose, mannitol, deoxysugars and certain nucleotides can easily react with hydroxyl radicals to produce new highly reactive free radicals [8]. The glycosylation of proteins, therefore, makes them more susceptible to free radical oxidation.




            Free radicals can also react with carbohydrate polymers, usually inducing fragmentation. Hyaluronic acid is a glycosaminoglycan that is constituted by repeated units of glucuronic acid and N-acetylglycosamine and whose function is to maintain the synovial fluid viscosity of the joints. When hyaluronic acid is exposed to oxygen-free radical generating systems, it is depolymerized and consequently loses its lubricating properties.
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