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Abstract

:

It is well known that biological systems, such as microorganisms, plants, and animals, including human beings, form spontaneous electronically excited species through oxidative metabolic processes. Though the mechanism responsible for the formation of electronically excited species is still not clearly understood, several lines of evidence suggest that reactive oxygen species (ROS) are involved in the formation of electronically excited species. This review attempts to describe the role of ROS in the formation of electronically excited species during oxidative metabolic processes. Briefly, the oxidation of biomolecules, such as lipids, proteins, and nucleic acids by ROS initiates a cascade of reactions that leads to the formation of triplet excited carbonyls formed by the decomposition of cyclic (1,2-dioxetane) and linear (tetroxide) high-energy intermediates. When chromophores are in proximity to triplet excited carbonyls, the triplet-singlet and triplet-triplet energy transfers from triplet excited carbonyls to chromophores result in the formation of singlet and triplet excited chromophores, respectively. Alternatively, when molecular oxygen is present, the triplet-singlet energy transfer from triplet excited carbonyls to molecular oxygen initiates the formation of singlet oxygen. Understanding the mechanism of the formation of electronically excited species allows us to use electronically excited species as a marker for oxidative metabolic processes in cells.
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1. Introduction


Oxidative metabolic processes, such as cellular respiration or oxidative burst, are associated with the formation of reactive oxygen and nitrogen species, which are known to play an important role in the defense against infection, cell signaling, apoptosis, and ageing [1,2,3,4,5,6,7]. Their mutual reactions lead to the formation of other bioactive molecules, such as peroxynitrite [6,8]. For the sake of simplicity, only the reactions with reactive oxygen species (ROS) are reviewed here. It is well established that ROS are formed either by electron transport from highly reducing species to molecular oxygen or by excitation energy transfer from triplet chromophores to molecular oxygen [1]. The electron transport from highly reducing compounds to molecular oxygen results in the formation of a superoxide anion radical (O2•-), which is known to be further reduced to hydrogen peroxide (H2O2) and hydroxyl radical (HO•). The triplet-singlet energy transfer from the triplet chromophores to molecular oxygen forms singlet oxygen (1O2). Whereas, the non-radical ROS (H2O2) are rather less reactive, the radical ROS (HO•) are considered to be highly reactive, mainly due to the presence of unpaired electrons and high positive redox potential [1]. It is well established that the radical ROS have a capability to oxidize various biomolecules, such as lipids, proteins, and nucleic acids in the cell [1,9].



The deleterious effect of ROS on biomolecules is prevented by the action of the non-enzymatic and enzymatic antioxidant defense systems. The non-enzymatic antioxidant systems comprise low-molecular weight metabolites (ascorbate, α-tocopherol, carotenoids, glutathione, coenzyme Q10, bilirubin, melanin, lipoic acid, trans-resveratrol), whereas enzymatic scavenging is maintained by enzymes, such as the superoxide dismutase (SOD) family of enzymes (Fe-SOD, Mn-SOD, Ni-SOD, and Cu-Zn SOD) and the peroxidase family of enzymes (ascorbate peroxidase, cytochrome c peroxidase, glutathione peroxidase, and catalase) [10,11,12,13,14,15,16]. However, when the formation of ROS exceeds the capacity of antioxidant systems, the oxidation of polyunsaturated fatty acids, amino acids, and nucleic acids by the deleterious ROS leads to the damage of cellular compartments and, finally, cellular death [17,18].



As a by-product of oxidative metabolic processes, electronically excited species, such as triplet excited carbonyl (3R=O*) are formed by the decomposition of cyclic (1,2-dioxetane) and linear (tetroxide) high-energy intermediates [19]. The triplet-triplet energy transfer from 3R=O* to chromophores initiates the formation of singlet excited (1C*) and triplet excited (3C*) chromophores, whereas the triplet-singlet energy transfer from 3R=O* to molecular oxygen forms 1O2 [20]. The electronic transition from the excited state to the ground state is accompanied by ultra-weak photon emission. Several lines of evidence indicate that ultra-weak photon emission is an intrinsic property of all biological systems, including microorganisms, plants, and animals [21,22,23,24,25,26,27]. The intensity of ultra-weak photon emission is considerably low and is generally considered to be within the order of several units or tens photons s−1 cm−2 [28]. When biological systems are subjected to various biotic (herbivores and pathogens) or abiotic (adverse environmental conditions) stresses, the intensity of ultra-weak photon emission is markedly enhanced to several hundred photons s−1 cm−2 or more [29,30,31,32,33,34,35,36,37]. The spectral distribution of ultra-weak photon emission is considered in the spectral range from the near ultra-violet A (UVA), to the visible and infra-red (IR) regions of the spectrum [38,39,40]. It is generally considered that 3R=O* contributes to the photon emission in the near UVA and blue-green regions of the spectrum, whereas the ultra-weak photon emission of 1C* and 3C* is in the green-red and near IR region of the spectrum, respectively. The dimol and monomol photon emissions of 1O2 are in the red and near IR regions of the spectrum, respectively [38,41,42].



Bringing a detailed understanding of the mechanisms of the formation of electronically excited species permits the use of ultra-weak photon emission as a diagnostic tool in basic and applied research. In basic research, electronically excited species can be used as a marker of lipid peroxidation, protein oxidation, and nucleic acid oxidation during the oxidative metabolic processes in varied living systems, ranging from simple unicellular organisms to complex animal systems. In the applied research, the detection of electronically excited species bears the potential to pave way for its application in diagnosis.




2. Role of ROS in the Formation of Electronically Excited Species


2.1. Superoxide Anion Radical


2.1.1. Formation


Superoxide anion radical is formed by the one-electron reduction of molecular oxygen (Figure 1, reaction 1). The one-electron reduction of molecular oxygen occurs in the mitochondria during cellular respiration, in the chloroplast during the light reaction of photosynthesis and in the membrane-bound enzyme complex NADPH oxidase during the oxidative burst. [43,44] (Figure 2). The superoxide anion radical in the mitochondria is known to be formed by complex I and complex III [43]. In chloroplasts, molecular oxygen is reduced by the highly reducing cofactors on the acceptor side of both photosystem II [45] and photosystem I [46]. The one-electron reduction of molecular oxygen during the oxidative burst catalyzed by the NADPH oxidase occurs in the plasma membrane of phagocytic cells, such as neutrophils, eosinophils, monocytes, and macrophages [47,48]. Because the standard redox potential of O2/O2•- redox couple is −160 mV (pH 7) [49] (Figure 3), the redox components with a high negative midpoint redox potential have the capability to reduce molecular oxygen.




2.1.2. Oxidizing Property


It has been previously demonstrated that under normal conditions, O2•- is unable to oxidize polyunsaturated fatty acids, amino acids, and nucleic acids [50,51]. Based on these observations, it is generally considered that the reactivity of O2•- toward polyunsaturated fatty acids, amino acids, and nucleic acids is rather limited. A few pieces of evidence suggest that O2•- has the capability to oxidize an iron-sulphur cluster or interact with a radical, such as the tyrosine phenoxyl radical, which is formed by hydrogen abstraction from the hydroxyl group of tyrosine [52]. Although O2•- is relatively less reactive compared to other ROS, the potential deleterious effect of O2•- is due to its ability to mediate the reduction of H2O2 into highly oxidizing radicals, such as HO•. Compared with the anionic form of the O2•-, the protonated form of the superoxide radical, known as the perhydroxyl radical (HO2•), is considered to be more reactive. The formation of HO2• (pKa 4.8) [50] occurs particularly at the surface of the membrane, where the concentration of protons is high. Evidence has shown that HO2• is an oxidizing agent that can directly abstract hydrogen from polyunsaturated fatty acids, amino acids, and nucleic acids [50,51]. The increased ability of HO2• to abstract hydrogen from polyunsaturated fatty acids, amino acids, and nucleic acids is due to the greater oxidizing ability (E0′ of O2•-/H2O2 and HO2•/H2O2 redox couple is 0.89 V and 1.06 V, respectively) and the lack of a negative charge on the molecule [53]. It has been proposed that polyunsaturated fatty acids, amino acids, and nucleic acids are oxidized at the site of O2•- production, whereas HO2• oxidizes polyunsaturated fatty acids, amino acids, and nucleic acids at a greater distance from the site of its production, due to its higher mobility.





2.2. Hydrogen Peroxide


2.2.1. Formation


Hydrogen peroxide is formed by either the one-electron reduction of O2•- (Figure 1, reaction 2) [54,55]. One-electron reduction of O2•- either occurs spontaneously or is catalyzed by various types of SOD [44]. There are three major families of SOD depending on the metal cofactor: Cu/Zn, Fe, Mn, and the Ni type. Cu/Zn SOD is most commonly used by eukaryotes. Fe and Mn SOD can be found in mitochondria and prokaryotes, together with Ni SOD. As two molecules with the same charge are repulsed, the interaction of two negatively charged O2•- is rather limited. By contrast, due to the lack of charge on the protonated form of superoxide HO2•, HO2• easily interacts either with the negatively charged O2•- or the neutral HO2•. Because the pKa value of HO2• is 4.8 [50], HO2• is formed in an acidic microenvironment, whereas O2•- is preferentially formed at the neutral pH. When a high concentration of protons is available with the medium (low pH), the spontaneous dismutation is favored, whereas at the physiological pH, the dismutation reaction is preferably catalyzed by SOD. The enzymatic dismutation of O2•- comprises two reactions: The one-electron oxidation of O2•- to molecular oxygen (superoxide oxidase) and the one-electron reduction of O2•- to H2O2 (superoxide reductase) [44]. Because the standard redox potential of the O2/O2•- redox couple is −160 mV (pH 7) [56] and the standard redox potential of the O2•-/H2O2 redox couple is 890 mV (pH 7) [49], the redox active metal of SOD must be in the range of −160 mV to 890 mV. Evidence has shown that the midpoint redox potential of the redox active centre in SOD ranges from 200 to 400 mV, depending on the type of the metal active centre [57] (Figure 3). The one-electron reduction of O2•- catalyzed by SOD occurs predominantly in the mitochondria, peroxisomes, and cytoplasm. In addition to one-electron reduction, the two-electron reduction of molecular oxygen is catalyzed by various types of oxidases, such as monoamine oxidase in mitochondria, urate oxidase, L-alpha-hydroxy acid oxidase, polyamine oxidase, oxalate oxidase, and fatty acyl- CoA oxidase in peroxisomes [1,58] (Figure 2). Further, the two-electron oxidation of H2O by the water splitting manganese complex in photosystem II in chloroplasts can lead to the formation of H2O2 [59].




2.2.2. Oxidizing Property


It is well established that H2O2 is poorly reactive, with almost no capability to oxidize polyunsaturated fatty acids and nucleic acids, and limited capability to oxidize amino acids, [58,60]. Evidence has shown that of all amino acids, few are oxidized by H2O2, including cysteine, tryptophan, tyrosine, histidine, and methionine [61,62]. The oxidation of cysteine by H2O2 has been reported to form cysteine sulphenic acid, while a sulphurane derivative is formed upon the oxidation of cysteine, conjugated with histidine residue [63]. Though H2O2 is rather unreactive compared with other ROS, the potentially deleterious effect of H2O2 is due to its ability to serve as a substrate for highly oxidizing radicals, such as HO• [53]. It is generally accepted that H2O2 might cause deleterious effect polyunsaturated fatty acids, amino acids, and nucleic acids far from the production site.





2.3. Hydroxyl Radical


2.3.1. Formation


The hydroxyl radical is formed through the one-electron reduction of H2O2 (Figure 1, reaction 3). For a long time, the production of HO• in biological systems was believed to occur by Fenton reaction, i.e., the reduction of free H2O2, mediated by free metal ions, such as Fe2+, Mn2+, Cu+, or Zn+ [64,65] (Figure 2). From the thermodynamic point of view, the reduction of H2O2 by free ferrous iron is feasible because the standard redox potential of the ferric/ferrous redox couple [(E0’(Fe3+/Fe2+) = 110 mV, pH 7] [66] is lower than the standard redox potential of the H2O2/HO• redox couple [E0’(H2O2/HO•) = 460 mV, pH 7] [67] (Figure 3). In biological systems, iron is stored in the ubiquitous protein, ferritin, which is known to receive several thousand iron atoms [68]. Because the solubility of iron is low at physiological pH, chelators, such as reduced flavins, cysteine, and glutathione, maintain the transport of iron from ferritin to other biomolecules [69]. Because the concentration of iron in biological systems is low, the re-reduction of ferric to ferrous iron is required to carry out the reduction of H2O2 to HO• in numerous reactions. The restoration of ferrous iron is maintained by reducing compounds, such as O2•-. It is currently accepted that the superoxide-driven Fenton reaction, often called the Haber–Weiss reaction, is primarily responsible for the formation of HO• in biological systems [70]. Apart from free H2O2, evidence has shown that HO• is formed by the reduction of peroxide coordinated to the metal center via the ferric-oxo species as an intermediate product [71].




2.3.2. Oxidizing Property


Due to the highly positive redox potential of the HO•/H2O redox couple [E0’(HO•/H2O) = 2.3 V, pH 7] [66], HO• is highly reactive towards polyunsaturated fatty acids, amino acids, and nucleic acids. In polyunsaturated fatty acids, the hydrogen abstraction occurs primarily from the carbon next to the double bond, leading to the formation of lipid alkyl radicals (R•). Similarly, in the amino acids, the initiation of oxidation by HO• occurs through the abstraction of the H-atom at the α-carbon [72]. Hydrogen abstraction by HO• has been reported for aliphatic amino acids, such as glycine, alanine, valine, leucine, isoleucine, and proline, while oxidation by the addition of HO• has been reported for aromatic amino acids, such as phenylalanine, tryptophan. and tyrosine [61]. Hydrogen abstraction from polyunsaturated fatty acids and amino acids by HO• leads to the formation of lipid and protein alkyl radicals (R•). The formation of R• from polyunsaturated fatty acids and amino acids by HO• initiates a cascade of reactions leading to lipid peroxidation and protein oxidation. The oxidation of DNA by HO• has been reported to occur in two different ways [73,74,75]. The first way comprises a strand break due to the oxidation of sugars, whereas the second way involves alternating the bases. Sugar damage is initiated by hydrogen abstraction from one of the deoxyribose carbons. Oxidation of the bases results primarily in HO• being added to the electron-rich double bounds, such as guanine forming 8-hydroguanine [76,77]. It is generally accepted that HO• reacts with polyunsaturated fatty acids, amino acids, and nucleic acids in the proximity of the production site, with limited diffusion to other targets far from the production site.





2.4. Singlet Oxygen


2.4.1. Formation


Singlet oxygen is formed by the triplet-singlet energy transfer from 3C* to molecular oxygen (Figure 1, reaction 4) [78]. In this reaction, the absorption of UV radiation or visible light by various types of natural chromophores, including tetrapyrroles (porphyrin, bilirubin), flavin (FMN, RAD), pyridine nucleotides (NADH, NADPH), melanin, urocanic acid, and pterins, forms 1C* subsequently transformed into 3C* through intersystem crossing [79]. The triplet energy of chromophores is transferred to molecular oxygen forming 1O2, while the chromophores return to the ground state. The excitation energy transfer from 3C* to molecular oxygen occurs to either the first singlet excited state (¹Δg) or the second singlet excited state (¹Σg+). The first singlet excited state (¹Δg), which has two paired electrons in the same molecular orbital, has an energy level of 22.5 kcal mol−1 [80]. The second singlet excited state (¹Σg+), which has two electrons in different orbitals with antiparallel spin, has an energy level of 31.5 kcal mol−1 [81]. From the thermodynamic point of view, the triplet-singlet energy transfer from 3C* to both the first singlet excited state (¹Δg) and the second singlet excited state (¹Σg+) is feasible, because the energy level of the singlet excited state (¹Δg or ¹Σg+) is below the triplet energy level of the chromophores (the activation energy of 3C* varies from 28 kcal/mol to 38 kcal/mol).




2.4.2. Oxidizing Property


Singlet oxygen does not abstract hydrogen from polyunsaturated fatty acids, amino acids, or nucleic acids, but it can react with biomolecules to form lipid, protein, and nucleic acid endoperoxides and hydroperoxides (ROOH) [82,83]. Endoperoxides formed by the cycloaddition of 1O2 to polyunsaturated fatty acids and amino acids are known to decompose to non-radical products, such as malondialdehyde (MDA) [84]. Hydroperoxides formed by 1O2 through the ene reaction with polyunsaturated fatty acids, amino acids, and nucleic acids [85,86] are oxidized and reduced to lipid, protein, and DNA peroxyl (ROO•) and alkoxyl (RO•) radicals, respectively. Whereas the endoperoxide decomposition leads to the termination of lipid peroxidation and protein oxidation, the decomposition of ROOH leads to the propagation of oxidizing chain reactions. It has been reported that the oxidation of nucleic acids by 1O2 results in the alternation of the bases [87,88,89]. A high reactivity of 1O2 towards guanine has been shown, resulting in the formation of 8-oxo-7,8-dihydro-2-deoxyguanosine [87,90,91]. Time-resolved 1O2 phosphorescence experiments performed in single cells showed that the intracellular lifetime of 1O2 is 3 µs [78]. The apparent spatial domain of 1O2 activity within the cell will likely have a spherical radius of 100 nm [92,93,94]. More detailed information about the oxidizing properties of 1O2 can be found in another excellent review [95].






3. Mechanism of the Formation of Electronically Excited States


3.1. Organic Radicals


The abstraction of weakly bonded hydrogen atoms from polyunsaturated fatty acids and amino acids by HO• forms lipid and protein R•, respectively (Figure 1, reaction 6). When molecular oxygen is present, R• interacts at a diffusion limited rate with molecular oxygen to form lipid and protein ROO• (Figure 1, reaction 7). The hydrogen abstraction by ROO• from lipids and proteins leads to the formation of lipid and protein ROOH [96] (Figure 1, reaction 8). Alternatively, in the presence of 1O2 the lipid and protein ROOH are formed via ene reaction (Figure 1, reaction 5) [97]. In this reaction, lipid and protein react with 1O2 in either a concerted or stepwise mechanism. Concerted pathway comprises the orbital interaction of HOMO of C=C in polyunsaturated fatty acids and amino acids with a LUMO of 1O2 (Figure 4, reaction 1) [85]. In the stepwise mechanism, lipid and protein ROOH are formed via transitional intermediates, comprising diradical and zwitterion [86] (Figure 4, reaction 2). In spite of the fact that experimental evidence has not been provided, it is proposed here that the formation of DNA ROOH occurs through the above described reaction pathway.



When transition metals and reducing agents are lacking, the lipid and protein ROOH are highly stable and accumulate in the cells [98,99]. When transition metals and reducing agents are present in close proximity to ROOH, ROOH is reduced by transition metals, such as Fe2+, Mn2+, Cu+, or Zn+ to lipid and protein RO• (Figure 1, reaction 9).




3.2. High-Energy Intermediates


The chain reactions of organic radicals result in the formation of cyclic and linear high-energy intermediates. Cyclic high-energy intermediates are predominantly 1,2-dioxetanes (ROOR), whereas linear high-energy intermediates comprise tetroxides (ROOOOR) [100,101]. Several lines of evidence have shown that ROOR are formed either by the cycloaddition of 1O2 to polyunsaturated fatty acids and amino acids (Figure 1, reaction 10) or by the cyclisation of ROO• (Figure 1, reaction 11) [102]. Tetroxides are formed by the recombination of ROO• (Figure 1, reaction 12).



3.2.1. 1,2-Dioxetane


Figure 5 shows in detail the formation of ROOR, either by the cycloaddition of 1O2 to polyunsaturated fatty acids (panel A) or by the cyclisation of ROO• (panel B). The stereospecific 1O2 [2 + 2] cycloaddition has been shown to form ROOR, consisting of two carbon atoms joined to two oxygen atoms (Figure 5A, reaction 1), whereas stereospecific 1O2 [4 + 2] cycloaddition has been shown to generate endoperoxide, consisting of four carbon atoms joined to two oxygen atoms [16,100,102,103,104,105]. Evidence has shown that ROOR is formed predominantly in an acidic environment via a protonated intermediate or in a nonpolar environment via an unprotonated intermediate [100]. It seems likely that, at the membrane edge, ROOR is formed via a protonated intermediate, while in the interior membrane, ROOR is formed via an unprotonated intermediate. Alternatively, the cyclisation of ROO• has been shown to form ROOR with R• (Figure 5B, reaction 1). Subsequently, the R• reaction with molecular oxygen, forming another ROO•, has been shown to result in the further cyclisation of ROO• to produce bicyclic ROOR [106].




3.2.2. Tetroxide


The oxidation of lipid, protein, and nucleic acid ROOH by metal ions, haemproteins, peroxynitrite, chloroperoxide, and hypochlorous acid results in the formation of ROO•. Apart from a non-radical oxidant, RO• has been proposed to be the cause of the oxidation of ROOH to ROO• [107,108]. The recombination of ROO• initiates the formation of linear ROOOOR via the Russell mechanism (Figure 6, reaction 1) [109,110,111,112]. The recombination of two ROO• into ROOOOR requires that the lifetime of ROO• is sufficient for the formation of a high energy intermediate. To ensure the recombination of two ROO•, it seems to be required that the ROO• concentration in the local environment is high enough. It thus seems likely that ROOOOR formation occurs during the termination of lipid peroxidation, protein oxidation, and nucleic acid oxidation. To fulfil all of the conditions mentioned, it is suggested here that, apart from the recombination of two lipid ROO• or two protein ROO•, the lipid-protein ROO• cross reaction might occur in biological systems. It has been demonstrated that t-butyl ROOH does not participate in the ROOOOR formation because the presence of α-hydrogen is required to undergo the Russell pathway [113,114]. Based on this observation, it has been established that only the primary and secondary ROO• are involved in the ROOOOR formation, while the tertiary ROO• undergoes propagation of lipid peroxidation and protein oxidation. It has been shown that decomposition of ROOOOR might result in the formation of two RO• (Figure 6B, reaction 4) [3].





3.3. Electronically Excited States


The decomposition of high-energy intermediates ROOR (Figure 1, reaction 14) and ROOOOR (Figure 1, reaction 15) results in the formation of 3R=O* [19,80,115]. In the absence of chromophores or under anaerobic conditions, 3R=O* undergoes the electronic transition from the triplet excited state to the ground state, accompanied by photon emission in the near UVA and blue-green regions of the spectrum (350–550 nm) (Figure 1, reaction 16) [116,117]. In the presence of chromophores, the excitation energy is transferred from 3R=O* to chromophores [118]. The triplet-singlet and triplet-triplet energy from 3R=O* to chromophores forms 1C* (Figure 1, reaction 17) and 3C* (Figure 1, reaction 18). The excited chromophores undergo the electronic transition from the singlet and triplet excited state to the ground state, accompanied by photon emission in the green-red (550–750 nm) (Figure 1, reaction 19) and the near IR (750–1000 nm) (Figure 1, reaction 20) regions of the spectrum, respectively, depending on the type of chromophores [119]. Under aerobic conditions, the excitation energy is transferred from 3R=O* to molecular oxygen [118]. The triplet-singlet energy transfer from 3R=O* (Figure 1, reaction 21) and 3C* (Figure 1, reaction 22) to molecular oxygen forms 1O2. Apart from the formation of 1O2 by triplet-singlet energy transfer from 3R=O* to molecular oxygen, 1O2 is also formed by the decomposition of ROOOOR via a Russell-type mechanism (Figure 1, reaction 23). It has been established that the recombination of ROO• generates 3–14% of 1O2, where the formation of 3R=O* is lower by 3–4 orders of magnitude [120]. Simultaneous photon emission upon collision of two 1O2 results in dimol photon emission in the red region of the spectrum (634 nm, 703 nm) (Figure 1, reaction 24). Singlet oxygen undergoes the electronic transition from the singlet excited state to the ground triplet state, accompanied by the monomol photon emission in the near IR region of the spectrum at 1270 nm (Figure 1, reaction 25) [121].



3.3.1. Triplet Carbonyl


The 1,2-dioxetane formed by the cycloaddition of 1O2 to the polyunsaturated fatty acids and amino acids, or by the cyclisation of ROO•, decomposes to triplet excited 3R=O* and ground carbonyls (R=O) (Figure 5A and B, reaction 2) [19,122,123,124]. Because the activation energy of ROOR is 24.5 kcal/mol, the decomposition of ROOR to 3R=O* (74 kcal/mol) is thermodynamically unfeasible. The energy of 60–80 kcal/mol is needed for the activation of ROOR to its high-energy form (Figure 7, reaction 1) [125,126], resulting in sufficient activation energy of high-energy ROOR (80,100 kcal/mol) [127,128] for the formation of 3R=O* (74 kcal/mol) (Figure 7, reaction 2). The activation of ROOR to its high-energy form occurs by either thermal or photochemical reactions [125]. It has been widely demonstrated that heat activation of ROOR forms high-energy ROOR, which is known to decompose to two carbonyls, one of which is in the triplet excited state [80,125]. The thermal decomposition of ROOR involves the cleavage of oxygen-oxygen and carbon-carbon bonds [125]. Two distinguishable mechanisms for the thermal decomposition of ROOR have been proposed [127]. The concerted mechanism involves the simultaneous cleavage of oxygen-oxygen and carbon-carbon bonds (Figure 8, reaction 1). The diradical mechanism is a two-step reaction involving the cleavage of bound oxygen, resulting in the formation of diradical, followed by the cleavage, of the carbon-carbon bond (Figure 8, reaction 2) [129]. Alternatively, when ROOR carries an electron-rich group, 1R=O*and R=O are formed [80,130]. Because the quantum yield of 1R=O* formation is one or two orders of magnitude lower than 3R=O*, the decomposition of ROOR to 3R=O* occurs predominantly. Because the activation energy of 1R=O* is 80 kcal/mol [131], the decomposition of high energy ROOR to 1R=O* is unfeasible from a thermodynamic point of view. The tetroxide formed by the recombination of two ROO• decomposes to 3R=O*, organic hydroxide (ROH), and molecular oxygen (Figure 6, reaction 2) [132]. The chemistry behind the decomposition of 1,2-dioxetane from a molecular-orbital perspective is discussed more deeply in another review [133]. The decomposition of ROOOOR comprises the transfer of the α-hydrogen of the first ROO• to the second ROO• [114]. The decomposition of the high-energy intermediate ROOOOR is exothermal enough (100–120 kcal/mol) [81] for the formation of 3R=O* (74 kcal/mol) (Figure 7, reaction 3). The electronic transition from the triplet excited state to the ground state of carbonyls is associated with photon emission in the near UVA and blue-green regions of the spectrum (350–550 nm) (Figure 7, reaction 4) [134].




3.3.2. Chromophore


In the presence of natural chromophores, such as tetrapyrroles, flavin, pyridine nucleotides, melanin, urocanic acid, and pterins, the energy transfer from 3R=O* to chromophore results in the formation of the excited chromophore. Two reaction pathways have been proposed for the energy transfer from 3R=O* to the chromophore [135,136,137]. In the direct reaction pathway, the triplet-singlet energy transfer from 3R=O* to chromophore forms directly 1C*. Because the singlet energy level of chromophores (38–52 kcal/mol) is below the triplet energy level of carbonyl (74 kcal/mol), the triplet-singlet energy transfer from 3R=O* to chromophore is feasible from a thermodynamic point of view (Figure 7, reaction 5) [138]. Intersystem crossing of 1C*, comprising changes in the spin orientation results in the formation of 3C* (Figure 7, reaction 6). In the induced reaction pathway, the triplet-triplet energy transfer from 3R=O* to chromophore forms 3C* (Figure 7, reaction 7), which is further transformed to 1C* by reverse inter-system crossing (Figure 7, reaction 8). Because the singlet (38–52 kcal/mol) and triplet (28–38 kcal/mol) energy levels of chromophores are below the triplet energy level of carbonyl (74 kcal/mol), the triplet-singlet and triplet-triplet energy transfer from 3R=O* to chromophore is feasible from a thermodynamic point of view. The 1C* undergoes the electronic transition from the singlet excited state to the ground state, accompanied by photon emission in the green-red region of the spectrum (550–750 nm) (Figure 7, reaction 9). Under anaerobic conditions or in the interior of the membrane, where the concentration of molecular oxygen is low, 3C* undergoes the electronic transition from the triplet excited state to the ground state, accompanied by photon emission in the near IR region of the spectrum (750–1000 nm) (Figure 7, reaction 10) [139]. In addition, triplet-singlet energy transfer from 3R=O* to melanin is known to be associated with photon emission in near UVA and blue-green regions of the spectrum (360–560 nm) [140,141,142,143].



The photon emission from chlorophyll is in the red region of the spectrum (670–740 nm) [144,145]. The short-wavelength photon emission originates predominantly from free chlorophylls, whereas the long-wavelength photon emission is likely caused by the contribution of chlorophyll coordinated with the protein matrix or reabsorption of photon emission by chlorophylls. The triplet-singlet energy transfer from 3R=O* to chlorophylls has been suggested to proceed either via direct or induced reaction pathways [137]. In the case of direct reaction pathways, the triplet-singlet energy transfer from 3R=O* to chlorophylls results in the formation of a singlet excited state of chlorophyll. On the contrary, in the induced reaction pathway, the triplet-triplet energy transfer from 3R=O* to chlorophylls results in the formation of a triplet excited state of chlorophyll, followed by the transformation to its singlet excited state by reverse inter-system crossing.




3.3.3. Singlet Oxygen


Singlet oxygen is formed by the triplet-singlet energy transfer from 3R=O* to molecular oxygen (Figure 7, reaction 12). It was shown that the triplet-singlet energy transfer from 3R=O* occurs predominantly to molecular oxygen with the solvent cage [146]. Since the activation energy of 3R=O* (74 kcal/mol) is much higher than the activation energy of the first singlet excited state (1Δg) (22.5 kcal/mol), the triplet-singlet energy transfer from 3R=O* to molecular oxygen is feasible. Alternatively, the ROOOOR decomposes to 1O2, R=O, and ROH (Figure 7, reaction 11) (Figure 6, reaction 2) [109]. The formation of 1O2 via the Russell mechanism was reported in chemical systems [108,109,111,114,147,148]. Recently, it has been shown that 1O2 is formed by the enzymatic (cytochrome c and lactoperoxidase) decomposition of lipid ROOH, followed by the Russell mechanism [149]. The activation energy of ROOOOR (100–120 kcal/mol) is five times higher than the activation energy of the first singlet excited state (1Δg), which makes the decomposition of ROOOOR into 1O2 thermodynamically feasible. In addition, 1O2 is formed by the triplet-singlet energy transfer from 3C* to molecular oxygen (Figure 7, reaction 13). Because the activation energy of several types of chromophore, such as melanin (32 kcal/mol), porphyrin (38 kcal/mol), riboflavin (49.8 kcal/mol), urocanic acid (55 kcal/mol), and pterin (65 kcal/mol), is higher than the activation energy of the first singlet excited state (1Δg), the triplet-singlet energy transfer from 3C* to molecular oxygen is thermodynamically feasible. The singlet oxygen undergoes an electronic transition from the singlet excited state to the triplet ground state, accompanied by dimol (Figure 7, reaction 14) and monomol (Figure 7, reaction 15) photon emissions in the red (634 and 703 nm) and near IR region (1270 nm) of the spectrum, respectively [81,150].






4. Conclusions


In this review, the mechanisms of the formation of electronically excited species during the oxidative metabolic processes are presented. In the initial sections, the formation and the oxidizing property of ROS associated with the formation of electronically excited species are reviewed. This is followed by the detailed mechanistic pathways leading to the formation of electronically excited species, discussed as three distinct phases: 1) The formation of organic radicals, 2) the formation of high-energy intermediates (ROOR or ROOOOR), and 3) the formation of 3R=O*, 1C*, 3C*, and 1O2. The mechanisms described in this review are mainly based on the experiments performed in chemical systems. In order to understand not just the mechanism but also the probability and reaction yield of the previously described mechanisms, a lot of in vivo experiments have to be done.
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Figure 1. Mechanism of the formation of electronically excited species by oxidative metabolic processes. One-electron reduction of molecular oxygen by highly reducing species forms O2•- (reaction 1). The dismutation of O2•- generates H2O2 (reaction 2), whereas the subsequent one-electron reduction of H2O2 leads to the formation of HO• (reaction 3). The triplet-triplet energy transfer from triplet chromophore to molecular oxygen results in the formation of 1O2 (reaction 4). Formation of ROOH from R and 1O2 via ene reaction (reaction 5). The hydrogen abstraction from biomolecules (lipids, proteins and nucleic acids) (RH) by radical ROS (HO•, HO2•) generates R• (reaction 6). The subsequent one-electron oxidation of R• brings about the formation ROO• (reaction 7). The consequent hydrogen abstraction from another R by ROO• forms ROOH (reaction 8). The one-electron reduction of ROOH results in the formation of RO• and OH− (reaction 9). ROOR is formed by either the cycloaddition of 1O2 (reaction 10) or the cyclization of ROO• (reaction 11). ROOOOR is formed by the recombination of two ROO• (reaction 12). The decomposition of ROOR (reaction 14) or ROOOOR (reaction 15) results in the formation of 3R=O*. Alternatively, the decomposition of ROOOOR can lead to the formation of two RO• and O2 (reaction 13). The electronic transition from 3R=O* to R=O is accompanied by the photon emission (16). The energy transfer from 3R=O* to chromophores results in the formation of 1C* (reaction 17) and 3C* (reaction 18) chromophores. The electronic transition from 1C* and 3C* to the ground state of chromophores is accompanied by the photon emission. (reaction 19, 20). The triplet-triplet energy transfer from 3R=O* (reaction 21) and 3C* (reaction 22) to molecular oxygen forms (1O2). Alternatively, the decomposition of ROOOOR via the Russell-type mechanism, results in 1O2 (reaction 23) with dimol photon emission (reaction 24) and monomol photon emission (reaction 25). 
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Figure 2. The formation of reactive oxygen species (ROS) within a cell. The formation of ROS occurs in mitochondria, chloroplasts and cell membrane. 
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Figure 3. The oxidative properties of ROS. One-electron standard (E’0) and midpoint (Em) redox potentials (pH 7) for redox couples involved in the formation of ROS. 
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Figure 4. Formation of lipid ROOH via ene reaction. Ene reaction occurs through two different ways: Concerted pathway (reaction 1) and stepwise mechanism (reaction 2). During the stepwise mechanism 2, different intermediates are formed: Diradical and zwitterion. 
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Figure 5. Formation of 1,2-dioxetane by the cycloaddition of 1O2 to polyunsaturated fatty acid (A) or the cyclisation of lipid peroxyl radicals (B). Formation of 1,2-dioxetane (reaction 1). 1,2-dioxetane is known to decompose into 3R=O* and R=O (reaction 2). Subsequently, the electronic transition from 3R=O* to R=O is associated with photon emission (reaction 3), or the energy transfer from 3R=O* to molecular oxygen causes the formation of 1O2 (reaction 4). 
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Figure 6. Formation of ROOOOR by the recombination of two lipid ROO• (A), protein ROO• (B), and DNA ROO• (C). In (A–C), the recombination of two ROO• results in the formation of unstable ROOH (reaction 1). ROOH can decompose either to ground carbonyl, 1O2 and ROH (reaction 2) or to 3R=O*, molecular oxygen and ROH (reaction 3). The triplet-singlet energy transfer from 3R=O* to molecular oxygen causes the formation of 1O2 (reactions 4). In (B), ROOH can decompose into two RO• in the presence of reducing agents (reaction 5). 
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Figure 7. Schematic energy level diagram of the formation of electronically excited species through the decomposition of ROOR and ROOOOR. The decomposition of ROOR occurs via a transition state (reaction 1). The decomposition of the transition state of ROOR generates 3R=O* (reaction 2). The decomposition of ROOOOR to 3R=O* (reaction 3). The electronic transition from the triplet energy level of 3R=O* to the ground state is accompanied by light emission (reaction 4). The triplet-singlet energy transfer from 3R=O* to 1C* (reaction 5). The triplet-triplet energy transfer from 3R=O* to chromophore 3C* (reaction 6). Intersystem crossing from 1C* to 3C* (reaction 6). The reverse intersystem crossing converts 3C* to 1C* (reaction 8). The electronic transition from 1C* and 3C* to the ground state is accompanied by photon emission (reaction 9,10). The decomposition of ROOOOR generates singlet oxygen (1Δg) (reaction 11). The triplet-singlet energy transfer from 3R=O* to molecular oxygen is feasible (reaction 12). The electronic transition from the energy level of singlet oxygen (1Δg) to the triplet energy level of ground state is accompanied by dimol (reaction 14) and monomol photon emission (reaction 15). 
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Figure 8. Thermal decomposition of 1,2-dioxetane by concerted (A) and diradical (B) mechanisms. In (A), the concerted mechanism involves the simultaneous cleavage of oxygen-oxygen and carbon-carbon bonds. In (B), diradical mechanism contains the cleavage of the oxygen-oxygen bond, resulting in the formation of diradical, followed by the cleavage of the carbon-carbon bond. Both mechanisms result in the formation of triplet exited carbonyl and ground state carbonyl. 
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