Chapter 2. OXIDATION-RedUCTION potential �as indicator of electronic equilibrium �of chemical and biological substrates

2.1. Interpretation of the notion “oxidation-reduction potential”.

Classical notion of electric potential means the work of transferring a solitary positive charge from one point of electric field to another. In conformity with the principle of relativity, electron’s transfer is equivalent to removal of a corresponding positively charged electron acceptor from it. Potential of hydrogen (H) atom’s ionization means that to transfer its only electron onto infinity (as relative to proton) it is necessary to spend energy equivalent to 21.60(10–19 J or 13.5 eV. Correspondingly, when an electron returns to its orbital or when it comes to another acceptor’s orbital, equivalent quantity of energy characterizing the acceptor’s “electron affinity” is released (14).

On a scale of ionization potentials for biological substrates as related to infinity, water ionization potential (IH2O) has the highest value of 13.2 eV for the reaction H2O(H2O++e–(initial reaction in the process of water radiolysis). Work for on ionization of gaseous hydrogen (H2) is 15.4 eV, of gaseous oxygen (O2)=12.5 eV.

If we regard water as the most inert biochemical substrate and consider its energy parameters as a reading start, we shall have a scale on which biological substrate are arranged according to their ever lower ionization potentials, the fact indicating less energy needed for electrons’ detachment from the orbitals which constitute a part of these compounds. The total energy E, released or consumed during electronic transfers, is determined by the following formula:

E = Id – Ea + d,�(1)��where	Id is ionization energy of a compound supplying electrons (donor compound);

	Ea – energy liberated in the process of electron’s transfer to the free orbital of reduced acceptor compound, eV;

	d – additive, associated with the acceptor’s chemical modification.

While conducting oxidation-reduction reactions between pairs of substances, some of which are electron donors, or reducing agents, and others – their acceptors or oxidizing agents (also named redox-pairs or oxidation-reduction pairs), there takes place a transfer of a certain number of electrons (n-electrons=ne) and E is expended. Correspondingly, potential ( during transfer of one electron is found from:

( = E/n, V�(2)��where	( is ORP of the given redox-pair, related to the number of electronic transfers.

Free energy of oxidation-reduction system ((() is expressed with Gibbs formula:

(G = nF((,�(3)��where:	n – a number of transferred electrons;

	F – Faraday’s number;

	(( – difference of potentials of transferring electrons from a donor compound to an acceptor one.

On a scale of ionization potentials molecular oxygen is placed considerably “more to the right” than molecular hydrogen, as well as hydrogen ions (IH = 13.5 eV). Thermodynamic calculations indicate that the process of reducing hydrogen to water, which goes on with explosion, is characterized by potential ( = 1.227 V, which is numerically different from the difference of ionization potentials, though the compared magnitudes are to some extent close to each other: IH – IO2 = 1 eV.

ORP reflects the work on transferring electrons from an oxidized element or compound to a reduced one; or from a reductant to an oxidant: their concentrations are usually designated with symbols [Red] and [Ox]. Standard ORP ((0) for individual redox-pairs is measured in the following way (see Fig. 2.1):
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Fig. 2.1.�1 – chamber containing a standard hydrogen electrode;�2 – chamber containing a measuring electrode placed into a solution being tested;�3 – potentiometer

For a standard transducer a standard hydrogen electrode is used, which is actually a chemical system H+/H2, with pH=0 (i.e. a 1 mol solution of hydrogen ions) at 1 atm and t=25(C. It is placed into Chamber 1, and into analogous Chamber 2 a tested reductant/oxidant system in balanced monomolar concentrations at 1 atm. and 25(C is placed. Chambers 1 and 2 are connected by an agar bridge providing electric conduction. Electrodes made of inert metal (usually platinum) are lowered into them and connected with a shunt supplied with a high-ohmic voltmeter to register the voltage of current generated in a closed circuit.

The following situations may take place:

Redox-system in Chamber 2 manifests electrodonor properties in relation to system H+/H2 in Chamber 1. In this case the electrode of Chamber 2 has a negative charge relatively to the electrode in Chamber 1, and electrons are transferred from Chamber 2 to Chamber 1. ORP appearing during this process is registered as negative relative to a standard hydrogen electrode (SHE) under the above conditions.

Redox-system in Chamber 2 is electron acceptor in relation to SHE. The electrode of Chamber 2 is charged positively as related to that of Chamber1. Electrons are transferred from Chamber 1 to Chamber 2. ORP is registered as positive in relation to SHE under the same conditions.

Electronic donor-acceptor properties of chemical systems in Chamber 1 and 2 are identical, which corresponds to ORP=0 mV, SHE.

In this case, system H+/H2 in a water solution at pH=7.0. at 1 atm and t=25(C has ORP=(–0.42) V, relative to itself under the same conditions, but at pH=0, which is usually designated as the ORP of hydrogen on a SHE scale.

Standard ORP values of biochemical redox-pairs are distributed within a range from (–0.67) V to 0.82 V, SHE ((-oxoglutarate/succinate + CO2 + O2+ 4H+=2H2O). The last magnitude is commonly termed the ORP values of oxygen, which in its physical state corresponds to complete saturation of water with oxygen under the given atmospheric pressure and temperature. Thus, the difference between the ORP of hydrogen and oxygen on a SHE scale is equivalent to 0.82 – (–0.42) or 1.24 V. This magnitude is different from the 1.227 V potential of water synthesis reaction due to roundings-off (in some papers this differential potential is rounded-off to 1.23 V, the ORP of oxygen being evaluated as 0.81 V).

Consequently, there seem to exist two extreme water states in normal conditions: ultimate oxygenation with ORP=0.82 V, SHE (or 1.020 V, CSE), and deoxygenation with absolute saturation by gaseous hydrogen at ORP (–0.42) V, SHE (or (–0.22) V, CSE).

According to G. V. Sumarukov’s (15) definition in the tissue fields of living fluids (in vivo) there is found stationary ORP ((st.), which reflects a ratio of consummate concentrations of oxidized and reduced forms and “reveals the degree of the system’s tendency to become oxidized or reduced”. In other words, stationary ORP reflects donor or acceptor properties of a tested living system relative to SHE. The stationary ORP for concrete oxidation-reduction pairs is determined with Nernst formula:

(st = (o + (2.303Rlg((Ox( / (Red()( / nF ; pH = 7.0 – const�(4)��where:	(o is a standart ORP of given redox-pair at pH=7.1; at 1 atm and 25(C relative to SHE;

	R – Bolzman’s gas constant;

	T – absolute temperature, (K;

	n – number of transferred electrons;

	F – Faraday’s number.

For practical calculations the formula (4) may be presented in a simpler form:

(st = (o + (0.61lg((Ox(/(Red()(/n�(5)��At t=37(C coefficient preceding logarithm in the Nernst’s formula has the magnitude of 0.0626/n. In calculations with don’t require special accuracy this temperature correction may be neglected. Deviations of (st from (o in different oxidation-reduction reactions in the range of ratios (Ox(/(Red( from 0.1/99.9 (99.9% of reducing agent) to 99.9/0.1 (99.9% of oxidizing agent) calculated with the formula (5) are given in Table 2.1.

Table 2.1

Rated deviations of standard ORP values from balanced ones, depending on the ratios of oxidized and reduced forms and the number of electrons’ transfers (ne)

Content of forms, %�(st = (0, B��[Ox]�[Red]�ne = 1�ne = 2�ne = 5��0.1�99.9�(0.18�(0.09�(0.036��1�99�(0.12�(0.06�(0.024��10�90�(0.057�(0.029�(0.011��25�75�(0.029�(0.015�(0.006��50�50�0�0�0��75�25�0.029�0.015�0.006��90�10�0.057�0.029�0.011��99�1�0.12�0.06�0.024��99.9�0.1�0.18�0.09�0.035��As follows from Table 2.1, when substrate is reduced or oxidized, rated ORP increases (positive and negative) reach dozens of mV, for mono-electron reactions up to (180 mV, relative to balanced values.

In complex multicomponent chemical and biological systems oxidation-reduction pairs exist in complex combinations and are in continuously changing ratios. The pH values to a great extent depend on the balance of oxidized and reduced forms and, in their turn? Affect ORP. Stationary ORP values with regard to the pH factor are found with the help of the following equation:

(st = (n + {0.06lg([Ox]/[Red])/n} ( 0.06pH,�(6)��where:	(st is stationary ORP with pH correction;

	(n is ORP for the given redox-pair relative to SHE, at balanced concentrations of oxidized and reduced forms, at pH=0, and it is equivalent to (o+0.42 V.

It follows that pH increase by a unit causes ORP regression of 0.06 V or 60 mV at t=25% or 62,6 mV (at 37(C).  This fact is confirmed by empirical readings of redoxmetry in media with pre-determined pH values. Magnitude of (o for pH=7.0 shows energy (E3) necessary for @electron’s detachment from a donor compound, i.e. it corresponds to the electron’s ability to oxidize at the given pH and is:

E3 = E0 + 3.8 eV�(7)��where	Eo – is numerically equivalent to standard ORP (SHE) denoted in eV.

The Ee value is considerably lower than ionization potential, since once an electron leaves the orbital its transfer into infinity needs additional energy.

Energy interpretation of standard ORP values in biochemistry is mostly evaluation of the free energy of metabolic (exchange) reaction. For instance, ORP for the chain of oxidative phosphorylation is 1.14 V and this reaction is double-electron (n=2). With the Gibbs’ formula we have:

(G = (223.062 ( 1.14 = (52.6 ccal/mol,

that is, free system energy is reduced due to phosphorylation associated with the two electrons’ transfer to hydrogen along the chain of respitory enzymes. The (G transfer into eV dimensions and its division into two electronic transfers at ORP difference equivalent to 1.14 V, indicates precise value of 1 eV, which in fact is the definition of this physical unit (16). Similarly, the power of any oxidation-reduction processes can be calculated. However, physiological ORP value is dependent not only on energetic equivalents, but also on this parameter’s ability to regulate the general biochemical and biophysical state of the internal medium of the body.

2.2. Alterations in transmembranous potential caused by the action �of electron-donor or electron-acceptor factors are associated with powerful electroosmotic processes accompanied by water overflow against ORP gradient, which conforms to mitochondria ability to act as osmoregulators.

H+ ions’ and electrons’ transport through mitochondrial membranes complies with the following regularities. Electrons from cytoplasmic nicotine-amide-adenin-dinucleotide (NAD-H, NAD-H2) come to mitochondria through external membrane with the help of specialized biochemical mechanisms (particularly, with the help of “glycerophosphate shuttle system”). Then the electrons are transferred to the inner surface of the mitochondrial membrane. Transport of protons to the internal mitochondrial membrane is carried out by protein molecules-carriers. But the protons remain outside of the inner surface of the mitochondrial membrane and, thus, accumulate in the space between outer and inner loops of the mitochondrial membrane, forming a H+-reservoir. On the inner mitochondrial membrane surface the electrons interact with molecular oxygen to produce an ion radical of oxygen in conformity with the reaction: O2 + e– ( (02–). As a result, the inner mitochondrial membrane surface is negatively charged and is electron-donor relative to matrix and its positively charged electron-acceptor outer surface. At that, the external cytoplasmic medium coming into direct contact with mitochondria, has a comparatively high pH value and is electron-donor relative to H+-reservoir. Consequently, the system of mitochondrial membrane and liquid media surrounding it is electron-disbalanced and in this respect is activated. Due to different charges (polarity), on the surface of mitochondrial membrane there appears potential difference, provoking protons’ transport from inter-membranous space (H+-reservoir) onto the inner membrane surface. Mitochondrial membrane resists to protons’ transfer. To overcome this resistance, transmembrane ORP gradient of the inner mitochondrial membrane should be no lower than 200 mV. If ORP drop on the inner mitochondrial membrane overlaps 200 mV, �H+ ions are transferred inside the mitochondria along ionic channels of ATP-synthetase enzyme. On the interior surface of the membrane, protons interact with oxygen forming water: 1/2 O2 + 2H+ ( H2O. The energy of protons’ transport through the mitochondrial membrane is spent on phosphorylating ADP molecule into ATP one: ADP+P(ATP, where P – is phosphorus residue. Strengthening of electron-donor background around mitochondria (for instance, in the process of catholyte diffusion or accumulation of reduced chemical compounds) creates the effect of external electron pressure and stimulates electrons’ transport inside the mitochondrion. Eventually, electrons are accumulated on the boundary line between the inner membrane and the mitochondrial matrix, increasing transmembrane ORP gradient and making possible oxidative phosphorylation activation. Evidently, overrated shifts of ORP in the area of mitochondria’s localization are capable of practically complete thermodynamic eliminaion of biological oxidation and tissue respiration processes. Enhancing electron-acceptor abilities of perimitochondrial medium can advance enriching H+-reservoir with electron-acceptor factors, also causing ORP gradient’s increase on the inner mitochondrial membrane and further escalation of aerobic dissimilation. In cases of excessive growth of electron-acceptor perimitochondrial background, H+ – ions and peroxide radicals can produce direct toxic effects on respiratory enzymes and suppress tissue respiration.

Taking into consideration phase character of biochemical processes it is impossible to give a definite answer about anolyte’s and catholyte’s action on general metabolism. In particular, terminal inhibition of energogenesis due to ECA-factors’ activity can be followed by saving biochemical intracellular carriers of energy (glucose and glucolysis products). After excessive augmentation and consequent relaxation of metastable electron-donor or electron-acceptor background, biochemical systems are able to make up for energogenesis deficiency. Such effect is similar to dramatic improvement of tissue respiration after short-term hypoxia.

Strong reducing agents in biochemical chains are able to supply electrons to a number of oxidizing agents with higher ORP values. In their turn, acceptors having received electrons reduce other oxidizing agents having still higher potentials. Excessive quantity of a reductant, belonging to a redox-pair with a relatively high standard potential, causes reduction of the oxidizing agent of another redox-pair with a relatively low standard potential, if the total consummate system’s ORP resulting from reductant’s accumulation is found to be lower than the standard ORP value of the second oxidation-reduction pair (17). Thus, if in a complex oxidation-reduction system one reducing agent, or one oxidizing agent (or a group of them) is predominant, it causes alteration of electron-donor or electron-acceptor properties of the whole system, relative to any of oxidaion-reduction subsystems it consists of. There appears the effect of establishing or forcing different consummate (background) ORP values ((s) upon chemical systems, making possible to potentially monitor the ratio of reduced and oxidized forms.

When living tissues’ homogenates were placed into media with predetermined ORP values, equalization of reductant and oxidant concentrations was observed in the redox-pairs, for which standard ORP values conincided with those forced. As basic concentrations of reduced and oxidized forms of the redox-pairs composing homogenates were not balanced, the following rule was likely to be in effect:

(st ( (o , (o = (st , where (s is consummate forced ORP.

Since (o is a particular case of (st, then, with any (s value different from (st, a more general rule is applied:

(st ( (s

When (s is not equivalent to (o, the ratio of oxidized and reduced forms for each individual redox-pair is adjusted to (ost value (to keep to the equation (6)).

Media possessing definite electron-donor and electron-acceptor properties are able to reduce compounds with higher ORP values, or oxidate compounds with lower ORP values. Since reducing agents are targets for oxidizing ones, as consummate ORP value grows, concentrations of reducing components of redox-pairs with a standard potential which is lower than the forced one, is subject to depression.

When consummate ORP decreases, reduced forms of redox-pairs with higher standard potentials have an advantage. If the ORP of a medium is approximately in the middle of the biological scale of this parameter (i.e. in the range of 10–100 mV, SHE, or 210–300 mV, CSE), it means that the conditions have been created for predominant oxidation of lactic acid, pyruvate, tricarbonic acids of Krebs cycle, i.e. for aerobic splitting of intermediate products of carbohydrate metabolism.

 Strong oxidants with excess-consummate ORP ((s) of 200 mV, SHE (or over 400 mV, CSE) added to biological media results in oxidation of hemoglobin to methemoglobin, or oxyhemoglobin under the action of O2, deprives ascorbic acid of electrons thus transforming it into a dehydroform, oxidates Warburg’s yellow enzymes and hence impairs their functioning. However, chemical regulation of ORP in living systems not always brings unequivocal results. In the bodies of warm-blooded animals maximum pO2 values=100–105 mm. Hg are found in arterial blood when its hemoglobin oxygenation is 99 %. The pH value of arterial blood is slightly shifted towards alkalinity, up to 7.4 (normally). Under these conditions theoretically expected rated ORP value, calculated with formula (6) is equivalent to ( 0.2 V, SHE. Here is the calculation:

(o (hemoglobin-ferro/ferri)=0.16 V

Having substituted the ORP of redox-pair “oxyhemoglobin-hemoglobin” (0.16+0.42) V into formula (6) with n=2 we have: 

(0.16+0.42) +(0.06lg(99/1)(/2( – 0.06pH ( 0,2 V.

Percentage of oxyhemoglobin in venous blood at pO2=45–50 mm Hg is about 60%. Calculation with formula (6) under these conditions indicates ORP=0.15 V, SHE. As pH value of venous blood is only a little lower, than that of arterial one, the factor is unlikely to substantially affect the ORP. It should also be kept in mind that rated ORP parameters, calculated relative to “hemoglobin-oxyhemoglobin” redox-pair characterize local physical and chemical state of erythrocyte’s intracellular medium. But whole blood is a multiphase (heterogenous) medium, containing a lot of oxidized and reduced chemical compounds. Therefore, electron-balanced properties of blood cells’ membranes, macromolecular blood plasma components, serum fraction and aqueous-mineral media composing blood, may have their local characteristic features rather different from each other.

In the process of moving “downwards” along oxygen cascade, expected ORP values are to decrease, as pO2 regresses. While intervening deeper into tissue mass (passing through histohematic barrier) pH decreases by 1–1.5 units, tending to elevate ORP by 0.06–0.09 V, i. e. contribution to ORP decrease caused by pO2 lowering is partly neutralized by a pH reduction factor. In this situation, a real ORP of tissue and cellular systems in the body is determined by a sum of concentrations of all oxidants’ and reductants’ present in tissue and intracellular fluids.

If a biological medium possesses a higher or lower redox-potential, that does not mean, it automatically oxidates or reduces a substance, which correspondingly has a lower or a higher redox-potential relative to (s. There is no reaction, if activation energy is not sufficiently high and there is no catalyzer. However, in the cases, when activation energy exceeds a critical threshold, the ratio [Ox]/[Red] for a definite redox-pair in the presence of a catalyzer (enzyme) when calculated with formula (6) becomes a functional, whereas (st identical to (s, plays the role of an argument.

In the body tissues, in the process of biological oxidation of energetic substrates, definite ratios of concentrations of oxidized and reduced components of concrete redox-pairs are established. For instance, lactate – a reduced form of pyruvic acid – is accumulated in the tissues at a concentration of 0.0020 mol/l; pyruvate–oxidized form of lactic acid – is present in the tissues at a concentration of 0.0001 mol/l (18). Thus, for normal tissues the ratio [pyruvate]/[lactate]=1:20 is typical. Making calculations according to the formula (6) with n=2; pH=7.0; (o[pyruvate/lactate] = (–0.18) V, SHE; [Ox]/[Red]= [pyruvate]/[lactate]=1:20 we have: 

((st =–0.18 + 0.42 + ((0.06/2)lg(1/20)( – 0.06(7 = –0.22 V,SHE.

Thus, theoretically expected ORP in the field of transformations “lactate ( pyruvate” +2H + 2e– is (–220) mV, SHE or (–20) mV, CSE.

A theoretically calculated ORP cascade from arterial blood to the site of glycolysis products’ direct transformation in the tissue mass is, therefore, 200 mV, �SHE((–220) mV, SHE (400 mV CSE((–20) mV, CSE). That is, ORP regression module from arterial blood towards tissues exceeds 400 mV. Calculations suggest that the ORP of tissue media is located in the range of reductant (negative) values on SHE or CSE scales.

2.3. Oxidation-reduction potential of interior media of the body: physiological and pathophysiological meaning; problems �of measurement and regulation.

Standard ORP values for chemical components, found in living systems, normally do not seem to exceed 0.82 V, SHE (oxygen). In the process of water radiolysis peroxide radicals (HO(2., OH(.) are produced, whose potential is over 1.5 V, SHE (19).

The lowest standard ORP of the pair (-oxoglutarate/succinate + CO2 is equivalent to (–0.67) V, SHE. Therefore, the whole range of ORP values, which is of interest to physiologists and pathophysiologists, or the entire biological scale of ORP varies from �(–67) V, SHE to 1.5 V, SHE. Direct measurements of ORP in the tissues of mice demonstrate a spread of results in the range from (–0.15) to 0.17 V, SHE (20). The lowest ORP values are registered in tissues with inadequate blood circulation, existing in a state of profound deoxygenation and metabolic acidosis (accumulation of lactate), which takes place, for instance, in tumors. Tests on animals indicate that when different chemical agents (such as reducing agents) are introduced into the body, ORP drop in tissues and organs can reach (–0.19) V relative to the initial level (21). Taking into account potential pharmacologically induced ORP deviations in the tissues towards negative values, this parameter’s deviations from (–0.3) to 0.2 V, SHE can be considered typical. Tissue ORP’s mosaicism is observed, the fact stimulating the researchers to orient themselves mostly to relative changes of this parameter in various experimentally constructed situations.

ORP values of the media, in which redox-pairs are present, determine the direction or possibility of an oxidation-reduction reaction, but do not trigger it, since the reaction’s course depends on the energy of interacting molecules’ activation and also on the presence of corresponding catalyzers. The lower ORP limit in the depth of tissue media (presumably, on mitochondria) may be indirectly confirmed with the help of an additional calculation. Intensive physical work in anaerobic conditions raises lactic acid production ten fold and over, resulting in reducing the ratio “pyruvate/lactate”. To create such a ratio of the given oxidized and reduced forms, ORP value should range from (–0.25) to �(–0.3) V, SHE, if pH of the tissue medium is no lower than 7.0. In cases when anoxya leads to pH falling down to the risk zone of necrobiosis, which is pH=6.0 and lower, then, if we suppose that [Ox]/[Red]=1:1000, rated ORP value for such tissue system is:

((st = (–0.18 + 0.42) + (0.03lg(1/1000)( – 0.066 = –0.21 V, SHE.

This finding is practically identical to the readings of measurements performed by G.V. Sumarukov (20) in massive anoxic tumor tissues, undergoing tissue destruction, but still at certain stages of necrobiosis there occurs accumulation of biochemical reducing agents, for instance, lactate.

Excessively low and high ORP values in a living organism are achieved when potent reducing and oxidizing agents are introduced into the tissues, which fact is associated with the risk of direct chemical damage due to protein structures’ denaturation. In fact, in necrobiosis foci, tissue respiration ceases, and synthesis of intermediate glycolysis products’ stops. Residual concentrations of reduced and oxidized metabolites may remain in tissues at different stages of parabiosis, and contribute to (s formation. However, in the given case, a formed (s value can’t by itself alter the ratio [Ox]/[Red] of oxidation-reduction systems existing in a passive state.

As necrotizing tissue spends its lactate resource, the ORP value of necrotic zone should rise. 

Simple interpretation of “usefulness” or “harmfulness” of the ORP shifts of inner body medium is hardly expedient at present. There are some facts, though, which are known for sure. If a certain (s or ORP value is somehow forced on a cellular or a tissue mass, insufficiently oxidized forms of these or other redox-pairs, which have lower standard ORP values, will strive for concentrations complying with the equation:

(s = (o + (0.06/n)lgX�(8)��where	n is a number of transferred electrons, X = (Ox(/(Red(

For a two-electron reaction, after some transformations we have:

lgX = ((s – (o)/0.03�(9)��In conformity with formula (9) practically complete substrate’s oxidation takes place when X>1000 and lgX>3, (s–(o>0.09 V. Since (s–(o and (st–(o are equal-identical, in compliance with the data of Table 2.1 it can be demonstrated that forcing ORP values different from standard ones by ((90)–((120) mV on biological substrates results in bringing, correspondingly redox-pairs with (o((s–90 mV into a state of practically full prevalence of reducing forms and redox-pairs with (o((s+90 mV into a state of practically full prevalence of oxidizing forms. For instance, it for lactate (o = (–180) mV, SHE, then forcing ORP from (–270) to (–300) mV, SHE (or (–70) – (100) mV, CSE) and lower contributes to deposition of lactic acid in tissues, though this process does not mean that aerobic oxidation of glucose breakdown products ceases. Under such conditions pyruvate is likely to be produced in the previous quantity, or close to it after a new stage lactate accumulation is over.

 In the opposite situation, when the organism is saturated with a strong oxidant – oxygen during hyperoxigenation in an altitude chamber – there occur the ORP shifts of the interval medium towards positive values. But such an ORP change has no great effect on O2 utilization by the tissues, since consummate mass of substrate undergoing biological digestion does not depend on the excessive content of oxygen in the tissues.

Substances reducing ORP in the interval medium of the body act either indirectly through the oxygen factor, i.e. due to pO2 decrease, or produce an analogous action independent on pO2 alterations (the latter include cysteine, glutathione, vitamin E) (22). Low ORP values in malignant tumors correlate with inadequate blood supply and general anaerobic picture of metabolic processes in these neoplasms. But artificial oxygenation of tumor tissues is not followed by manifestation of Pasteur’s effect, that is by change-over from metabolism to aerobic processes because of the lack of necessary enzymatic systems in the tumors. Domination of anaerobic glycolysis in cancer cells is the reason for low ORP values, but not the consequence of the fact that low ORP values were forced upon tumor system in the first place.

At least in one area of therapeutical action medical efficiency of direct internal medium ORP reduction for a wide range of living organisms from insects to mammalia has proved true. Back in 1970, G.V. Sumarukov systemized published data and experimentally showed that the ORP tissues and organs, as well as fluid biological media, reduction is followed by radioprotective action independent on exactly what method caused this ORP decrease (hipoxia, antioxidants’ introduction or the production of endogenous radioprotectors). That is associated with neutralization of oxidized products in the body due to appearance of conditions for their interaction with excessive reduced molecules. As a result, risk of irreversible biosubstrate peroxide damage runs down. It should be noted that introduction of reducing agents into the organism in itself cannot guarantee substantial ORP shifts to negative values in the tissues. Anyway, attempts to do it by parenteral introduction of glucose, pyruvate, succinic acid, valine, alanine, methylene blue have been vain.

Cysteine, cystamine, cysteamine, diethylpropanol, histamine, glutatione, thiourea, sodium nitrite, fructose, ether (for inhalation anesthesia), sodium citrate, sodium cyanide, methionine, when introduced into the organism, diminish local ORP values of muscular tissues by 140–170 mV, in conformity with regression module decrease according to the above sequence. Ethyl alcohol reduces muscular ORP by 13 mV, confirming slight antiactinic ability of this substance well-known from everyday practice. However, on the whole the issue of monitoring the body internal medium ORP value has not been studied well because of a number of methodical obstacles.

Standard ORP values of pharmacological preparations are not to be referred to when the preparations are applied in order to decrease the ORP of living tissues. Standard ORP values of various substances and the degree of ORP regression in the femoral muscles of test animals (mice) when the substances were introduced parenterally, are given in Table 2.2 (21).

Table 2.2 

Standard ORP ((o) values of some substances and ORP shift (((o) �in femoral muscle with parenteral introduction of the substances

Substance�Dose, mg/kg�Mode of introduction�(o �mV, SHE �((s�mV��Glucose 5%�5500�i.g.�–450�0��Pyruvate�250�i.g.�–180�0��Cysteine�950�i.g.�–140�–140��Thioglycolic acid�150�i.g.�–140�–15��Valine�223�i.g.�–115�0��Alanine�180�i.g.�–48�0��Glutathione-SH �1600�s.c.�–23�–6��Ethanol�625�i.a.�–20�–13��Methylene blue�25�i.g.�–11�–10��Succinic acid�250�i.g.�0�0��Adrenaline�2�i.g.�380�–10��Note: i.g. – intragastrically; s.c. – subcutaneously; i.a. – intraarterially.

Thus, correlation of standard ORP of pharmacological agents and their ability to affect tissue ORP values in this case was rather weak. Out of eleven substances presented in the table, only cysteine caused an ORP muscular shift, which corresponds to its electron-donor activity. But, to produce such an effect in an adult person, it will take about 70 g cysteine, which is practically impossible both for medical and commercial reasons.

It should also be taken into account that standard ORP values of substances indicated in Table 2.2 and the ORP values of these substances’ solutions which are a part of pharmacological compositions are not identical. Therefore, in cases when routine chemotherapeutical methods are applied, exact ORP values of internal biological media are hardly predictable.

Technical means of ORP measurement in a living organism are very limited. In the process of introduction of fluid biological media into the measuring system chamber (Fig. 2.1) ORP modifications are inevitable due to biological media contact with foreign materials and atmospheric gases (especially oxygen). Introduction of needle electrodes into the body is always invasive. The site of electrodes’ introduction should be isolated from the air, and the biological object itself, during invasive redox-metry must be electrically isolated. Invasiveness and clumsiness of this method limit its clinical use. Also, the measurements of tissue ORP with the help of the above method is always performed in the area of a wound injury, caused by the electrodes’ intrusion into a living organism, due to which ORP values’ distortion is inevitable. That’s why so important is the role of indirect measurements and calculation methods in the sphere of biological redox-metry.

Qualitative trends of ORP dynamics in organs, tissues and biological media during the organism’s exposure to a number of factors may be streamed into the following main groups listed below:

Effects causing ORP decrease include:

introduction of exogenous reductants and agents possessing antioxidant and antiactinic activity;

stimulating pharmacological production of endogenous reductants;

creating hypoxial conditions in the whole body or in some of its parts;

Effects causing ORP increase include:

introduction of strong exogenous oxidants into the body;

stimulating oxidation processes in the body with pharmacological methods, and development of direct action on vegetative endocrine system;

hyperoxygenation (including the means of hyperbaric therapy);

ionizing irradiation

Strange as it may appear, practically none of medical and biological methods of affecting electronic equilibrium of the body take the ORP factor into account, due to which there is a certain information gap in this field. Judged by calculations, even ORP value deviations of some dozens of mV in the internal body media are of physiological importance. Therefore, the ORP parameter must occupy its place among other important homeostatic characteristics.

2.4. Redox-potential as a measure of electronic pressure.

The meaning of the term ORP corresponds to the notion of “electrochemical potential”, denoting “the level of a system’s free energy relative to the number of substance mols in the system” (23). By definition, “electrochemical potential” is equivalent to the measure of free energy of biochemical reactions, calculated with Gibbs’ formula, which is necessary for electrons’ detachment from donor compounds and their further joining a chemical acceptor. Consequently, (s value is a measure of electronic pressure (positive or negative), produced by a liquid medium on the material of a measuring electrode (for instance, platinum). The aqueous solutions containing the components of [Ox]/[Red] system, electronic pressure is produced by a mixture of oxidized and reduced components of individual redox-pairs, by a solution’s substance (water), compulsory additives of gases and microimpurities. Electronic pressure is determined by the presence of free electrons in the liquid and by electrons’ transport energy.

Free electrons are present in any medium independent of the fact whether exothermic or endothermic metabolic type reactions take place in it. Processes of electrolytic dissociation of water and electrolytes, transformations of complex organic compounds are accompanied with electrons’ transfers. That is, there exists in solutions an “electron cloud” or rarefied electron gas, relative to which electrode substance made of inert metal can play the acceptor or donor role. Consequently, the liquid is electron-donor or electron-acceptor relative to the given electrode.

When a substance as a mixture of its oxidized and reduced forms is added to an electrolyte solution or into chemically pure water, the factor of electronic pressure or the dissolvent’s ORP value will modulate the ratio [Ox]/[Red], if the chemical additive for the solvent is present in a low concentration (i. e. the solvent is “in abundance”). If the chemical additive is present in the solvent in a considerable concentration, the ratio [Ox]/[Red] of the additive modulates the solution’s ORP.

Appearance of new ions in a solution in any case changes water composition, rearranges the structure of its molecules making up the solution (24). As a result, a changed electronic state or multifactoral origin ORP ((s), reflecting a factor of structural dissolvent’s rearrangement as well, is formed in the complex solution. That is, added chemical components modify the solvent (water).

According to generally accepted concepts, structural modifications of water molecules and changes in their electron-energy state immediately relax to their initial position when a chemical reagent (additive) which caused the given modification is removed. At the same time there is a theory in accordance with which water medium (namely, substance H2O) preserves “memory” of a former energy exposure for a long time (3). The material carrier of this “substantial memory” has not been identified, though different theories and hypotheses about its nature were suggested.
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