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Assessing Ge-132 as an antioxidant in organic and

water-containing media

Introduction

Controlling the level of free radicals involved in aerobic metabolism in living organisms [ 1 ] is important for handling oxidative stress and pathophysiology of several diseases [ 2 ] and supposedly for aging-related issues [ 3 ]. Their level is normally regulated by enzymes (superoxide dismutase etc), non-enzymatic antioxidants such as glutathione, vitamins A, C, E [ 2 , 4 , 5 ] and exogenous antioxidants [ 6 ] which form two groups, hydrophilic (hydrosoluble) and hydrophobic (liposoluble) [ 1 , 6 , 7 ], depending on the media in which they are more efficiently blocking free radicals. Low toxicity of Ge sesquioxides [ 8 ], and particularly the efforts of Asai Germanium Company worked out the advent of 2-carboxyethylgermanium sesquioxide (Ge-132) reported to have -besides immunomodulating [ 9-11 ], anti-inflammatory, anti-virus, hepato and radioprotector activity ([ 12 ] and refs therein) -antioxidant properties [ 9, 13-18 ]. Although this germanium preparation is being intensively studied [ 19-21 ] and even commercialized, its antioxidant mechanism is far from being established. For its understanding, two aspects of chemistry of Ge-132 seem of prime importance: (i) 2D polymer and a monomer triol forms exist in hydrolysis equilibrium (Scheme 1) [ 16 ] and (ii) interaction of Ge-132 with free radicals supposedly involves a Ge-O-Ge link [ 22 , 23 ], absent in the monomer (Scheme 2). In the light of this, one can expect the antioxidant activity of Ge-132 to depend strongly on the presence of water in its environment.

To the best of our knowledge, this issue has never been addressed. This aspect is especially intriguing since Ge-132 is primarily known as water-soluble germanium supplement [ 9 , 11 ].
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Scheme 1. Solid (polymer) [ 24 ] and water soluble [ 16 , 25 ] forms of Ge-132. The present communication is an attempt to assess the antioxidant activity of Ge-132 in aprotic (CH 3 CN, DMF) and protic (MeOH) media, dry and in the presence of water. Cyclic voltammetry [ 26-28 ] of Ge-132 and UV-Vis and EPR spectroscopy for monitoring the decay of 2,2-diphenyl-1-picrylhydrazyl (DPPH) in its reaction with Ge-132 [ 29 , 30 ] were used as standard methods in in vitro antioxidant assays.

Results and Discussion

Mass-spectrometry

In a number of previous studies [ 31 ], MS spectra of Ge-132 are essentially obtained from aqueous or CH 3 CN-H 2 O solutions and therefore reflect a complex dynamic equilibrium of its hydrolysis. Albeit M, 2M -H 2 O, 3M -2H 2 O [ 31,32 ] and higher, up to a nonamer [ 33 ], mass clusters were observed in such mixtures (heavier oligomer forms of Ge-132 were reported for solid polymer samples, see e.g. [ 24 ]), the product distribution in these reports, -depending on the media, temperature and other experimental conditions, -attests that the presence of water promotes the formation of the hydrolyzed triol form of Ge-132 [ 25 ] (for first structurally characterized germane triol see [ 34 ]), lacking the Ge-O-Ge unit and therefore devoid of the antioxidant properties.

In order to make this point clear, HRMS [ 35 ] spectra of Ge-132 were recorded from its acetonitrile solution using electrospray ionization (ESI) allowing a transfer of the ions in solution into the gas phase. Main peak clusters with characteristic germanium polyisotope pattern (figure 1) confirm the prevalence of oligomer (containing non-hydrolyzed Ge-O-Ge links) forms in CH 3 CN. Besides antioxidant-active dimer (m/z = 339) and trimer (m/z = 520), some amount of anionic monomer forms HO(O)GeCH 2 CH 2 COO -(m/z = 179) and (HO) 3 GeCH 2 CH 2 COO -(m/z = 197) was also detected in this media, supposedly arising from the hydrolysis of Ge-132 by residual water in CH 3 CN. 
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Cyclic voltammetry

Though voltammetry is commonly used for assessing the redox activity of antioxidants [ 26-28 ], surprisingly there were no reports on the electrooxidation of Ge-132 so far. The only account on electrochemistry of Ge-132 deals with its reduction at an Hg electrode in aqueous acid solutions leading to its decomposition to elemental germanium [ 36 ].

In order to check the Ge-132 hydrolysis hypothesis and to reveal the role of water in its antioxidant activity, we studied its electrochemical behavior by cyclic voltammetry at Pt and glassy carbon (GC) electrodes in aprotic (CH 3 CN, DMF) and protic (MeOH) solvents and in their mixtures with water. In CH 3 CN/Bu 4 NBF 4 (Figure 2) and in DMF/Bu 4 NClO 4 , Ge-132 shows a distinct oxidation step (E p ox = 1.15 V vs SCE) at the potentials comparable to those of phenolic antioxidants [ 37 ]. A small pre-peak seen in first scan when using Bu 4 NBF 4 is related to adsorption at the electrode as it disappears in the following scans or when using the supporting electrolyte with more adsorptive ClO 4 -anion. Upon addition of small amounts of water, the oxidation peak at 1.15 V shifts towards more positive potentials, rapidly merging with the media limit, so that when water content in CH 3 CN exceeds 1:1 (v/v), Ge-132 does not show any oxidation signal and hence any antioxidant activity. In MeOH/0.1 М Bu 4 NBF 4 , only an illshaped oxidation peak is observed (Figure 2) disappearing in wet solution. No oxidation was observed in aqueous solutions (H 2 O/0.1 М NaNO 3 ).

On the side of reduction, in aqueous 0.1 M LiClO 4 solution at a GC electrode, Ge-132 shows a peak at E p red = -1.64 В vs SCE whose intensity i p is linear with the substrate concentration (Figure 3). At a Pt electrode, the reduction occurs at -0.80 V supposedly corresponding to the reduction of acid OH protons, facilitated at transition metal cathodes [ 38 ]. In aprotic polar solvents (CH 3 CN, DMF), Ge-132 does not show any reduction signals up to the discharge of the media. However, its reduction can be re-evoked upon progressive addition of water to these solutions (while the oxidation peak disappears, see above), perfectly corroborating the hydrolysis hypothesis.

Interestingly, the reversible reduction of O 2 in CH 3 CN/0.1 M Bu 4 NBF 4 loses its reversibility in the presence of Ge-132 (not reducible itself under these conditions) and a prepeak of hydroperoxy form appears on the voltammogram. Thus in the redox context, Ge-132 exhibits the antioxidant efficiency comparable to that of other derivatives of this kind [ 37 ]; however this can solely be developed in the absence of water. The presence of the latter in the media rapidly reduces its antioxidant activity until the total loss of it.

UV-Vis spectroscopy

The antioxidant activity of compounds is often assessed via their ability to scavenge free radicals, e.g. widely used 2,2-diphenyl-1-picrylhydrazyl (DPPH) [ 29, 30 ]. This stable radical can be used for the assays of both hydrophilic and lipophilic antioxidants [ 39 ] so the DPPH test was performed here with Ge-132. When DPPH is reduced by H • transfer from Ge-132 to become the corresponding hydrazine, the intensity of absorbance of DPPH due to π-π* transition (λ = 520 nm) diminishes (Figure 4); the extent of this reaction can be quantified by UV spectroscopy through the Beer-Lambert-Bouguer law [ 40 ]. In CH 3 CN, scavenging of DPPH by Ge-132 is quite efficient (Figure 4): after 3 min, DPPH content is reduced by one order (in MeOH is takes ca. 15 min while no visible changes were observed in CH 3 CN-H 2 O). This simple test is akin to the EC 50 evaluation (e.g. [ 22 ]) receiving criticism [ 41 ], so the kinetics of this reaction was considered (Figure 4). The time evolution of UV-spectra of the solutions of {DPPH (0.25 mmol L -1 ) + Ge-132 (0.5 mmol L -1 )} in CH 3 CN, MeOH, and in their 1:1 mixtures with water is shown in Figure 4. In both aprotic solvents, decay in UV absorbance of DPPH obeys a second-order kinetics, the reaction with Ge-132 being more than 7 times faster in CH 3 CN (k = 41.9 L mol -1 s -1 ) than in MeOH (k = 5.8 L mol -1 s -1 ). On the contrary, no reaction was observed between DPPH and Ge-132 in CH 3 CN-H 2 O and MeOH-H 2 O (1:1) mixtures even after one hour contact. The invariance of DPPH absorbance in (C) over 1 hour also rules out its possible decrease on light and in protic solvents [ 42 ] that might have affect the measurements in (A) and (B) (Figure 5).

These results are in good agreement with those of cyclic voltammetry: Ge-132 is more efficient antioxidant in CH 3 CN than in MeOH, loosing its antioxidant capacity in the presence of water.

EPR spectroscopy

Radical scavenging by an antioxidant can be efficiently assessed by EPR spectroscopy, widely used for such studies [ 43 ]. We registered EPR spectra of DPPH in the presence of Ge-132 under the conditions similar to those used in UV-Vis study. In CH 3 CN and in its 1:1 mixture with water, DPPH shows a five-line spectrum (Figure 6) with g = 2.0036 and the ratio of two 14 N constants ca. 0.82 [ 44 ]. When Ge-132 is added to the DPPH solution in dry CH 3 CN, this signal completely vanishes after 15 min. In contrast, in CH 3 CN-H 2 O it remains practically unchanged for more than one hour. Second order rate constant of quenching DPPH by Ge-132 in CH 3 CN is close to that from UV-spectroscopy, k 293 = 49.5 L mol -1 s -1 , indicating that no side reactions interfered with this test.

The data of EPR spectroscopy are thus in a perfect agreement with those from other methods, unequivocally confirming that Ge-132 is an efficient scavenger of free radicals in aprotic media and is totally inactive in the presence of water. 

Conclusion

The results of mass spectrometry, cyclic voltammetry, UV and EPR spectroscopy suggest Ge-132 to be an efficient antioxidant only in the absence of water. This finding corroborates the idea that antioxidant capacity of Ge-132, and supposedly of other germanium sesquioxides, is due to the presence of the Ge-O-Ge link [ 22 ] easily hydrolyzable in the presence of water [ 25 ] (Scheme 4). This situation resembles to that in carbon chemistry: while alcohols are stable in air and their oxidation is not a trivial task, the ethers easily react with oxygen to form peroxides. On the other side, the chemistry of germanium sesquioxides and triols is closely related to that of silicon analogs [ 45 ] and is very solvent-dependent in terms of their structural features [ 46 ].

Reversibility of hydrolysis of germanium sesquioxides under close to physiological conditions (neutral pH, ambient temperature) implies that antioxidant capacity of Ge-132 can be substantially enhanced by reducing water content and by increasing its concentration, both factors favoring its active non-hydrolyzed form. This is in line with the fact that though Ge-132 is usually considered as a water soluble germanium preparation [ 9 , 11 ], most of works describing it as an antioxidant concerns its activity in lipid environment, like inhibition of peroxide oxidation of lipids [ 17 ] and lipoproteins [ 15 ], increasing the plasma level of the lipid antioxidant α-tocopherol [ 9 ] etc. In spite of numerous bio-related studies and a common use of Ge-132 as a dietary supplement for humans, the mechanism of antioxidant action of Ge-132 is still poorly defined. Supposedly, Ge-132 may realize it through several ways: as an electron donor, as a metal-chelating agent or a vitamin E protector in metal-catalyzed peroxidations, and by stimulating the activity of radical scavenging enzymes [ 15 ]. Our results support the idea that direct reducing action (electron/hydrogen atom donor) of Ge-132, as well as the proposed [ 22 , 23 ] mechanism (Scheme 2), might be efficiently realized under the condition of lack or the absence of water. This fact, along with other in vitro and in vivo studies, will help to unravel the mechanism of biological activity and to better focus the use of this commercialized preparation. 

Experimental

EPR spectra were recorded with a Bruker EMX 6/1 (9.8 GHz) spectrometer, coupled with an ER 4102ST resonator. UV-Vis spectra were registered with Agilent 8453 instrument using a 10 mm quartz cell. High resolution mass spectra (HR MS) were measured on a Bruker micrOTOF II instrument using electrospray ionization (ESI) at 3200 V [ 47 ]. The measurements were done in a negative ion mode (3200 V); the mass range from m/z 50 to m/z 3000; external or internal calibration was done with ESI Tuning Mix, Agilent. A syringe injection was used for solutions in acetonitrile, methanol, or water (flow rate 3 µL/min). Nitrogen was applied as a dry gas; interface temperature was set at 180 °C. Cyclic voltammetry was performed using a PCpiloted digital potentiostat IPC-Pro-MF (Econix). A standard thermostated (T = 25 ± 0.5 °С) 10 ml electrochemical cell was used in a three-electrode configuration. As working electrodes, Pt (1.7 mm) and GC (1 mm) disks were used, polished before each run; a Pt wire was used as an auxiliary electrode. The potentials are referred to the aqueous Saturated Calomel Electrode, (SCE) separated from the analyte by an electrolytic bridge filled with the same solution, and additionally checked using ferrocene standard with E 0 (Fc + /Fc) = 0.40 V vs SCE. All measurements were carried out under argon.

HPLC-grade MeCN, DMF, methanol (Aldrich), DPPH, Bu 4 NBF 4 , LiClO 4 , and NaNO 3 (Fluka) were used as received.

Ge-132 has been prepared from HGeCl 3 and ethyl acrylate according to [ 48 ]. After drying, the level of the residual humidity in the white powder obtained was ca. 15%; in the analytical solution, this additional water intake (≤ 7.5×10 -5 mol L -1 ) is much below its natural residual amount (10 -4 -10 -3 mol L -1 ) in dry CH 3 CN or in MeOH. 
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 2 Scheme 2. Proposed mechanism of the antioxidant action of Ge-132 (dimeric form * , adapted from[ 22 , 23 ]).

Figure 1 .

 1 Figure 1. Fragments of the ESI-HRMS negative ion spectrum of Ge-132 in CH 3 CN: (A, C) experimental, (B, D) calculated for the dimer and trimer species. Ionization at spray needle voltage 3.2 kV, T = 180 °C.

Figure 2 .

 2 Figure 2. Oxidation of Ge-132 (1 mmol L -1 ) at a GC disk electrode (d = 1.7 mm) in: (a) CH 3 CN/0.1 M Bu 4 NBF 4 , (b) mixture CH 3 CN-H 2 O (1:1 v/v) / 0.1 M Bu 4 NBF 4 , (c) MeOH/0.1 М Bu 4 NBF 4 and (d) H 2 O/0.1 М NaNO 3 . Scan rate v = 0.1 V s -1 . T = 298 К.

Figure 3 .

 3 Figure 3. Reduction of Ge-132 (in H 2 O/0.1 M LiClO 4 ) at a Pt (4.89 mmol L -1 ) and a GC electrodes. (a) baseline, (b) and (c) [Ge-132] = 2.44 and 4.89 mmol L -1 , respectively; Scan rate v = 0.1 V/s. T = 298 K.

Figure 4 .

 4 Figure 4. UV spectra of DPPH (0.25 mmol L -1 ) in CH 3 CN (A), MeOH (B) and in 1:1 mixtures CH 3 CN /H 2 O (C-a) and MeOH/H 2 O (C-b) in the presence of Ge-132 (0.5 mmol L -1 ). The insets show the decay of the UV absorbance with time. The spectra in (C) were recorded at t = 0, 3, 30 and 60 min of the contact of DPPH with Ge-132.

Figure 5 .

 5 Figure 5. The solutions of DPPH (2.5×10 -4 М) + Ge-132 (5.0×10 -4 М) in (a) CH 3 CN-H 2 O (1:1 v/v) and (b) neat CH 3 CN one hour after mixing the reagents.

Figure 6 .

 6 Figure 6. X-band EPR spectra of DPPH (2.5×10 -4 mol L -1 ). (A) In CH 3 CN in the presence of Ge-132 (5.0×10 -4 mol L -1 ). (B) In CH 3 CN-H 2 O (1:1 v/v): (a) without Ge-132 and (b) after 60 min of stay in the presence of Ge-132. Modulation a = 2 G.

  Scheme 4. 

-

  The antioxidant activity of Ge-132 was assessed by cyclic voltammetry, UV-Vis and EPR spectroscopy in water, CH 3 CN, DMF and MeOH -Ge-132 can manifest its antioxidant activity only in the absence of water because the latter hydrolyses its Ge-O-Ge fragment -Ge-132 can act as an antioxidant solely in a lipid environment
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