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Abstract

:

Vanadium (V) is a trace mineral whose biological activity, role as a micronutrient, and pharmacotherapeutic applications remain unknown. Over the last years, interest in V has increased due to its potential use as an antidiabetic agent mediated by its ability to improve glycemic metabolism. However, some toxicological aspects limit its potential therapeutic application. The present study aims to evaluate the effect of the co-treatment with copper (Cu) and bis(maltolato)oxovanadium(IV) (BMOV) as a possible strategy to reduce the toxicity of BMOV. Treating hepatic cells with BMOV reduced cell viability under the present conditions, but cell viability was corrected when cells were co-incubated with BMOV and Cu. Additionally, the effect of these two minerals on nuclear and mitochondrial DNA was evaluated. Co-treatment with both metals reduced the nuclear damage caused by BMOV. Moreover, treatment with these two metals simultaneously tended to reduce the ND1/ND4 deletion of the mitochondrial DNA produced with the treatment using BMOV alone. In conclusion, these results showed that combining Cu and V could effectively reduce the toxicity associated with V and enhance its potential therapeutic applications.
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1. Introduction


Vanadium (V) is a widely distributed element in nature, and it is essential for some life forms. However, several aspects of V metabolism, such as its absorption, distribution, and biological and pharmacological activities still need to be fully defined. Currently, the research on V has increased, motivated by its increasing environmental levels due to its wide use in industrial processes [1], its use as a supplement for athletes, and the growing interest in the pharmacological applications of some vanadium compounds as hypoglycemic agents. However, before its use in the clinic, many metabolic aspects must be well established, such as digestive and metabolic interactions with other elements involved in the antioxidant defense [2].



During the last few years, multiple chemical compounds of V have been evaluated. Finally, bis(maltolato)oxovanadium(IV) (BMOV) is the V compound that reports the highest activity (i.e., BMOV is 2 to 3 times more potent than inorganic V as a glucose-lowering agent than vanadium sulfate), and the chemical V compound reporting the best tolerance [3]. In addition, BMOV can be administered to experimental animals in drinking water with similar effectiveness as vanadium sulfate [4]. BMOV has shown the ability to decrease fasting glucose and hemoglobin A1C levels in diabetic rats [5]. Moreover, treatment with V decreased the exogenous insulin necessity of diabetic rats, improving insulin sensitivity [6]. The antidiabetic mechanism associated with V could be mediated mainly by two effects. On the one hand, the vanadyl ion could stimulate cytosolic protein kinases and subsequently improve cellular signaling. On the other hand, another mechanism proposed is mediated by the translocation of the GLUT-4 glucose transporter from the intracellular compartment to the plasma membrane [7]. However, several limitations reduce the use of V in the clinic as an antidiabetic agent. The main limitation is the ability of V to generate reactive oxygen species (ROS) during metabolism [8]. ROS are molecules that can cause cellular damage and inflammation, leading to other complications. V stimulates the production of ROS in certain tissues [9], e.g., exposure to vanadium pentoxide (V5+) is correlated with an oxidative biomarker, and this exposure causes fibroblast senescence and pulmonary fibrosis [10]. Moreover, the exposure of hepatic cells to BMOV causes damage to cellular DNA and mitochondrial metabolism [11].



Thus, several strategies to reduce V toxicity are required. In that way, combining V with other metallic elements has emerged as an innovative solution. Magnesium could reduce the prooxidant activity of V [12], and the combination of BMVO with MnCl2 has revealed that this agent can decrease the damage produced by V in the nucleus and mitochondria [11].



Copper (Cu) is a transition metal whose main function in biological systems is the regulation of enzymatic processes [13]. The role of this mineral in antioxidant defense is noteworthy because it is a cofactor of several enzymes involved in this process [14]. Cu is involved in the enzymes superoxide dismutase (SOD) located in the cytosol [15], lysyl oxidase [16] in the connective tissue, and cytochrome C oxidase [16], which catalyzes the reaction between oxygen and hydrogen peroxide during cellular respiration. Cu exerts its antioxidant action mainly due to its role in Cu/Zn SOD [15], a metalloenzyme that protects against oxidative damage. Cu/Zn-SOD is located in the cytosol of most tissues and is an integral part of an organism’s defense mechanism against the consequences of oxygen metabolism.



The interactions between Cu and V have yet to be elucidated. Several authors found, in general, no significant differences between Cu absorption and V compound absorption [17]. However, other authors suggest that V treatment may affect Cu metabolism in different tissues. For instance, V treatment significantly decreased Cu in tissues such as the liver and kidney [12]. Nevertheless, treatment with V increased the amount of Cu in the femur [18]. This association could be because the absorption of these metals occurs through a common process mediated by divalent metal transporter (DMT1) [19,20].



The present study aims to evaluate the effect of adding Cu on cell viability and the mitochondrial and nucleus DNA stability of cells previously treated with BMOV. Thus, these findings will provide new strategies for implementing V in therapy.




2. Results


2.1. Cell Viability (MTT Assay)


Figure 1A shows the effect of V treatment (as BMOV) on hepatic cells for 32 h. The intermediate doses (0.75 mg/L V and 1.5 mg/L V) significantly decreased cell viability compared with the control cells. The highest dose (3 mg/L V) significantly decreased cell viability compared with all the other groups.



However, no changes were found in cell viability after treating with CuCl2 for 32 h for all the doses studied compared with the control cells (Figure 1B). Moreover, combining both metals (Figure 1C) showed no modification in cell viability compared with the control cells.




2.2. Metal Uptake


The amounts of V and Cu were measured using the inductively coupled plasma mass spectrometry technique (ICP-MS). Treatment with 3 mg/L V (as BMOV) increased the cellular content of V and Cu compared with control cells (Table 1). Moreover, if cells were exposed to 3 mg/L Cu (as CuCl2), it increased the uptake of Cu (Table 1). Furthermore, when cells were exposed to the combination of metals at the same time, the uptake of Cu increased, but less than after the exposure to Cu alone, and the uptake of V was similar to that found after treatment with BMOV alone.




2.3. ND1/ND4 mtDNA Deletion


ND1/ND4 deletion was measured to evaluate the mtDNA status. Control cells and cells treated with 3 mg/L Cu for 32 h showed no significant differences in this parameter. In contrast, cells treated with 3 mg/L V and the combination (3 mg/L Cu–3 mg/L V) showed a significant increase in ND1/ND4 mtDNA deletion compared to control cells and cells treated with 3 mg/L Cu (Figure 2). No significant difference was found between cells treated with 3 mg/L V and cells treated with the combination (3 mg/L Cu–3 mg/L V).



At our experimental conditions, the combined treatment of 3 mg/L Cu–3 mg/L V showed a tendency to reduce ND1/ND4 mtDNA deletion compared to the treatment with BMOV alone (3 mg/L V).




2.4. Comet Assay


The comet assay was conducted to evaluate the nuclear DNA damage (Table 2). The Olivé tail moment (OTM) was the parameter used to compare group differences. Table 2 shows no differences between the cells treated with 3 mg/L Cu and control cells. In contrast, those treated with 3 mg/L V had an OTM value almost 40 times higher than the control cells and the cells treated with 3 mg/L Cu. The cells treated with 3 mg/L V exhibited the highest OTM score. Additionally, the combination of metals (3 mg/L Cu–3 mg/L V) produced an OTM value of 10.3, which was statistically lower than the group treated with 3 mg/L V and statistically higher than both the control group and the group treated with 3 mg/L Cu. Figure 3 shows a representative image for each treatment from the comet assay.





3. Discussion


Firstly, the effect of the addition of the metals studied was assessed using the MTT test, which is widely used to evaluate the impact of chemical compounds and drugs on cell metabolism. The forms of each metal used were the chemical compound with the highest therapeutic potential; BMOV was used for testing the V addition, and CuCl2 was used for Cu. Moreover, a model of hepatic cells (HepG2) was used because the liver is the main organ responsible for metabolism in mammals. This cellular model has been previously used in other studies to evaluate the uptake, biological effect, and toxicity of metallic elements [11,21,22]. However, this cell line exhibits limitations compared with primary hepatocytes, such as low metabolic capacities, i.e., lower expression of some metabolic activities [23].



Under our experimental conditions, the incubation of hepatic cells with different doses of BMOV resulted in a significant decrease in cell viability compared with the control cells (Figure 1A). The significant decrease associated with the highest dose (3 mg/L V) is particularly relevant. These doses of V are similar to those obtained in the plasma of hyperglycemic rats treated with BMOV for 5 weeks [24] and are effective doses for lowering blood glucose levels. In fact, under these conditions, treatment with BMOV reduced hepcidin levels [25], increased intracellular erythropoietin signaling [25], and restored non-iron deficiency anemia [25]. However, the present study reported a toxic effect associated with the incubation with BMOV, which may be related to the prooxidant and pro-inflammatory effects reported in experimental animals [24,26,27]. It could also be related to the hepatotoxicity reported by other authors in experimental animals [28]. Furthermore, the effect of Cu addition was tested, and in this case, an increase in cell viability was observed for all studied doses (Figure 1B). This effect can be associated with the antioxidant capacity of Cu. Thus, the form of SOD located in the cytoplasm and nucleus requires the presence of Cu for its catalytic center to be active [15]. Therefore, an extra supply of Cu will promote the action of SOD and protect cells from potential free radicals, increasing their viability [15].



Subsequently, the effect of both metals on cellular metabolism was evaluated, and in this case, the toxic effect of BMOV was reduced by Cu (Figure 1C). The effect of decreasing BMOV toxicity thanks to supplementation with antioxidant metals has been previously reported. Rivas-García L et al. described that Mn addition (as MnCl2) decreased BMOV toxicity by acting through the mitochondria. It has also been observed that Cu can protect other tissues from toxic effects mediated by other metals, such as aluminum [29].



The cellular uptake activity was monitored to further understand the cellular metabolism of both metals. Both metals could be transported through the cell membrane by the same transporter, DMT1 [19,20]. However, the information available on the capacity of V to modify the expression of the transporter is limited. Similarly, it is unknown whether overexposure to V could alter the functionality of the transporter [19]. Ścibior et al. described that the expression of DMT1 was not modified with V supplementation in the liver of rats, while in other tissues, such as the kidney, it was decreased [12]. Under the present conditions, individual exposure to hepatocytes increased the content of both metals (Table 1). Additionally, BMOV exposure increases the individual content of Cu. Thus, the presence of BMOV mediates the entry of Cu into cells. This same effect has been previously described because BMOV exposure increased the uptake of another antioxidant metal (Mn) [11]. These results are consistent with others in which only increases in Cu have been found in the kidneys of rats treated with V [30]. The co-exposure of hepatocytes to both metals led to repetition in the trends for individual treatments. Thus, when cells were exposed to BMOV and Cu in combination, the intracellular levels of both elements increased without reaching the values observed in individual exposures. In this case, the effect of Cu and BMOV administration was contrary to Mn and BMOV supplementation; in that case, the presence of Mn in the medium facilitated the exit of the other mineral elements [11]. However, in other in vivo studies, treatment with sodium metavanadate decreased the content of Cu in the liver, kidney, and spleen [12]. Furthermore, treatment with sodium metavanadate has also been described to potentially increase the content of Cu in a femur diaphysis [18].



Subsequently, ND1/ND4 deletion of mitochondrial DNA (mtDNA) was studied. ND1 and ND4 are subunits of mtDNA that encode complex I [31], one of the largest and most complicated protein complexes found in mitochondria. Mutations in these genes can lead to mitochondrial diseases, and studies have shown that certain mutations in ND1 and ND4 can cause complex I dysfunction, which can contribute to various health conditions [32]. Therefore, understanding the relationship between ND1/ND4 and complex I is crucial for understanding the complex biology of mitochondria and its role in cellular energy production [33].



The data reported are consistent with previously published findings [11]. Under the present conditions, the treatment with BMOV increased ND1/ND4 deletion in mtDNA (Figure 2), which could be associated with mitochondrial dysfunction, probably caused by the prooxidant damage induced by BMOV. However, treatment with Cu showed no influence on the ND1/ND4 deletion compared with control cells. These results are partially inconsistent with recent publications, which suggest that Cu plays a crucial role in mitochondrial function and signaling, affecting cell fate through metabolic reprogramming involving bioenergetics, dynamics, and mitophagy [14,34].



When the combined treatment was applied, the deletion of ND1/ND4 tended to increase compared with control cells, but to a lesser extent than with V treatment, indicating a corrective effect produced by Cu (Figure 2).



Finally, the impact of these metals on nuclear DNA was evaluated. Thus, the ROS generated by BMOV treatment interacted with nuclear DNA. In addition, the treatment with CuCl2 showed no effect on the nuclear structure. When both metals were added together, the nuclear damage was reduced compared with BMOV treatment alone; this could be associated with the antioxidant activity of Cu.




4. Materials and Methods


4.1. Preparation of Metallic Solutions and Exposure to V and Cu


BMOV was used as the complex of V and CuCl2 as the source of Cu. The preparation of the BMOV complex was extemporaneous. CuCl2 (Sigma Aldrich, St. Louis, MO, USA) was prepared in water to the concentration required. BMOV was synthesized according to the protocol described by Peters, K. et al. [35]. Briefly, the complex was synthesized by adding vanadyl sulfate and ligand to water and adjusting the pH to 9. The stability of the BMOV in the cell culture medium was previously determined [11].



Cells were incubated with BMOV at the following concentrations of V: 0.75, 1.5, and 3 mg/L V. For Cu exposure, cells were incubated with CuCl2 at the following concentrations of Cu: 1, 2, and 3 mg/L Cu. The selection of doses in the present study was calculated based on the serum concentration found in vivo [24,27]. The Cu concentrations correspond to the physiological levels of Cu in the plasma of rats, twofold and threefold. MTT tests were performed at all the proposed concentrations of metals. However, only the highest concentration of each metal and the combination of both metals were used for the metallic uptake, mtDNA deletion, and comet assay. Cells were incubated with the metals for 32 h in all the experiments.




4.2. Cell Conditions


The HepG2 cell line was supplied by the Cell Culture Resource Centre at the University of Granada (Spain). Cells were precultured in 25 cm2 culture flasks (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C using RPMI 1640 medium (Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum and 2 mM glutamine in a humidified atmosphere of 5% CO2. The culture medium for HepG2 was replaced once per day. After the cell density reached approximately 1 × 106 cell/mL, cells were detached with trypsinization using a 0.25% trypsin-EDTA solution (Sigma Aldrich, St. Louis, MO, USA) and collected using centrifugation at 1500 rpm for 5 min. Cell density was determined using a Neubauer chamber.




4.3. MTT Assay


Cell viability was evaluated by assessing the production of formazan by viable cells from a salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT). Briefly, cells were seeded at 1 × 105 cells per mL in 96-well plates (VWR, Radnor, PA, USA) and incubated for 24 h. Then, the media were refreshed, and the appropriate dilutions of each metallic solution were added. After incubation for 32 h, the medium was discarded and replaced with a 0.5 µg/mL solution of MTT (Sigma, St. Louis, MO, USA) prepared in PBS (Phosphate Buffered Saline, Sigma, St. Louis, MO, USA) for 1 h at 37 °C. Then, the MTT was removed, and DMSO was added to solubilize the formed crystals. Last, absorbance values were measured at 555 nm (555–690) using a microplate reader (Agilent Technologies, Winooski, VT, USA). All experiments were performed in triplicate.




4.4. Metal Uptake


HepG2 cells were seeded at 1 × 105 cells/mL in a 25 cm2 cell culture flask. After 24 h, the medium was replaced, and cells were treated with the metallic solutions for 32 h. Then, hepatocytes were washed with PBS and diluted with a basic solution containing ammonium hydroxide, butanol, EDTA, and Triton X-100. The quantification of V and Cu was performed using an ICP-MS instrument (Agilent 7500, Agilent Technologies, Winooski, VT, USA) fitted with a Meinhard type nebulizer (Glass Expansion, Weilburg, Germany) and equipped with a He collision cell. A Milli-Q system (Millipore, Burlington, MA, USA) was used to obtain deionized water (18 MΩ). All reagents (ammonium hydroxide solution, butanol, EDTA, Triton X-100) used were of the highest available purity. A standard solution of 100 μg/L of Li, Mg, Sc, Co, Y, In, Ce, Ba, Pb, Bi, and U in 1% (v/v) HNO3 was prepared from a 1000 mg/L multi-element stock standard solution (Merck, Darmstadt, Germany) and used for daily optimization of the ICP-MS parameters. Single-element standard solutions for ICP-MS containing 1000 μg/mL of V and Cu were also provided by Merck (Merck, Darmstadt, Germany). Calibration curves were prepared using Ga as an internal standard and by diluting stock solutions of 1000 mg/L in 1% HNO3. The accuracy of this method was evaluated by comparing it with the certified reference material SeronormTM Trace Elements Serum (Sero, Billingstad, Norway) and using recovery studies of spiked samples with multi-element standards. The calculated recoveries for each element were between 95% and 105% in all cases. For each element, a mean of five separate determinations of this reference material was used.




4.5. ND1/ND4 mtDNA Deletion


HepG2 cells were exposed to the metallic solutions as described in Section 2.4. Then, ND1/ND4 deletion was measured using the previously proposed methodology [36].




4.6. Comet Aassay


Hepatocytes were allowed to grow until 60% confluence was reached. Subsequently, cell cultures were exposed to the metallic solutions for 32 h. Then, cells were treated with trypsin–EDTA solution (Sigma, St Louis, MO, USA) and centrifuged for pellet collection. Cells were resuspended in 1 mL PBS. Microscope glass slides were pre-coated with 1% normal melting point (NMP) agarose on one side. A total of 30 μL of cell suspension were mixed with 65 μL of low melting point (LMP) agarose solution (final LMP agarose concentration 0.5%). Drops of each agarose-cell suspension were added on each pre-coated slide and placed for 1 h at 4 °C in the lysis solution (containing NaCl 2.225 M, Na2EDTA 88.9 mM, Tris 8.8 mM, NaOH 0.22 M, 10% DMSO, and 1% Triton X-100). Electrophoresis (1 V/cm) was performed for 20 min at 4 °C using an electrophoresis solution (Na2EDTA 1 mM and NaOH 300 mM, pH > 13). The solution on the slide was neutralized in triplicate (5 min every time) with Tris 0.4 M. Ethanol was used for fixation. Finally, the samples were stained with 2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) (1 μg/mL) and analyzed using a fluorescence microscope (Eclipse Ni; Nikon Instruments Europe B.V., Badhoevedorp, The Netherlands). Over 150 nucleoids per sample (50 nucleoids per slide) stained with DAPI were scored using computerized image analysis (CaspLab, University of Wroclaw, Wroclaw, Poland). Cells containing damaged DNA appear like a comet with a bright head and a tail. In contrast, undamaged DNA appears as an intact nucleus with no tail. DNA damage was determined by comparing tail moments among groups.




4.7. Statistical Analysis


Descriptive statistical parameters (means and standard deviations of 8 samples for each experiment) were obtained for each studied variable. The means of independent variables were statistically compared among the groups. All analyses were performed using SPSS 26.0 (SPSS, Chicago, IL, USA). Differences were considered statistically significant at a probability level of <5%.





5. Conclusions


In conclusion, under the experimental conditions of this study, the exposure of HepG2 cells to 3 mg/L V administered as BMOV reduced cell viability, which was caused mainly by the effect of this metal in the damage of DNA on the cellular nucleus and mitochondria. These negative effects could be partially corrected by adding Cu (as CuCl2), which could act mainly by decreasing the damage to nuclear DNA. This positive association between these two metals could mediate the decrease in the toxicity of V and enhance its potential applications in therapy. Nevertheless, further studies are needed to better determine the effects arising from these interactions to establish the role of V as a micronutrient and to reduce its toxic effects.
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Figure 1. Cell viability of HepG2 cells. (A): Cells treated with different doses of BMOV; (B): cells treated with different doses of CuCl2; (C): cells treated with the combination of both metals. * p < 0.05. ns.: nonsignificant. Results are presented as the mean ± SD. 
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Figure 2. ND1/ND4 mtDNA deletion in HepG2 cells treated with metallic solutions for 32 h. * p < 0.05. 
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Figure 3. Comets from HepG2 cells (20x). (A) Control cells; (B) cells treated with 3 mg/L Cu; (C) cells treated with 3 mg/L V; and (D) cells treated with 3 mg/L Cu–3 mg/L V. 
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Table 1. The cellular metal content of HepG2 treated with metallic solutions for 32 h. Data are expressed as mean ± SD. Superscript letters denote significant differences: a: vs. control cells; b: vs. 3 mg V/L; c: vs. 3 mg Cu/L.
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	V (ng/106 Cells)
	Cu (ng/106 Cells)





	Control
	4.8 ± 0.6
	307 ± 110



	3 mg/L V
	50 ± 0.4 a
	503 ± 110 a



	3 mg/L Cu
	4.84 ± 0.4 b
	5340 ± 1551 a,b



	3 mg/L Cu- 3 mg/L V
	42 ± 0.2 a,c
	2255 ± 707 a,b,c
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Table 2. OTM for each group of HepG2 cells treated with the metallic solutions for 32 h. Superscript letters denote significant differences: a: vs. control; b: vs. 3 mg/L V. p < 0.05.
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	Tail Moment Value





	Control
	0



	3 mg/L V
	0



	3 mg/L Cu
	35.6 a



	3 mg/L Cu–3 mg/L V
	10.3 a,b
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