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Abstract

:

Over the last four decades, vanadium compounds have been extensively studied as potential antidiabetic drugs. With the present review, we aim at presenting a general overview of the most promising compounds and the main results obtained with in vivo studies, reported from 1899–2023. The chemistry of vanadium is explored, discussing the importance of the structure and biochemistry of vanadate and the impact of its similarity with phosphate on the antidiabetic effect. The spectroscopic characterization of vanadium compounds is discussed, particularly magnetic resonance methodologies, emphasizing its relevance for understanding species activity, speciation, and interaction with biological membranes. Finally, the most relevant studies regarding the use of vanadium compounds to treat diabetes are summarized, considering both animal models and human clinical trials. An overview of the main hypotheses explaining the biological activity of these compounds is presented, particularly the most accepted pathway involving vanadium interaction with phosphatase and kinase enzymes involved in the insulin signaling cascade. From our point of view, the major discoveries regarding the pharmacological action of this family of compounds are not yet fully understood. Thus, we still believe that vanadium presents the potential to help in metabolic control and the clinical management of diabetes, either as an insulin-like drug or as an insulin adjuvant. We look forward to the next forty years of research in this field, aiming to discover a vanadium compound with the desired therapeutic properties.
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1. Introduction


Discovered in the early XIX century [1], vanadium (V) has garnered significant interest from chemists, geologists, biologists, and biochemists, amongst others [2]. Ranking as the 5th most abundant transition metal in the Earth’s crust, it constitutes approximately 0.014% of the crust’s abundance. Despite its relatively low occurrence, vanadium exhibits widespread distribution and can vary considerably in concentration, with some deposits and freshwater sources containing notably high levels.



Since its discovery, vanadium has played a vital role in metallurgy, with yearly production surpassing 100,000 tons [3]. Its primary application lies in alloy production, particularly as an additive in steel manufacturing. Notably, there is currently no viable substitute for vanadium in aerospace titanium alloys, cementing its importance in this industry. Moreover, its economic significance has been on the rise, attributed to its usage in the emerging field of new-generation vanadium redox flow batteries [4]. Beyond metallurgy, vanadium has proven highly relevant in various scientific research domains, particularly in biomedical and health sciences, where its unique properties are being explored for potential medical applications [5,6,7].



Being ubiquitous in the Earth’s crust, vanadium accumulates and serves diverse functions in organisms such as bacteria, algae, fungi, plantae, and animals [8]. Various enzymes, such as bromoperoxidases in algae, haloperoxidases in macro-algae, nitrogenases in nitrogen-fixing bacteria, and chloroperoxidases in certain fungi, depend on vanadium for their correct functioning [9]. Despite the absence of a specific identified biological role for vanadium, it has also been shown that its deficiency poses a problem in birds, rodents, fish, and lower animals [10].



The essentiality of vanadium in human physiology has been a subject of great debate but remains largely unproven [1,10]. In humans, vanadium deficiency has been reported, while its acute and chronic toxicity has been also extensively documented. The awareness of vanadium’s physiological effects dates to the 1960s [11,12], and although the specific mechanisms mediating its physiological functions remain unknown, researchers have explored its potential application as a source for antitumor, anti-HIV, antituberculosis, and particularly as antidiabetic therapeutics [6]. Herein, we provide an overview of the most relevant studies on antidiabetic action reported from 1899–2023.




2. The Aqueous Chemistry of Vanadium


Vanadium is the third element of the first row of the transition metals and exhibits typical characteristics of early transition metals. It shows a preference for high oxidation states, high coordination numbers, and bonding with “hard”, negatively charged ligands, such as oxygen. In aqueous solutions, the most common oxidation states are +3, +4, and +5, with V(IV) and V(V) being prevalent in biological systems. These oxidation states tend to form oxides represented by the vanadate anion (VO43−) and the vanadyl cation (VO2+). Notably, in the biological milieu, VO43− predominates in the oxidizing environment of the serum and extracellular fluid, while VO2+ appears to be more prevalent in the reducing intracellular environment [13]. At physiological pH values, vanadate exists as an equilibrium between H2VO4− and HVO42− (pKa = 7.8) [14].



Regarding the latter species, it is important to mention that as the solution becomes acidic H2VO4− may undergo further protonation reactions that give rise to a different species, usually represented as the ion VO2+(aq) = [VO2(H2O)4]−, in which the geometry of the vanadium center changes from tetrahedral to pseudo-octahedral. The process is dependent on the pH and vanadium concentration. The protonation constants and redox behavior of this vanadate cation have been thoroughly studied by potentiometry and 51V NMR by Peterson et al. [15]. In acidic and reducing conditions the VO2+(aq) ion may undergo reduction originating the vanadyl ion, VO2+(aq). The equilibrium between the two vanadium cations is also well-established and characterized [15].



The latter equilibrium is particularly important in the discussion of the solution chemistry of vanadium complexes since both cations may undergo hydrolysis and ligand exchange giving rise to a variety of oxovanadium complexes with different coordination numbers, geometry, and nuclearity [16,17].



The biological activity of vanadium is thought to arise from the structural and electronic resemblance between VO43− and phosphate (PO43−) [2,6,9,10]. Both species form tri-anions with a tetrahedral structure, contributing to their functional similarities. VO43− has been identified as an inhibitor of phosphatases, ATPases, and phosphorylases, suggesting its regulatory role in cellular processes. However, a notable distinction arises in the behavior of vanadate at neutral pH values, where it tends to undergo hydrolysis [16].



Inside cells, the vanadyl ion (VO2+) is usually predominant and exists associated with proteins or in its hydrated form ([VO(H2O)5]2+) [13]. At pH values lower than 3, [VO(H2O)5]2+ is stable, while hydroxy-vanadyl species emerge at pH levels above 4 [9]. At neutral pH, the aqueous chemistry is dominated by hydrolysis reaction and the solubility product of hydrolyzed species [VO(HO)2]n [9,16]. However, at physiological concentrations (~30 nM), precipitation is not the prevalent outcome. Instead, both monomeric and dimeric anionic species, namely [VO(OH)3]− and [(VO)2(OH)5]−, coexist, with the latter being more prevalent [9]. At neutral pH, VO2+ tends to undergo oxidation, potentially leading to the formation of VO43−. It is still not clear whether it is the action of the negatively charged [VO(OH)3]− or this propensity for oxidation that explains the ability of vanadyl to inhibit intracellular phosphatases.



Various spectroscopic techniques have been employed for the structural characterization and speciation of vanadium compounds. A comprehensive review of these methodologies can be found in the work of Pessoa et al. [17]. Magnetic resonance spectroscopy, including both Nuclear Magnetic Resonance (NMR) and Electron Paramagnetic Resonance (EPR), has been particularly instrumental in this field [9,17].



V(V) is a diamagnetic species with an electronic configuration of [Ar] 3d0, making it suitable for NMR studies. This can be achieved through more common 13C and 1H NMR studies of compounds directly interacting with the vanadium ion, or alternatively, by directly assessing 51V [2]. 51V possesses a nuclear spin of 7/2 and a natural abundance of 99.76%, making it an excellent NMR probe. Additionally, the chemical shift of 51V can be notably influenced by the coordination sphere around the vanadium atom.



V(IV) is a one-electron radical, characterized by an electron configuration of [Ar] 3d1, and its presence can be observed using EPR techniques. Notably, at room temperature, vanadium exhibits a distinctive 8-line EPR spectrum resulting from the 7/2 nuclear spin of 51V [9].



EPR and 51V NMR are not only useful to structurally characterize V(IV) and V(V) species per se but also to characterize oxidation-reduction processes undergone by vanadium complexes and the study of their interactions with biological membranes.



In order to illustrate the power of using both magnetic resonance techniques in tandem, we will focus on studies performed in our group regarding oxovanadium(IV) complexes of 3-hydroxy-4-pyridinone ligands [18,19,20,21].



In the most recent study [21] we reported EPR and 51V NMR characterization of vanadium(IV/V) species, (Figure 1 and Figure 2), originating from bis(3-hydroxy-4-pyridinonato)oxidovanadium(IV) complexes, including VO(dmpp)2, ((8), Figure 3) in aqueous solution at pH 7.4 (MOPS buffer) under aerobic conditions and in liposome suspensions (POPC), in order to improve solubility and also foreseeing the potential of these systems as delivery vehicles.



Analysis of the EPR spectra of bis(3-hydroxy-4-pyridinonato)oxidovanadium(IV)complexes shows that upon dissolution a single species is present in solution, [VOL2], and that the use of liposome suspensions significantly improves solubility. In the presence of air [VOL2] is oxidized to three species, [VO2L2]−, [VO2L], and V1(H2VO4−) as characterized by the 51V NMR spectra. Also, we studied the systems for three hours following the oxidation process by monitoring both the EPR and NMR spectra of the solutions.



To mimic the potential effect of reducing ligands, present in the cell milieu, on the vanadium (V) species present in solution, we studied the effect of the addition of sodium ascorbate, and we verified that the latter is reduced to the original [VOL2] complex (Figure 2).




3. Antidiabetic Properties of Vanadium


Diabetes mellitus (DM) is classified as a pandemic by the World Health Organization (WHO), and it stands as a major risk factor contributing to the rising mortality rates from non-communicable diseases [22]. The hallmark of diabetes is hyperglycemia, a condition characterized by elevated blood sugar levels. The two main types of this disease arise from either lack or decreased insulin production, known as type 1 diabetes (T1D), or increased resistance to this hormone action, designated as type 2 diabetes [23]. In T1D, the insufficient production of insulin mostly results from β-cell death. Conversely, type 2 diabetes (T2D) arises from increased tissue resistance to insulin action. A significant number of patients ultimately require insulin therapy for the effective management of their condition. However, the increased resistance to insulin therapy among patients is a pressing issue for clinicians.



Until recently, insulin was the only pharmacotherapeutic option for the treatment of T1D, and a variety of insulin formulations (basal and prandial) and modes of administration (syringe, pen, prefilled pen, and pump) are available [24]. Alternative or adjuvant therapies include Pramlintide, an injectable amylin analog, and Teplizumab, a monoclonal antibody that specifically targets immune cells involved in the destruction of β-cells [25,26]. Therapies for T2D patients include several oral agents, with alpha-glucosidase inhibitors, metformin, dopamine-2 agonists, DPP-4 inhibitors, GLP-1 receptor agonists, meglitinides, Sodium-glucose transporter (SGLT) 2 inhibitors, sulfonylureas, and thiazolidinediones being the primary medications used to control diabetes [27,28,29].



The achievement of glycemic control through these treatments has been proven to reduce the complications associated with both types of diabetes. However, the physiology of glucose homeostasis is complex, and the use of insulin and oral agents corrects only part of the underlying pathophysiology of diabetes.



In this context, vanadium has garnered attention as a potential adjuvant therapy for diabetes due to its lack of deleterious effects on normal metabolism. vanadium is ubiquitous and naturally occurring in our organism [10]. It can be absorbed from dietary intake, drinking water, and even inhaled air through the lungs. Once absorbed, vanadium accumulates in most human organs, with approximately 50% being stored in the bones, while substantial reserves can also be found in the liver and spleen [10]. The clearance and residence times of vanadium vary significantly between organs, contributing to its distribution throughout the body, but most of the absorbed vanadium is excreted through the urine or feces, and at homeostatic levels, no toxicity has been reported [1,5].



The effects of vanadium on human metabolism have been recognized almost since its discovery. vanadium was observed to impact cholesterol production, leading to a reduction in blood plasma levels [30,31]. Further, it was described that it affects energy metabolism by inhibiting liver ATP production. A significant breakthrough occurred when vanadium was found to act as an inhibitor of membrane-bound Na+-K+ ATPase activity [32], prompting new research in the field. In 1979, Tollman demonstrated in a series of in vitro systems that vanadium affects glucose metabolism [33]. This was swiftly followed by Dubyak and Kleinzeller’s work showing stimulation of glucose oxidation by vanadyl and vanadate in rat adipocytes [34]. Finally, the seminal work by Heyliger and co-workers showed that sodium vanadate was effective at controlling hyperglycemia in vivo, using the streptozotocin (STZ)-induced diabetes rat model [35].



The described results led to a significant interest in the insulin-mimetic or insulin-like activity of vanadium. Several studies, reviewed below, were carried out initially with vanadium salts and ultimately with vanadium chelates. Vanadium administration was found to alleviate several diabetes-related metabolic changes while offering two advantages over insulin: it is orally active and seems to avoid the risk of hypoglycemia. Nevertheless, vanadium does not fully substitute insulin in any in vivo model of diabetes, and it is better described as having an insulin-enhancing effect.



When considering vanadium compounds as therapeutic agents, it must be highlighted that vanadium is known to be toxic [10,36]. V2O5 is a well-recognized environmental and occupational hazard, being a common source of pulmonary intoxication and ultimately pulmonary fibrosis [5]. Because vanadium accumulates in several organs and promotes oxidative stress, it has been described to have hepatotoxic, nephrotoxic, cardiotoxic, and neurotoxic actions [10]. Although disputed, vanadium is also considered a category 2 carcinogen, with long-term exposure increasing the cellular rate of mutagenesis [37]. However, toxic effects are highly dependent on the vanadium species being presented, as different vanadium compounds will result in different organ accumulation and residence time [1,10]. Additionally, the probability of reaching effective toxic levels through normal dietary intake is very low. Intoxication is only likely to occur from exposure to highly enriched environments, such as those that may be encountered in the metallurgy and petrol industries [2].




4. Vanadium Speciation in Biological Media


Upon absorption in the intestine or lungs, vanadium enters the bloodstream, where its oxidation state may be altered depending on the administered species, oxygen tension, or presence of biological reductants, such as NADH and glutathione, causing interconversion between V(V) or V(IV) forms. Within the blood plasma, vanadium predominantly binds to Serum transferrin (Tf), the systemic iron transporter [14,38,39,40]. Additionally, binding to Human Serum Albumin (HSA) and Immunoglobulins has been observed [41,42,43,44]. Vanadium ions may bind to HSA at the recognized metal ion binding sites or the reduced cysteine residue, while vanadium complexes can interact with HSA non-specifically or at the known drug binding sites [45,46]. Notably, the binding of vanadium to HSA has been reported to enhance the activity of vanadium compounds.



Mechanisms governing the cellular uptake of vanadium exhibit significant variability depending on its speciation within the extracellular environment. Most vanadium is believed to enter cells bound to Tf when vanadium-containing Tf is recognized by the Tf receptor [38]. Vanadium bound to HSA can also be taken up by cells via HSA cell surface receptors [47]. Additionally, vanadium in the blood plasma can be associated with low molecular weight compounds like phosphate, citrate, or lactate [48,49], potentially allowing entry into cells through interactions with their corresponding transporters [1]. Negatively charged vanadium oxides, including HVO42−, might access cells through anion channels such as those used for phosphate and sulfate [50]. Moreover, certain vanadium compounds, like those linked to hydroxypyridinones, could enter cells by passive diffusion through the cell membrane [21,51].



Once inside cells, V(V) is often believed to undergo reduction, primarily by NADH or glutathione, leading to its presence mainly in the V(IV) state as the vanadyl cation. Intracellularly, most vanadium is incorporated into ferritin, the protein responsible for iron storage [40,41]. In addition, a labile and readily exchangeable fraction of intracellular vanadium is associated with phosphate and low molecular weight organic acids [41]. Furthermore, vanadium can interact with phosphate-rich molecules, including ATP and DNA [5,9]. Interestingly, when incorporated into red blood cells, vanadium extensively binds to hemoglobin [41,52].




5. Antidiabetic Effects of Vanadium


5.1. Vanadium Therapy: Studies in Animal Models


The use of vanadium in diabetes treatment has been of scientific interest since 1985 when Heyliger et al. [35] published their first study. In this research, the authors investigated the effects of sodium orthovanadate on STZ-induced diabetic rats. They demonstrated that vanadate administered in drinking water controlled the high blood glucose and prevented the decline in cardiac performance due to diabetes. This discovery triggered a great deal of work demonstrating the beneficial effects of vanadium in the treatment of diabetes and several studies were carried out using vanadate and vanadyl inorganic salts.



One significant effect of vanadate administration is a sustained decrease in blood glucose levels. This suggests that vanadate can improve glucose homeostasis in conditions where there is a lack of insulin production. Additionally, vanadate has been shown to substantially improve glucose homeostasis in hyperinsulinemia insulin-resistant animals, indicating that vanadate may be effective in improving insulin sensitivity and addressing insulin resistance, a common characteristic of T2D [35,53,54,55].



On the other hand, it has been demonstrated that vanadyl compounds can enhance the effectiveness of administered insulin. Since vanadyl sulfate was reported to be 6–10 times less toxic than vanadate, this vanadium form was extensively investigated for its insulin-like effects. Vanadyl derivatives have shown partial correction of pancreas alterations, suggesting a potential beneficial effect on the insulin-producing cells in the pancreas [56,57,58,59].



In vivo, at low doses, vanadate and vanadyl have been shown to repeatedly counteract both the hyperglycemia and hyperlipidemia of diabetes, T1D and T2D diabetic animal models. Finally, the long-term effects of vanadyl treatment on glucose homeostasis have been observed even after the cessation of treatment, indicating a sustained benefit [60].



While these findings are promising, there are some potential toxic effects associated with vanadium salts [61,62,63,64,65,66]. Experiments have been conducted to address the challenges associated with the continuous administration of vanadium compounds and the subsequent accumulation in tissues, which can lead to significant side effects. To mitigate these issues, researchers have explored the use of vanadium compounds in the form of metal ion chelates. The administration of vanadium as a coordinated complex should help to overcome gastrointestinal side effects and enhance vanadium absorption through the gut. McNeill and co-workers performed animal studies with one of the first organic vanadium complexes, bis(maltolato)oxovanadium(IV), BMOV ((1), Figure 3) [67,68,69]. They demonstrated that this compound effectively produced glucose-lowering effects at a significantly lower dose than previously used for inorganic vanadium salts, without any apparent toxicity. The effectiveness of bis(ethylmaltolato)oxovanadium(IV), BEOV ((2), Figure 3) and bis(isopropylmaltolato)oxovanadium(IV), BIOV ((3), Figure 3) complexes have also been reported [70,71].



These compounds exhibit potential as hypoglycemic agents, indicating their capability to reduce blood glucose levels. Moreover, they have demonstrated enhanced potency and efficacy when compared to vanadyl sulfate in glucose-lowering ability; however, this effect was not correlated with blood vanadium levels.



Other strategies to reduce vanadium toxicity included the synthesis of ligands containing a pyrone skeleton as a coordination motif and an antioxidative group derived from natural antioxidants. The antidiabetic effects of bis((5-hydroxy-4-oxo-4H-pyran-2-yl)methyl 2-hydroxybenzoatato)oxovanadium (IV) (BSOV) ((4), Figure 3) were evaluated using STZ-induced diabetic rats. In comparison to BMOV, used as a positive control, BSOV demonstrated remarkable results. It effectively reduced blood glucose levels, ameliorated hepatic and renal damage in diabetic rats, and improved lipid metabolism [72].



Oral administration of bis ((5-hydroxy-4-oxo-4H-pyran-2-yl)methyl benzoatato)oxovanadium (IV) (BBOV) ((5), Figure 3) restored the blood glucose to normal levels and ameliorated glucose tolerance in 4 weeks treatment on streptozotocin (STZ)-induced diabetic rats [73].



There has been a significant advancement in the potential application of vanadium compounds with pharmacological properties through the development of new vanadium(V) and (IV) complexes with various organic ligands. The primary objective was to improve the absorption, tissue uptake, and intracellular behavior of vanadium compounds, ultimately leading to a reduction in the required dosage for achieving optimal effects. Numerous ligands have been synthesized for coordinating with vanadyl due to its lower toxicity compared to vanadate. Additionally, vanadyl has a higher affinity for blood and cell membrane transporters, along with lower residence time in the body and increased renal clearance. Furthermore, it forms more stable bonds with organic ligands and consistently demonstrates antidiabetic effects [5].



Bis(allixinato) oxovanadium(IV) ((6), Figure 3) is another complex with VO(O4) coordination mode, which is a potent agent that has been shown to improve hyperglycemia not only in STZ mice but also in obesity-linked KKAytype-2 diabetic mice model. This complex incorporates allixin, a garlic component known for its remarkable in vitro insulin-mimetic activity, demonstrated by its ability to inhibit free fatty acid (FFA) release and enhance glucose uptake in isolated rat adipocytes. These authors believe that the lipophilicity of this vanadyl complex plays a crucial role in its insulin-mimetic properties [74,75].



Other interesting candidate complexes of vanadyl, with ligands such as hydroxypyridinone derivatives ((7), (8), and (9)), Figure 3), have been prepared and insulin-mimetic activities have been demonstrated. In vitro studies, using FFA release from isolated rat adipocytes show that all these complexes have an inhibitory effect on FFA release and that complex ((7), Figure 3) has significantly better insulin-mimetic activity than vanadyl sulfate [20,76].



In a study conducted on 7-week-old Zucker lean and Zucker fatty rats, promising findings were observed concerning the effects of VO(dmpp)2 ((8), Figure 3). The results demonstrated that VO(dmpp)2 shows potential in restoring normal glucose and lipid metabolism in Zucker fatty rats. These findings suggest that VO(dmpp)2 could be a potential therapeutic agent to address metabolic imbalances associated with Zucker fatty rats [77]. Remarkably, this restoration led to a reversal of several pathological pre-diabetic indicators in these rats. Specifically, the treatment with VO(dmpp)2 resulted in a significant reduction in body weight gain, subcutaneous fat thickness, high triglyceride (HTG) content, and insulin resistance. These results highlight the therapeutic potential of VO(dmpp)2 in addressing the metabolic disturbances associated with pre-diabetic conditions in this animal model. VO(dmpp)2 treatment in the T2D GK rats significantly decreases hyperglycemia and improves glucose intolerance acting on key proteins of the insulin pathway, thus confirming the anti-diabetic properties of this vanadium compound which may be a promising therapy for diabetes [78].



Some findings have emerged from research on bidentate ligand complexes of acetylacetonate, particularly VO(acac)2, ((10), Figure 3), and its 3-alkyl-acetylacetonate analogs [79,80].



VO(acac)2, when administered orally or injected, showed a sustained reduction in glycemic levels lasting up to 5 days in STZ-diabetic rats. This compound’s prolonged effect is ascribed to its stability and ability to interact with serum albumin, which significantly extends its presence in the bloodstream. The enhanced blood residence time of VO(acac)2 contributes to its long-lasting therapeutic impact, making it a promising candidate for managing diabetic conditions [81].



Vanadium dipicolinate complexes ((11), Figure 3) have been the subject of significant research work (reviewed in [82]). The advantage of these complexes, like hydroxypyridinones, lies in their various analogs, which offer an excellent opportunity to explore the structure-activity relationship concerning their anti-diabetic properties. Among these analogs, bis(6-methylpicolinato)oxovanadium(IV), ((12), Figure 3) and bis(5-iodopicolinato)oxovanadium(IV) ((13), Figure 3) have demonstrated enhanced in vitro insulin-mimetic activity and greater efficacy in reducing blood glucose levels in STZ-induced diabetic rats [83].



Bis(pyrrolidine-N-carbodithioato)oxovanadium(IV) [VO(pyd)2] complex, ((14), Figure 3) was found to be the most effective among the prepared complexes with the VO(S4) coordination mode, being dose-dependent in the in vitro model and also in treating type 1 STZ-rats by both daily intraperitoneal injections (i. p.) and oral administration [84,85,86].



Bis(1-oxy-2-pyridinethiolato)oxovanadium(IV) VO(opt)2 complex, ((15), Figure 3) with the VO(S2O2) coordination mode exhibited strong insulin-mimetic activity in a dose-dependent manner in an in vitro system and normalized the blood glucose levels in STZ-rats when given daily injections or oral administrations [87,88].



Moreover, the VO(opt)2 complex was tested in ob/ob mice, an animal model for obese T2D. During a 15-day oral treatment with the complex, there was a clear dose-dependent reduction in glucose, insulin, and triglyceride levels in the bloodstream of these mice [89].



The interest in this type of complexes has increased, as shown by the growing number of publications since 2009 [90], and several complexes of vanadium with potential for the treatment of DM have been developed and tested in animal models showing similar effects, but less toxic features or non-observable adverse effects. Vanadium(IV)-diamine complex, shows hypoglycemic activity and a reduction in testicular atrophy [91]; [Bis(2,2,6,6-tetra methyl-3,5-heptanedione)(imidazol)oxovanadium(IV)], VO(BHED) ((16), Figure 3) reduces serum glucose levels in animals and behave as inhibitors to suppress the overexpression of PTP-1B enzyme. [Bis(2,2,6,6-tetra methyl-3,5-heptanedione)(imidazol)oxovanadium(IV)], 4-imi, ((17), Figure 3) reduces serum glucose levels in animals and behave as inhibitors to suppress the overexpression of PTP-1B enzyme [92]. The compound N,N’-1,3-propyl-bis(salicyladimine)]oxovanadium (IV), (BPOV) ((18), Figure 3) has demonstrated promising insulin-enhancing and antidiabetic properties [93].



Vanadium(IV) complexes of Schiff bases, derived from acetohydrazide, ((19), Figure 3), (HL1-3) or 4-aminoantipyrine (HL4-7), ((20) and (21), Figure 3), have been prepared and in vivo effects of vanadium complexes were studied using STZ-induced diabetes model in rats. Results revealed that the oral management of vanadium complexes significantly reduced the blood glucose level in rats suffering from diabetes [94].



Oxidation states V(III) and V(V) have also been explored for the insulin-mimetic properties of their complexes. An interesting study was conducted to investigate if the chemical valence and anti-oxidation effects of vanadium compounds are involved in the antidiabetic effects observed in STZ-induced diabetic rats treated with different vanadium compounds. Oral administration of various organic V(III, IV, V) compounds with dipicolinate (dipic), and (dipic-Cl), ((22), (23), (24), Figure 3) showed that the V(V) compound appears to be more effective than V(III) and V(IV) oxidation states, at lowering high blood glucose in STZ-induced diabetic rats, in contrast to previous studies in which the V(IV)−maltol complex, (BMOV) was the most effective [95,96].



A series of oxovanadium complexes prepared with triazole derivatives with hydroxybenzyl moieties has also shown promising insulin-like activity, reducing glycemic levels and controlling cholesterol and triglycerides in the BALB/c mice model of type 2 diabetes [97].




5.2. Vanadium Therapy: Studies in Humans


Human clinical studies with vanadium compounds for the management of diabetes started in the 1990s, following the promising results obtained with rodent diabetes models.



Clinical trials in humans are usually classified as Phase 1, 2, or 3. In the first type, the new drugs are administered in healthy humans to evaluate the eventual toxic effects. According to the toxicity, then the investigation can move on to Phase 2 clinical trials aiming to determine the effective dosage. In the following step, the treatment is administered to patients suffering from a specific medical condition. In the end, results are shared with the competent agencies, for approval for commercialization to humans [98].



Despite these classifications, the existent studies considering the use of vanadium to treat diabetes do not always satisfy the common requirements. Smith et al. [99] published a review paper summarizing the evaluation of the antidiabetic activity of vanadium in T2D patients in which it has been demonstrated that the relevance of the obtained results is ambiguous due to the study design. The original criteria for the review considered studies as valid when including placebo-controlled trials, an oral dose of vanadyl sulfate between 30–150 mg daily, at least two months of treatment, and with a minimum of 10 diabetic patients. Amongst the various listed investigations, only 5 works were considered valid by the authors’ criteria [58,100,101,102,103]. In general, these studies presented a small sample size and short treatment durations, and, therefore, vanadium cannot be easily recommended as antidiabetic therapy based on these studies. Nowadays, FDA (Food and Drug Administration) agency guidelines require a randomized, placebo-controlled trial with the treatment of oral vanadium compounds, considering at least 2 months and 10 diabetic patients per study [98].



Nevertheless, the first report on the use of vanadium salts for the treatment of diabetes dates from 1899 [104]. During some months, the authors first tried the administration of sodium metavanadate on themselves and after this on a group of 60 patients, including 3 diabetics. This study was considered as a “Phase 0” clinical trial due to its preliminary nature and results suggested some lowering on glucose levels without adverse effects.



Of the most systematic experiments, the study developed by Cohen and colleagues in 1995 was the [100] first clinical trial using simple inorganic vanadium compounds to treat diabetic individuals, in this case, vanadyl sulfate. The drug was orally administered (50–125 mg/day), for 2 to 4 weeks. Results have shown improved plasma glucose levels and daily insulin requirements. In T2D subjects, it was verified an increase in insulin sensitivity, and a reduction in plasma glucose levels and glycosylated hemoglobin (HbA1c). The main side effects were gastrointestinal intolerance, mainly nausea and mild diarrhea, in some of the patients. These studies were sustained for up to 2 weeks after the end of administration of the compound.



In the same year, Goldfine and co-workers also published a study in which a different inorganic vanadium compound, sodium metavanadate was orally given to insulin-dependent diabetes mellitus (IDDM) patients and non-insulin-dependent diabetes mellitus (NIDDM) in a dosage of 125 mg/day for 2 weeks. It was found that the vanadium administration conducted a decrease in cholesterol levels in both groups as well as an improvement in insulin sensitivity in NIDDM patients [105]. However, some patients experienced mild gastrointestinal symptoms as those described in the study performed by Cohen.



In 1996, a study performed by Halberstam et al. [102] at the Albert Einstein College of Medicine, inspected the effects of oral vanadyl sulfate (100 mg/day) in NIDDM patients and non-diabetic subjects, considering the administration of 2 weeks of placebo and 3 weeks of the vanadium compound. The plasma glucose remained unchanged in non-diabetic patients, and fasting plasma glucose and HbAlc decreased in NIDDM patients. Only minor gastrointestinal discomfort and stool discoloration have been reported as side effects.



In the same year, Boden and colleagues [101] designed an investigation comprising the oral administration of 50 mg of vanadyl sulfate twice daily for 4 weeks in NIDDM patients, followed by more than 4 weeks in which patients were treated with a placebo. The results evidenced the decreased fasting plasma glucose levels during vanadyl administration, as well as during the administration of a placebo. Similarly, some side effects such as diarrhea, flatulence, slight nausea, and abdominal cramps were observed.



Later in 2001, Cusi and colleagues studied the effect of vanadyl sulfate (150 mg/day) in T2D over a period of 6 weeks and the authors verified a significantly improved glycemic control, indicated by a decrease in fasting plasma glucose and HbAlc levels. The treatment was well tolerated, with minor side effects, mainly related to the gastrointestinal tract as found in the previous clinical trials [58].



In between, some other relevant studies have been reported such as the one performed by the Goldfine/Kahn team in 2000 [103]. Herein, vanadyl sulfate was orally administered for 6 weeks in T2D patients and investigations found a decrease in the fasting blood glucose as well as in HbA1c. Moreover, the treatment significantly increased some insulin-mediated activation of insulin receptors, like IRS-1 protein kinase and PI3K, without increasing insulin secretion. Once again, some gastrointestinal intolerance has been verified. The authors concluded that the treatment was apparently well tolerated but they also stated that the long-term safety of administration of this compound has not been assessed.



Another study [106] has shown that a randomized placebo-controlled clinical trial involving a total of forty subjects in which sodium monovanadate (100 mg/day) was administered to T2D patients over 6 weeks conducted to a reduction in fasting blood glucose, HbA1C, total cholesterol, and low-density lipoproteins.



Later, Jacques-Camarena and co-workers [107] investigated the effect on insulin sensitivity and results showed that the administration of vanadyl sulfate for 4 weeks (50 mg twice/day) did not modify insulin sensitivity, but increased triglyceride concentrations in obese T2D patients with impaired glucose tolerance compared with the placebo group. The undesired effects reported were nausea, abdominal pain, and diarrhea, but with low relevance since it was verified for only one patient with a previous history of intestinal disorders.



In addition to the inorganic salts of vanadium tested, organic forms comprising chelating units have also been investigated in human subjects. Of this, and as previously described for studies using rodents, the most representative family is hydroxypyridinone ligands, particularly, 3- hydroxy-4-pyridinones. In comparison with animal tests, the doses are lower, and thus slightly antidiabetic activity was observed (reviewed in [5]).



BEOV ((2), Figure 3) was the vanadium complex selected for the first clinical trials, which completed Phase I and then advanced to Phase II studies. This compound is structurally related to BMOV ((1), Figure 3) which was first reported by McNeill and Orvig and tested in animals as described above [67]. BEOV is the ethylmaltol analog of BMOV and was selected based on its better performance in the structure-activity relationship investigations carried out with a set of other maltol-derived vanadium complexes [108].



In the first set of experiments, the complex was tested in single doses (10–90 mg) orally given to 40 non-diabetic subjects, and no side effects were described. Vanadyl sulfate has been tested as a control and studies revealed that the bioavailability of vanadium from BEOV was three times higher than from the inorganic salt tested. No adverse health effects were observed, and blood parameters also remained within normal values throughout the study. Then, in Phase II trials, the safety and efficacy of 20 mg/day were evaluated for 28 days in T2D individuals, followed by 14 days without therapy. Results have shown a decrease in fasting blood glucose when compared to placebo subjects [108,109].



However, the clinical studies conducted by Akesis Pharmaceuticals Inc., finished in 2009. The company announced that upon three months of preclinical safety studies, some renal problems have been described thus compromising the use of the complex for antidiabetic purposes (reviewed in [90,110]).



A few years later, another study assessed the long-term efficacy and safety of oral vanadyl sulfate in T1D patients. Firstly 80–120 mg/day was given for 2–5 weeks and then a higher dose (225–300 mg/day) was administered for 30 months. Results have shown that the fasting blood glucose and insulin requirement of the patients was significantly reduced, without major side effects, except for some mild diarrhea episodes at the beginning of treatment. The study pointed out the effectiveness and long-term safety of vanadium administration in T1D patients [111].



In the same year, Willsky et al. [112] continued the investigations to obtain insight into vanadium pharmacokinetics and biodistribution. Vanadyl sulfate (25–100 mg/day) was orally administered for 6 weeks to T2D patients and elemental V was then determined in serum, blood, and urine. Authors concluded that vanadium pools other than total serum vanadium were probably related to its insulin-like activity thus pointing out the need for further investigations on the coordination chemistry of metabolites and interaction of proteins with vanadium chelates.



Very recently, a randomized, double-blind, placebo-controlled clinical trial was reported in which the IRS-1 regulation and the clinical responses upon the administration of vanadium-enriched yeast supplementation in 44 obese T2D patients were investigated for 12 weeks [113]. The supplementation contained vanadium pentoxide (0.9 mg/day) and the results demonstrated that their fasting blood glucose and HbA1c decreased, while their insulin sensitivity increased.



Overall, although the effects of vanadium, both considering inorganic salts or ligand-based coordination complexes, are well supported, there are relatively few studies on human patients with positive results, and they are generally short-lived. (Table 1). Therefore, vanadium administration for the treatment of human diabetes remains relatively limited, and major improvements and novel strategies must be taken into consideration to reach the desired long-term antidiabetic activity without compromising the safety of the treatment.



An overview of the most relevant studies on humans regarding the use of vanadium compounds to treat diabetes is depicted in Figure 4. The timeline shows that despite the great findings reported, in almost 125 years it was not possible to find a lead compound with applicability in clinics. This fact is critical in a drug discovery pipeline and points out the challenges that these types of compounds offer when considered in an industrial-scale study.





6. Insights on Vanadium Mechanism of Action in Glucose Homeostasis


In the last years, different studies have been conducted to obtain insights into the mechanism of the antidiabetic action of vanadium compounds. Several hypotheses have been formulated, comprising enzyme (de)activation, redox reactions, and membrane alterations (Figure 5). Nevertheless, the most accepted mechanism relates to the inhibition of tyrosine kinases and phosphatases [114,115,116], particularly protein tyrosine phosphatase 1B (PTP-1B) in the insulin signaling cascade. But firstly, it is important to understand the insulin signaling pathway.



Insulin is one of the most fundamental hormones as it regulates glucose homeostasis. When blood glucose levels rise after absorption of sugars through the intestinal tract, the pancreatic β-cells increase insulin secretion [117]. Then, a signaling cascade is initiated in the insulin receptors (IR) which are present in the membrane of many cells, such as hepatocytes and adipocytes. Glucose diffuses through the cell by the glucose transporter 4 (GLUT4), and an upregulation of protein synthesis and glycogenesis occurs in striated muscle cells, as well as of lipogenesis in adipocytes and hepatocytes, while a downregulation of gluconeogenesis is verified in hepatocytes [117,118].



Upon the binding of insulin to the insulin receptor (IR) alpha units, autophosphorylation of the beta-units tyrosine residues occurs, which allows the binding of the insulin receptor substrate (IRS-1) which is phosphorylated and activated.



IRS-1 then binds to the p85 subunit of phosphoinositide 3-kinase (PI3K), activating it and causing its catalytic p110 subunit to phosphorylate phosphatidylinositol biphosphate (PIP2) into triphosphate (PIP3). In turn, PIP3 activates phosphatidylinositol-dependent kinase (PDK1) which then phosphorylates protein kinase B (PKB/Akt), among others (reviewed in [119]). PKB is then central for the translocation of GLUT4 vesicles, the activation of glycogen synthase (GS), and the activation of ATP citrate lyase (fatty acid synthesis). It also activates mTORC1, promoting protein synthesis and cell growth and proliferation, and activates SIK2, inhibiting gluconeogenesis. Afterward, IR is dephosphorylated by PTP-1B at the beta subunits of tyrosine residues and this event blocks IRS-1 binding and interrupts the signaling cascade. When insulin concentration is low, the auto-phosphorylation rate of IR drops, while PTP-1B activity is not directly affected by insulin. IR signaling is, in this way, dynamically regulated (reviewed in [118]). The activity of PTP-1B is one of the main negative regulators of IR signaling, decreasing its phosphorylation, and the over-expression of PTP-1B has been related to the development of insulin resistance. Therefore, the use of PTP-1B inhibitors holds the potential to improve the sensitivity of the insulin receptor and ameliorate insulin resistance [120].



Many investigations regarding vanadium antidiabetic activity support the hypothesis that the already mentioned inhibition of protein tyrosine phosphatases by vanadium compounds is due to the vanadate-phosphate analogy. The structural similarity of vanadate to phosphate [121] allows its binding to tyrosine residues of PTP-1B; however, this binding is more stable than normal phosphorylation, irreversibly deactivating PTP-1B. Since vanadium suppresses the dephosphorylation of tyrosine residues of the β-subunit of insulin receptors [122], the IR, therefore, stays phosphorylated even when insulin levels decrease, and the signaling cascade is maintained, increasing sensitivity to insulin.



For this reason, some authors argue that vanadium is not so much an insulin-mimetic, but more a signal modulator or insulin enhancer, for without the simultaneous activation of the IR by insulin the signal transduction would be insufficient.



The inhibition of PTP-1B by vanadium results also in the phosphorylation of IRS-1, leading to the activation of PI3K [90,123], which in turn increases the number of GLUT4 transporters and thus their translocation [124]. This pathway was confirmed for example for BMOV [125] and VO(dmpp)2 [78] in which VO complexes inhibit PTP-1B and activate phosphatidylinositol3-kinase/Akt signaling by stimulating tyrosine phosphorylation of IR and IRS-1 (reviewed in [5,119]).



Srivastava et al. [126] reviewed the mode of action of BMOV and emphasized the participation of this complex in the induction of phosphorylation of PKB, glycogen synthase kinase-3 (GSK-3), and forkhead box protein 1 (FOXO1) thus contributing to the glucoregulatory responses. Due to the activation of the PI3K pathway, the PKB is phosphorylated, and downstream targets are ultimately activated leading to the regulation of glucose transport gluconeogenesis, and glycogen synthesis.



Of note, in the past some studies mentioned that the antidiabetic effects of vanadate are independent of the IR and IRS-1 phosphorylation [127] but later, further investigations demonstrated that vanadium compounds trigger insulin signaling, involving amongst others, the activation of IRS-1 [128].



Another study suggests that vanadium can also inhibit PTP-1B, thus increasing the activity of insulin-like growth factors, and therefore stimulating the production of GLUT4 transporters [129], increasing the biosynthesis of glycogen [130], and decreasing gluconeogenesis, through the blocking of phosphoenol pyruvate carboxykinase (PEPCK) [131] and G6P [132], and inhibition of lipolytic pathways [133].



Recently, a clinical trial in obese T2D patients has shown that vanadium pentoxide allowed the regulation of different insulin signaling cascade players, particularly PTP-1B, mitogen-activated protein kinase (MAPK), and nuclear factor kappa B (NFƘB) gene expression levels [113].



It is reported that vanadium can activate PKB (reviewed in [90]) but in opposition, it was also reported that vanadium can inhibit different enzymes, such as phosphodiesterases [134,135] and phosphoglucomutase [116,136]. As an example, it was found that vanadium impacts insulin resistance and improves glucose uptake by altering the nitric oxide (NO)/cGMP/protein kinase (PKG) signaling pathway through the inhibition of phosphodiesterases [134].



Vanadium has also been shown to deactivate various other phosphatases by coordination with their active centers, as for SHP-1, SHP-2, and the PTP associated with insulin-like growth factor receptor (IGF-IR), which may potentiate its antidiabetic effect but also causes concerns regarding its specificity of action [6]. Also, it has been described that vanadium can activate glucose-6-phosphate dehydrogenase in mammalian cells as well as vanadate compounds activate the tyrosine kinases p56Ick and p59fyn [137,138].



Another proposed mechanism for the antidiabetic action of vanadium is based on the eventual ROS and RNS (reactive oxygen and nitrogen species, respectively) produced in V metabolism [139,140,141]. The free radicals produced can also inhibit PTP-1B by oxidatively targeting the Cys residue present in this protein (reviewed in [142]). Crans and colleagues pointed out the relevance of coordination chemistry and redox chemistry, particularly the vanadium oxidation state (3, 4, or 5) in different vanadium complexes on their antidiabetic activity [82]. It has also been reported that some vanadium forms can bind to the oxygen atoms of the Tyr side groups thus leading to redox reactions, therefore probably modifying some proteins in the insulin signaling cascade, namely PTP-1B through these redox processes [143].



In addition, Crans and colleagues found that the interaction of vanadium with cell membranes results in the stabilization of vanadium complexes and conduces to alterations in membrane proteins that may be relevant for the anti-diabetic effect, impacting the uptake and action of the vanadium compounds [51,144]. Particularly, the authors have shown that BMOV decreases lipid order while increasing the association of IR in specialized nanoscale membrane microdomains. It was suggested that the observed antidiabetic effect may be mainly caused by these modifications in the lipid order of the cell surface rather than due to the direct interaction of vanadium with the IR [145].



Overall, these findings pointed out that vanadium can participate in numerous biological processes, particularly by interacting with several membrane and cytosolic proteins, which may be relevant for its both beneficial and potential adverse effects [6]. The most relevant mechanisms of action attributed to vanadium antidiabetic activity are summarized in Figure 5.



Since it is well documented the activity of vanadium on PTP-1B inhibition, this interaction may be considered a promising target for antidiabetic drug discovery. Moreover, it is described that PTP-1B is overexpressed in diabetic and obese patients, suggesting the interesting use of inhibitors in the treatment of diabetes and obesity. Despite the well-demonstrated effect of many PTP-1B inhibitors, particularly for vanadium, there is no clinically used drug for this purpose, which represents a great opportunity for vanadium compounds in the treatment of such metabolic diseases [146].




7. Conclusions and Future Perspectives


Clinical trials with vanadium compounds have encountered significant challenges and limitations. Despite promising results, these trials do not comply with current FDA regulations. The studies often had outdated designs, and most included a limited number of subjects or were carried out in a short time. Additionally, the formulation of these compounds as potential drugs received inadequate attention, leading to concerns about the low bioavailability presented in those studies.



A consensus among researchers is that increasing the bioavailability of these compounds could significantly strengthen their effectiveness. Reinvestigation of vanadium compounds would presumably require some improvements in compound design or delivery systems to enhance its efficacy. And, with our current knowledge of vanadium biochemistry, it is most likely that different forms of vanadium and vanadium compound formulations would be chosen for human studies.



Additionally, vanadium’s known toxicity, especially in certain forms, must be considered and further research is needed to better understand its safety profile and optimal therapeutic use. While toxicity from normal dietary intake is minimal, it is regarded as a hazard in highly enriched environments, such as metallurgy industrial settings.



The mechanism of the antidiabetic action of vanadium compounds is a complex and multifaceted process involving several pathways in insulin signaling and glucose homeostasis regulation, that is not fully understood. One of the most accepted mechanisms of vanadium’s antidiabetic action centers around the inhibition of protein tyrosine phosphatase 1B (PTP-1B), a critical regulator in the insulin signaling cascade. Despite these promising insights into vanadium’s potential as an antidiabetic agent and its targeting of PTP-1B inhibition, there is currently no clinically used drug employing vanadium for this purpose. Additionally, vanadium’s interaction with cell membranes and membrane proteins may alter lipid order and affect the organization of insulin receptors in specialized membrane microdomains, potentially playing a role in its antidiabetic effects.



In conclusion, the search for alternative treatments and therapeutic adjuvants remains critical to improving the management of diabetes and reducing its impact on global health. From our perspective, deep insights into the pharmacological effects of vanadium compounds remain incompletely understood. Consequently, we maintain the view that there is still a substantial amount of research to be carried out in this area. The multifaceted mechanisms of action of vanadium compounds present a rich area of research and development in the pursuit of effective treatments for diabetes and obesity. More studies and clinical trials are needed to fully harness the potential of vanadium compounds in treating these metabolic disorders.







Author Contributions


Conceptualization, A.M.N.S. and M.R.; writing—original draft preparation, L.M.P.F.A., T.M., A.M.N.S. and M.R.; writing—review and editing, L.M.P.F.A., T.M., A.M.N.S. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This work received financial support from PT national funds (FCT/MCTES, Fundação para a Ciência e Tecnologia and Ministério da Ciência, Tecnologia e Ensino Superior) through the projects UIDB/50006/2020; UIDP/50006/2020. L.M.P.F. Amaral thanks FCT/MCTES for her contract under Stimulus of Scientific Employment 2018 (CEECIND/03202/2018).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Treviño, S.; Díaz, A.; Sánchez-Lara, E.; Sanchez-Gaytan, B.L.; Perez-Aguilar, J.M.; González-Vergara, E. Vanadium in Biological Action: Chemical, Pharmacological Aspects, and Metabolic Implications in Diabetes Mellitus. Biol. Trace Elem. Res. 2019, 188, 68–98. [Google Scholar] [CrossRef] [PubMed]

	



Tracey, A.S.; Willsky, G.R.; Takeuchi, E.S. Vanadium: Chemistry, Biochemistry, Pharmacology and Practical Applications; CRC Press: Boca Raton, FL, USA, 2007. [Google Scholar]

	



Polyak, D.E. Vanadium Statistics and Information; Survey, U.S.G., Ed.; National Minerals Information Center: Reston, VA, USA, 2023. [Google Scholar]

	



Lourenssen, K.; Williams, J.; Ahmadpour, F.; Clemmer, R.; Tasnim, S. Vanadium redox flow batteries: A comprehensive review. J. Energy Storage 2019, 25, 100844. [Google Scholar] [CrossRef]

	



Pessoa, J.C.; Etcheverry, S.; Gambino, D. Vanadium compounds in medicine. Coord. Chem. Rev. 2015, 301–302, 24–48. [Google Scholar] [CrossRef] [PubMed]

	



Rehder, D. The potentiality of vanadium in medicinal applications. Inorg. Chim. Acta 2020, 504, 119445. [Google Scholar] [CrossRef]

	



Hashmi, K.; Satya; Gupta, S.; Siddique, A.; Khan, T.; Joshi, S. Medicinal applications of vanadium complexes with Schiff bases. J. Trace Elem. Med. Biol. 2023, 79, 127245. [Google Scholar] [CrossRef] [PubMed]

	



Rehder, D. The role of vanadium in biology. Metallomics 2015, 7, 730–742. [Google Scholar] [CrossRef] [PubMed]

	



Crans, D.C.; Smee, J.J.; Gaidamauskas, E.; Yang, L. The Chemistry and Biochemistry of Vanadium and the Biological Activities Exerted by Vanadium Compounds. Chem. Rev. 2004, 104, 849–902. [Google Scholar] [CrossRef] [PubMed]

	



Ścibior, A.; Pietrzyk, Ł.; Plewa, Z.; Skiba, A. Vanadium: Risks and possible benefits in the light of a comprehensive overview of its pharmacotoxicological mechanisms and multi-applications with a summary of further research trends. J. Trace Elem. Med. Biol. 2020, 61, 126508. [Google Scholar] [CrossRef]

	



Dimond, E.G.; Caravaca, J.; Benchimol, A. Vanadium: Excretion, Toxicity, Lipid Effect in Man. Am. J. Clin. Nutr. 1963, 12, 49–53. [Google Scholar] [CrossRef]

	



Schroeder, H.A.; Balassa, J.J.; Tipton, I.H. Abnormal trace metals in man—Vanadium. J. Chronic Dis. 1963, 16, 1047–1071. [Google Scholar] [CrossRef]

	



Rehder, D. The coordination chemistry of vanadium as related to its biological functions. Coord. Chem. Rev. 1999, 182, 297–322. [Google Scholar] [CrossRef]

	



Chasteen, N.D. Vanadium in Biological Systems: Physiology and Biochemistry; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1990. [Google Scholar]

	



Pettersson, L.; Hedman, B.; Nenner, A.-M.; Andersson, I. Multicomponent Polyanions. 36. Hydrolysis and Redox Equilibria of the H+–HVO42− System in 0.6 M Na(Cl). A Complementary Potentiometric and 51V NMR Study at Low Vanadium Concentrations in Acid Solution. Acta Chem. Scand. 1985, 39, 499–506. [Google Scholar] [CrossRef]

	



Pessoa, J.C.; Correia, I. Misinterpretations in Evaluating Interactions of Vanadium Complexes with Proteins and Other Biological Targets. Inorganics 2021, 9, 17. [Google Scholar] [CrossRef]

	



Pessoa, J.C.; Santos, M.F.A.; Correia, I.; Sanna, D.; Sciortino, G.; Garribba, E. Binding of vanadium ions and complexes to proteins and enzymes in aqueous solution. Coord. Chem. Rev. 2021, 449, 214192. [Google Scholar] [CrossRef]

	



Castro MM, C.A.; Avecilla, F.; Geraldes, C.F.G.C.; de Castro, B.; Rangel, M. Study of the oxidation products of the VO(dmpp)2 complex in aqueous solution under aerobic conditions: Comparison with the vanadate–dmpp system. Inorg. Chim. Acta 2003, 356, 142–154. [Google Scholar] [CrossRef]

	



Rangel, M.; Leite, A.; João Amorim, M.; Garribba, E.; Micera, G.; Lodyga-Chruscinska, E. Spectroscopic and Potentiometric Characterization of Oxovanadium(IV) Complexes Formed by 3-Hydroxy-4-Pyridinones. Rationalization of the Influence of Basicity and Electronic Structure of the Ligand on the Properties of VIVO Species in Aqueous Solution. Inorg. Chem. 2006, 45, 8086–8097. [Google Scholar] [CrossRef] [PubMed]

	



Rangel, M.; João Amorim, M.; Nunes, A.; Leite, A.; Pereira, E.; Castro, B.d.; Sousa, C.; Yoshikawa, Y.; Sakurai, H. Novel 3-hydroxy-4-pyridinonato oxidovanadium(IV) complexes to investigate structure/activity relationships. J. Inorg. Biochem. 2009, 103, 496–502. [Google Scholar] [CrossRef]

	



Ferreira, S.; Leite, A.; Moniz, T.; Andrade, M.; Amaral, L.; De Castro, B.; Rangel, M. EPR and 51V NMR studies of prospective anti-diabetic bis(3-hydroxy-4-pyridinonato)oxidovanadium(iv) complexes in aqueous solution and liposome suspensions. New J. Chem. 2018, 42, 8088–8097. [Google Scholar] [CrossRef]

	



WHO. W.H.O.—Diabetes—Fact Sheet; WHO: Geneva, Switzerland, 2023. [Google Scholar]

	



ElSayed, N.A.; Aleppo, G.; Aroda, V.R.; Bannuru, R.R.; Brown, F.M.; Bruemmer, D.; Collins, B.S.; Gaglia, J.L.; Hilliard, M.E.; Isaacs, D.; et al. Classification and Diagnosis of Diabetes: Standards of Care in Diabetes—2023. Diabetes Care 2022, 46 (Suppl. S1), S19–S40. [Google Scholar] [CrossRef]

	



Ahmad, K. Insulin sources and types: A review of insulin in terms of its mode on diabetes mellitus. J. Tradit. Chin. Med. 2014, 34, 234–237. [Google Scholar] [CrossRef]

	



Ryan, G.J.; Jobe, L.J.; Martin, R. Pramlintide in the treatment of type 1 and type 2 diabetes mellitus. Clin. Ther. 2005, 27, 1500–1512. [Google Scholar] [CrossRef] [PubMed]

	



Keam, S.J. Teplizumab: First Approval. Drugs 2023, 83, 439–445. [Google Scholar] [CrossRef] [PubMed]

	



Shah, N.; Abdalla, M.A.; Deshmukh, H.; Sathyapalan, T. Therapeutics for type-2 diabetes mellitus: A glance at the recent inclusions and novel agents under development for use in clinical practice. Ther. Adv. Endocrinol. Metab. 2021, 12, 20420188211042145. [Google Scholar] [CrossRef] [PubMed]

	



Artasensi, A.; Pedretti, A.; Vistoli, G.; Fumagalli, L. Type 2 Diabetes Mellitus: A Review of Multi-Target Drugs. Molecules 2020, 25, 1987. [Google Scholar] [CrossRef] [PubMed]

	



Padhi, S.; Nayak, A.K.; Behera, A. Type II diabetes mellitus: A review on recent drug based therapeutics. Biomed. Pharmacother. 2020, 131, 110708. [Google Scholar] [CrossRef] [PubMed]

	



Curran, G.L. Effect of certain transition group elements on hepatic synthesis of cholesterol in the rat. J. Biol. Chem. 1954, 210, 765–770. [Google Scholar] [CrossRef] [PubMed]

	



Curran, G.L.; Azarnoff, D.L.; Bolinger, R.E. Effect of cholesterol synthesis inhibition in normocholesteremic young men. J. Clin. Investig. 1959, 38, 1251–1261. [Google Scholar] [CrossRef]

	



Cantley, L.C., Jr.; Josephson, L.; Warner, R.; Yanagisawa, M.; Lechene, C.; Guidotti, G. Vanadate is a potent (Na,K)-ATPase inhibitor found in ATP derived from muscle. J. Biol. Chem. 1977, 252, 7421–7423. [Google Scholar] [CrossRef]

	



Tolman, E.L.; Barris, E.; Burns, M.; Pansini, A.; Partridge, R. Effects of vanadium on glucose metabolism in vitro. Life Sci. 1979, 25, 1159–1164. [Google Scholar] [CrossRef]

	



Dubyak, G.R.; Kleinzeller, A. The insulin-mimetic effects of vanadate in isolated rat adipocytes. Dissociation from effects of vanadate as a (Na+-K+)ATPase inhibitor. J. Biol. Chem. 1980, 255, 5306–5312. [Google Scholar] [CrossRef]

	



Heyliger, C.E.; Tahiliani, A.G.; McNeill, J.H. Effect of Vanadate on Elevated Blood Glucose and Depressed Cardiac Performance of Diabetic Rats. Science 1985, 227, 1474–1477. [Google Scholar] [CrossRef] [PubMed]

	



Scior, T.; Guevara-Garcia, J.A.; Do, Q.T.; Bernard, P.; Laufer, S. Why Antidiabetic Vanadium Complexes are Not in the Pipeline of “Big Pharma” Drug Research? A Critical Review. Curr. Med. Chem. 2016, 23, 2874–2891. [Google Scholar] [CrossRef] [PubMed]

	



Duffus, J.H. Carcinogenicity classification of vanadium pentoxide and inorganic vanadium compounds, the NTP study of carcinogenicity of inhaled vanadium pentoxide, and vanadium chemistry. Regul. Toxicol. Pharmacol. 2007, 47, 110–114. [Google Scholar] [CrossRef]

	



Pessoa, J.C.; Gonçalves, G.; Roy, S.; Correia, I.; Mehtab, S.; Santos, M.F.A.; Santos-Silva, T. New insights on vanadium binding to human serum transferrin. Inorg. Chim. Acta 2014, 420, 60–68. [Google Scholar] [CrossRef]

	



Mehtab, S.; Gonçalves, G.; Roy, S.; Tomaz, A.I.; Santos-Silva, T.; Santos MF, A.; Romão, M.J.; Jakusch, T.; Kiss, T.; Pessoa, J.C. Interaction of vanadium(IV) with human serum apo-transferrin. J. Inorg. Biochem. 2013, 121, 187–195. [Google Scholar] [CrossRef] [PubMed]

	



Chasteen, N.D.; Lord, E.M.; Thompson, H.J.; Grady, J.K. Vanadium complexes of transferrin and ferritin in the rat. Biochim. Biophys. Acta (BBA)—Gen. Subj. 1986, 884, 84–92. [Google Scholar] [CrossRef]

	



De Cremer, K.; Van Hulle, M.; Chéry, C.; Cornelis, R.; Strijckmans, K.; Dams, R.; Lameire, N.; Vanholder, R. Fractionation of vanadium complexes in serum, packed cells and tissues of Wistar rats by means of gel filtration and anion-exchange chromatography. JBIC J. Biol. Inorg. Chem. 2002, 7, 884–890. [Google Scholar] [CrossRef]

	



Sanna, D.; Micera, G.; Garribba, E. Interaction of VO2+ Ion and Some Insulin-Enhancing Compounds with Immunoglobulin G. Inorg. Chem. 2011, 50, 3717–3728. [Google Scholar] [CrossRef]

	



Sanna, D.; Bíró, L.; Buglyó, P.; Micera, G.; Garribba, E. Transport of the anti-diabetic VO2+ complexes formed by pyrone derivatives in the blood serum. J. Inorg. Biochem. 2012, 115, 87–99. [Google Scholar] [CrossRef]

	



Sanna, D.; Ugone, V.; Serra, M.; Garribba, E. Speciation of potential anti-diabetic vanadium complexes in real serum samples. J. Inorg. Biochem. 2017, 173, 52–65. [Google Scholar] [CrossRef]

	



Bal, W.; Sokołowska, M.; Kurowska, E.; Faller, P. Binding of transition metal ions to albumin: Sites, affinities and rates. Biochim. Biophys. Acta 2013, 1830, 5444–5455. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.M.N.; Rangel, M. The (Bio)Chemistry of Non-Transferrin-Bound Iron. Molecules 2022, 27, 1784. [Google Scholar] [CrossRef] [PubMed]

	



Merlot, A.M.; Kalinowski, D.S.; Richardson, D.R. Unraveling the mysteries of serum albumin-more than just a serum protein. Front. Physioliol. 2014, 5, 299. [Google Scholar]

	



Sanna, D.; Garribba, E. Pharmacologically Active Vanadium Species: Distribution in Biological Media and Interaction with Molecular Targets. Curr. Med. Chem. 2021, 28, 7339–7384. [Google Scholar] [CrossRef] [PubMed]

	



Sanna, D.; Micera, G.; Garribba, E. On the Transport of Vanadium in Blood Serum. Inorg. Chem. 2009, 48, 5747–5757. [Google Scholar] [CrossRef] [PubMed]

	



Rehder, D. The future of/for vanadium. Dalton Trans. 2013, 42, 11749–11761. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Wang, K.; Lu, J.; Crans, D.C. Membrane transport of vanadium compounds and the interaction with the erythrocyte membrane. Coord. Chem. Rev. 2003, 237, 103–111. [Google Scholar] [CrossRef]

	



Sanna, D.; Serra, M.; Micera, G.; Garribba, E. Interaction of Antidiabetic Vanadium Compounds with Hemoglobin and Red Blood Cells and Their Distribution between Plasma and Erythrocytes. Inorg. Chem. 2014, 53, 1449–1464. [Google Scholar] [CrossRef]

	



Shechter, Y. Insulin-mimetic effects of vanadate. Possible implications for future treatment of diabetes. Diabetes 1990, 39, 1–5. [Google Scholar] [CrossRef]

	



Sekar, N.; Kanthasamy, A.; William, S.; Subramanian, S.; Govindasamy, S. Insulinic actions of vanadate in diabetic rats. Pharmacol. Res. 1990, 22, 207–217. [Google Scholar] [CrossRef]

	



Meyerovitch, J.; Farfel, Z.; Sack, J.; Shechter, Y. Oral administration of vanadate normalizes blood glucose levels in streptozotocin-treated rats. Characterization and mode of action. J. Biol. Chem. 1987, 262, 6658–6662. [Google Scholar] [CrossRef] [PubMed]

	



Sakurai, H.; Tsuchiya, K.; Nukatsuka, M.; Sofue, M.; Kawada, J. Insulin-like effect of vanadyl ion on streptozotocin-induced diabetic rats. J. Endocrinol. 1990, 126, 451–459. [Google Scholar] [CrossRef]

	



Ramanadham, S.; Mongold, J.J.; Brownsey, R.W.; Cros, G.H.; McNeill, J.H. Oral vanadyl sulfate in treatment of diabetes mellitus in rats. Am. J. Physiol.-Heart Circ. Physiol. 1989, 257, H904–H911. [Google Scholar] [CrossRef] [PubMed]

	



Cusi, K.; Cukier, S.; DeFronzo, R.A.; Torres, M.; Puchulu, F.M.; Redondo, J.C.P. Vanadyl Sulfate Improves Hepatic and Muscle Insulin Sensitivity in Type 2 Diabetes 1. J. Clin. Endocrinol. Metab. 2001, 86, 1410–1417. [Google Scholar] [CrossRef] [PubMed]

	



Yanardag, R.; Karabulut-Bulan, O.; Tunali, S. Effects of Vanadyl Sulfate on Kidney in Experimental Diabetes. Biol. Trace Elem. Res. 2003, 95, 73–85. [Google Scholar] [CrossRef] [PubMed]

	



Pederson, R.A.; Ramanadham, S.; Buchan, A.M.; McNeill, J.H. Long-term effects of vanadyl treatment on streptozocin-induced diabetes in rats. Diabetes 1989, 38, 1390–1395. [Google Scholar] [CrossRef]

	



Ghosh, S.K.; Saha, R.; Saha, B. Toxicity of inorganic vanadium compounds. Res. Chem. Intermed. 2015, 41, 4873–4897. [Google Scholar] [CrossRef]

	



Srivastava, A.K. Anti-diabetic and toxic effects of vanadium compounds. Mol. Cell. Biochem. 2000, 206, 177–182. [Google Scholar] [CrossRef]

	



Domingo, J.L.; Gomez, M.; Sanchez, D.J.; Llobet, J.M.; Keen, C.L. Toxicology of vanadium compounds in diabetic rats: The action of chelating agents on vanadium accumulation. Mol. Cell. Biochem. 1995, 153, 233–240. [Google Scholar] [CrossRef]

	



Jaiswal, M.R.; Kale, P.P. Mini review–vanadium-induced neurotoxicity and possible targets. Neurol. Sci. 2020, 41, 763–768. [Google Scholar] [CrossRef]

	



Wilk, A.; Szypulska-Koziarska, D.; Wiszniewska, B. The toxicity of vanadium on gastrointestinal, urinary and reproductive system, and its influence on fertility and fetuses malformations. Postepy Higieny Med. Dosw. 2017, 71, 850–859. [Google Scholar] [CrossRef] [PubMed]

	



Goldwaser, I.; Gefel, D.; Gershonov, E.; Fridkin, M.; Shechter, Y. Insulin-like effects of vanadium: Basic and clinical implications. J. Inorg. Biochem. 2000, 80, 21–25. [Google Scholar] [CrossRef] [PubMed]

	



McNeill, J.H.; Yuen, V.G.; Hoveyda, H.R.; Orvig, C. Bis(maltolato)oxovanadium(IV) is a potent insulin mimic. J. Med. Chem. 1992, 35, 1489–1491. [Google Scholar] [CrossRef] [PubMed]

	



Yuen, V.G.; Orvig, C.; McNeill, J.H. Glucose-lowering effects of a new organic vanadium complex, bis(maltolato)oxovanadium(IV). Can. J. Physiol. Pharmacol. 1993, 71, 263–269. [Google Scholar] [CrossRef]

	



Poucheret, P.; Verma, S.; Grynpas, M.D.; McNeill, J.H. Vanadium and diabetes. Mol. Cell. Biochem. 1998, 188, 73–80. [Google Scholar] [CrossRef]

	



Wang, J.; Yuen, V.G.; McNeill, J.H. Effect of vanadium on insulin and leptin in Zucker diabetic fatty rats. Mol. Cell. Biochem. 2001, 218, 93–96. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, K.H.; Liboiron, B.D.; Sun, Y.; Bellman, K.D.; Setyawati, I.A.; Patrick, B.O.; Karunaratne, V.; Rawji, G.; Wheeler, J.; Sutton, K.; et al. Preparation and characterization of vanadyl complexes with bidentate maltol-type ligands; in vivo comparisons of anti-diabetic therapeutic potential. J. Biol. Inorg. Chem. 2003, 8, 66–74. [Google Scholar] [CrossRef]

	



Wei, Y.; Zhang, C.; Zhao, P.; Yang, X.; Wang, K. A new salicylic acid-derivatized kojic acid vanadyl complex: Synthesis, characterization and anti-diabetic therapeutic potential. J. Inorg. Biochem. 2011, 105, 1081–1085. [Google Scholar] [CrossRef]

	



Wei, Y.-B.; Yang, X.-D. Synthesis, characterization and anti-diabetic therapeutic potential of a new benzyl acid-derivatized kojic acid vanadyl complex. BioMetals 2012, 25, 1261–1268. [Google Scholar] [CrossRef]

	



Adachi, Y.; Yoshida, J.; Kodera, Y.; Katoh, A.; Takada, J.; Sakurai, H. Bis(allixinato)oxovanadium(IV) Complex Is a Potent Antidiabetic Agent:  Studies on Structure−Activity Relationship for a Series of Hydroxypyrone−Vanadium Complexes. J. Med. Chem. 2006, 49, 3251–3256. [Google Scholar] [CrossRef]

	



Adachi, Y.; Yoshikawa, Y.; Yoshida, J.; Kodera, Y.; Katoh, A.; Takada, J.; Sakurai, H. Improvement of diabetes, obesity and hypertension in type 2 diabetic KKAy mice by bis(allixinato)oxovanadium(IV) complex. Biochem. Biophys. Res. Commun. 2006, 345, 945–950. [Google Scholar] [CrossRef]

	



Rangel, M.; Tamura, A.; Fukushima, C.; Sakurai, H. In vitro study of the insulin-like action of vanadyl-pyrone and -pyridinone complexes with a VO(O4) coordination mode. J. Biol. Inorg. Chem. 2001, 6, 128–132. [Google Scholar] [CrossRef] [PubMed]

	



Metelo, A.M.; Pérez-Carro, R.; Castro, M.M.; López-Larrubia, P. VO(dmpp)2 normalizes pre-diabetic parameters as assessed by in vivo magnetic resonance imaging and spectroscopy. J. Inorg. Biochem. 2012, 115, 44–49. [Google Scholar] [CrossRef] [PubMed]

	



Domingues, N.; Pelletier, J.; Ostenson, C.G.; Castro, M.M.C.A. Therapeutic properties of VO(dmpp)2 as assessed by in vitro and in vivo studies in type 2 diabetic GK rats. J. Inorg. Biochem. 2014, 131, 115–122. [Google Scholar] [CrossRef] [PubMed]

	



Reul, B.A.; Amin, S.S.; Buchet, J.-P.; Ongemba, L.N.; Crans, D.C.; Brichard, S.M. Effects of vanadium complexes with organic ligands on glucose metabolism: A comparison study in diabetic rats. Br. J. Pharmacol. 1999, 126, 467–477. [Google Scholar] [CrossRef] [PubMed]

	



Amin, S.S.; Cryer, K.; Zhang, B.; Dutta, S.K.; Eaton, S.S.; Anderson, O.P.; Miller, S.M.; Reul, B.A.; Brichard, S.M.; Crans, D.C. Chemistry and Insulin-Mimetic Properties of Bis(acetylacetonate)oxovanadium(IV) and Derivatives1. Inorg. Chem. 2000, 39, 406–416. [Google Scholar] [CrossRef] [PubMed]

	



Makinen, M.W.; Brady, M.J. Structural Origins of the Insulin-mimetic Activity of Bis(acetylacetonato)oxovanadium(IV). J. Biol. Chem. 2002, 277, 12215–12220. [Google Scholar] [CrossRef] [PubMed]

	



Willsky, G.R.; Chi, L.-H.; Godzala, M.; Kostyniak, P.J.; Smee, J.J.; Trujillo, A.M.; Alfano, J.A.; Ding, W.; Hu, Z.; Crans, D.C. Anti-diabetic effects of a series of vanadium dipicolinate complexes in rats with streptozotocin-induced diabetes. Coord. Chem. Rev. 2011, 255, 2258–2269. [Google Scholar] [CrossRef] [PubMed]

	



Sakurai, H. A New Concept: The Use of Vanadium Complexes in the Treatment of Diabetes Mellitus. Chem. Rec. 2002, 2, 237–248. [Google Scholar] [CrossRef]

	



Watanabe, H.; Nakai, M.; Komazawa, K.; Sakurai, H. A new orally active insulin-mimetic vanadyl complex: Bis(pyrrolidine-N-carbodithioato)oxovanadium(IV). J. Med. Chem. 1994, 37, 876–877. [Google Scholar] [CrossRef]

	



Sakurai, H.; Watanabe, H.; Tamura, H.; Yasui, H.; Matsushita, R.; Takada, J. Insulin-mimetic vanadyl—Dithiocarbamate complexes. Inorg. Chim. Acta 1998, 283, 175–183. [Google Scholar] [CrossRef]

	



Sakurai, H.; Kojima, Y.; Yoshikawa, Y.; Kawabe, K.; Yasui, H. Antidiabetic vanadium(IV) and zinc(II) complexes. Coord. Chem. Rev. 2002, 226, 187–198. [Google Scholar] [CrossRef]

	



Sakurai, H.; Sano, H.; Takino, T.; Yasui, H. An orally active antidiabetic vanadyl complex, bis(1-oxy-2-pyridinethiolato)oxovanadium(IV), with VO(S2O2) coordination mode; in vitro and in vivo evaluations in rats. J. Inorg. Biochem. 2000, 80, 99–105. [Google Scholar] [CrossRef] [PubMed]

	



Hiromu, S.; Hiromi, S.; Toshikazu, T.; Hiroyuki, Y. A New Type of Orally Active Insulin-Mimetic Vanadyl Complex: Bis(1-oxy-2-pyridinethiolato)oxovanadium(IV) with VO(S2O2) Coordination Mode. Chem. Lett. 1999, 28, 913–914. [Google Scholar]

	



Takeshita, S.; Kawamura, I.; Yasuno, T.; Kimura, C.; Yamamoto, T.; Seki, J.; Tamura, A.; Sakurai, H.; Goto, T. Amelioration of insulin resistance in diabetic ob/ob mice by a new type of orally active insulin–mimetic vanadyl complex: Bis(1-oxy-2-pyridinethiolato)oxovanadium(IV) with VO(S2O2) coordination mode. J. Inorg. Biochem. 2001, 85, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Sharfalddin, A.A.; Al-Younis, I.M.; Mohammed, H.A.; Dhahri, M.; Mouffouk, F.; Abu Ali, H.; Anwar, M.J.; Qureshi, K.A.; Hussien, M.A.; Alghrably, M.; et al. Therapeutic Properties of Vanadium Complexes. Inorganics 2022, 10, 244. [Google Scholar] [CrossRef]

	



Lima, L.M.A.; Belian, M.F.; Silva, W.E.; Postal, K.; Kostenkova, K.; Crans, D.C.; Rossiter, A.K.F.F.; da Silva Júnior, V.A. Vanadium(IV)-diamine complex with hypoglycemic activity and a reduction in testicular atrophy. J. Inorg. Biochem. 2021, 216, 111312. [Google Scholar] [CrossRef] [PubMed]

	



Shaik, A.; Kondaparthy, V.; Aveli, R.; Manwal, D.D. Studies on the serum glucose reducing effect of vanadium metal complexes on Wistar rats. J. Mol. Struct. 2022, 1261, 132825. [Google Scholar] [CrossRef]

	



Xie, M.-J.; Li, L.; Yang, X.-D.; Liu, W.-P.; Yan, S.-P.; Niu, Y.-F.; Meng, Z.-H. A new insulin-enhancing agent: [N,N′-bis(4-hydroxysalicylidene)-o-phenylene-diamine]oxovanadium(IV) and its permeability and cytotoxicity. Eur. J. Med. Chem. 2010, 45, 2327–2335. [Google Scholar] [CrossRef]

	



El-Saied, F.A.; Salem, T.A.; Aly, S.A.; Shakdofa, M.M.E. Evaluation of Anti-Hyperglycemic Effect of Synthetic Schiff Base Vanadium(IV) Complexes. Pharm. Chem. J. 2017, 51, 833–842. [Google Scholar] [CrossRef]

	



Xie, M.; Chen, D.; Zhang, F.; Willsky, G.R.; Crans, D.C.; Ding, W. Effects of vanadium (III, IV, V)-chlorodipicolinate on glycolysis and antioxidant status in the liver of STZ-induced diabetic rats. J. Inorg. Biochem. 2014, 136, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Buglyó, P.; Crans, D.C.; Nagy, E.M.; Lindo, R.L.; Yang, L.; Smee, J.J.; Jin, W.; Chi, L.-H.; Godzala, M.E.; Willsky, G.R. Aqueous Chemistry of the VanadiumIII (VIII) and the VIII−Dipicolinate Systems and a Comparison of the Effect of Three Oxidation States of Vanadium Compounds on Diabetic Hyperglycemia in Rats. Inorg. Chem. 2005, 44, 5416–5427. [Google Scholar] [CrossRef] [PubMed]

	



Munawar, K.S.; Ali, S.; Tahir, M.N.; Khalid, N.; Abbas, Q.; Qureshi, I.Z.; Shahzadi, S. Investigation of derivatized schiff base ligands of 1,2,4-triazole amine and their oxovanadium(IV) complexes: Synthesis, structure, DNA binding, alkaline phosphatase inhibition, biological screening, and insulin mimetic properties. Russ. J. Gen. Chem. 2015, 85, 2183–2197. [Google Scholar] [CrossRef]

	



Crans, D.C.; Henry, L.; Cardiff, G.; Posner, B.I. Developing vanadium as an antidiabetic or anticancer drug: A clinical and historical perspective. In Essential Metals in Medicine: Therapeutic Use and Toxicity of Metal Ions in the Clinic; Peggy, L.C., Ed.; De Gruyter: Berlin, Germany; Boston, MA, USA, 2019; pp. 203–230. [Google Scholar]

	



Smith, D.M.; Pickering, R.M.; Lewith, G.T. A systematic review of vanadium oral supplements for glycaemic control in type 2 diabetes mellitus. QJM Int. J. Med. 2008, 101, 351–358. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, N.; Halberstam, M.; Shlimovich, P.; Chang, C.J.; Shamoon, H.; Rossetti, L. Oral vanadyl sulfate improves hepatic and peripheral insulin sensitivity in patients with non-insulin-dependent diabetes mellitus. J. Clin. Investig. 1995, 95, 2501–2509. [Google Scholar] [CrossRef] [PubMed]

	



Boden, G.; Chen, X.; Ruiz, J.; van Rossum, G.D.V.; Turco, S. Effects of vanadyl sulfate on carbohydrate and lipid metabolism in patients with non-insulin-dependent diabetes mellitus. Metab.-Clin. Exp. 1996, 45, 1130–1135. [Google Scholar] [PubMed]

	



Halberstam, M.; Cohen, N.; Shlimovich, P.; Rossetti, L.; Shamoon, H. Oral Vanadyl Sulfate Improves Insulin Sensitivity in NIDDM but Not in Obese Nondiabetic Subjects. Diabetes 1996, 45, 659–666. [Google Scholar] [CrossRef] [PubMed]

	



Goldfine, A.B.; Patti, M.-E.; Zuberi, L.; Goldstein, B.J.; LeBlanc, R.; Landaker, E.J.; Jiang, Z.Y.; Willsky, G.R.; Kahn, C.R. Metabolic effects of vanadyl sulfate in humans with non—Insulin-dependent diabetes mellitus: In vivo and in vitro studies. Metab.-Clin. Exp. 2000, 49, 400–410. [Google Scholar] [CrossRef]

	



Lyonnet, M. Martin: Emploi therapeutique des derives du vanadium. Presse Med. Sem. 1899, 32, 191. [Google Scholar]

	



Goldfine, A.B.; Simonson, D.C.; Folli, F.; Patti, M.E.; Kahn, C.R. Metabolic effects of sodium metavanadate in humans with insulin-dependent and noninsulin-dependent diabetes mellitus in vivo and in vitro studies. J. Clin. Endocrinol. Metab. 1995, 80, 3311–3320. [Google Scholar]

	



Mohammad, A.A., Jr.; Mahdi, K.; Seid, M.M.; Forough, N. Effect of sodium metavanadate supplementation on lipid and glucose metabolism biomarkers in type 2 diabetic patients. Malays. J. Nutr. 2008, 14, 113–119. [Google Scholar] [PubMed]

	



Jacques-Camarena, O.; González-Ortiz, M.; Martínez-Abundis, E.; López-Madrueño, J.F.P.; Medina-Santillán, R. Effect of Vanadium on Insulin Sensitivity in Patients with Impaired Glucose Tolerance. Ann. Nutr. Metab. 2008, 53, 195–198. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, K.H.; Orvig, C. Vanadium in diabetes: 100 years from Phase 0 to Phase I. J. Inorg. Biochem. 2006, 100, 1925–1935. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, K.H.; Lichter, J.; LeBel, C.; Scaife, M.C.; McNeill, J.H.; Orvig, C. Vanadium treatment of type 2 diabetes: A view to the future. J. Inorg. Biochem. 2009, 103, 554–558. [Google Scholar] [CrossRef] [PubMed]

	



Domingo, J.L.; Gómez, M. Vanadium compounds for the treatment of human diabetes mellitus: A scientific curiosity? A review of thirty years of research. Food Chem. Toxicol. 2016, 95, 137–141. [Google Scholar] [CrossRef] [PubMed]

	



Soveid, M.; Dehghani, G.A.; Omrani, G.R. Long-term efficacy and safety of vanadium in the treatment of type 1 diabetes. Arch. Iran. Med. 2013, 16, 408–411. [Google Scholar] [PubMed]

	



Willsky, G.R.; Halvorsen, K.; Godzala, M.E., III; Chi, L.-H.; Most, M.J.; Kaszynski, P.; Crans, D.C.; Goldfine, A.B.; Kostyniak, P.J. Coordination chemistry may explain pharmacokinetics and clinical response of vanadyl sulfate in type 2 diabetic patients. Metallomics 2013, 5, 1491–1502. [Google Scholar] [CrossRef] [PubMed]

	



Ghalichi, F.; Saghafi-Asl, M.; Kafil, B.; Faghfouri, A.H.; Jourshari, M.R.; Naserkiadeh, A.A.; Ostadrahimi, A. Insulin Receptor Substrates Regulation and Clinical Responses Following Vanadium-Enriched Yeast Supplementation in Obese Type 2 Diabetic Patients: A Randomized, Double-Blind, Placebo-Controlled Clinical Trial. Biol. Trace Elem. Res. 2023, 201, 5169–5182. [Google Scholar] [CrossRef]

	



Gresser, M.; Tracey, A.; Stankiewicz, P. The interaction of vanadate with tyrosine kinases and phosphatases. Adv. Protein Phosphatases 1987, 4, 35–57. [Google Scholar]

	



McLauchlan, C.C.; Peters, B.J.; Willsky, G.R.; Crans, D.C. Vanadium–phosphatase complexes: Phosphatase inhibitors favor the trigonal bipyramidal transition state geometries. Coord. Chem. Rev. 2015, 301–302, 163–199. [Google Scholar] [CrossRef]

	



Aureliano, M.; Gumerova, N.I.; Sciortino, G.; Garribba, E.; McLauchlan, C.C.; Rompel, A.; Crans, D.C. Polyoxidovanadates’ interactions with proteins: An overview. Coord. Chem. Rev. 2022, 454, 214344. [Google Scholar] [CrossRef]

	



Sonksen, P.; Sonksen, J. Insulin: Understanding its action in health and disease. Br. J. Anaesth. 2000, 85, 69–79. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, M.; Steiner, D.F.; Philipson, L.H. Insulin Biosynthesis, Secretion, Structure, and Structure-Activity Relationships; Feingold, K.R., Anawalt, B., Blackman, M.R., Boyce, A., Chrousos, G., Corpas, E., de Herder, W.W., Dhatariya, K., Dungan, K., Hofland, J., et al., Eds.; Endotext: South Dartmouth, MA, USA, 2000. [Google Scholar]

	



Sakurai, H.; Yoshikawa, Y.; Yasui, H. Current state for the development of metallopharmaceutics and anti-diabetic metal complexes. Chem. Soc. Rev. 2008, 37, 2383–2392. [Google Scholar] [CrossRef] [PubMed]

	



Teimouri, M.; Hosseini, H.; ArabSadeghabadi, Z.; Babaei-Khorzoughi, R.; Gorgani-Firuzjaee, S.; Meshkani, R. The role of protein tyrosine phosphatase 1B (PTP1B) in the pathogenesis of type 2 diabetes mellitus and its complications. J. Physiol. Biochem. 2022, 78, 307–322. [Google Scholar] [CrossRef] [PubMed]

	



Rehder, D. Vanadium in health issues. ChemTexts 2018, 4, 20. [Google Scholar] [CrossRef]

	



Peters, K.G.; Davis, M.G.; Howard, B.W.; Pokross, M.; Rastogi, V.; Diven, C.; Greis, K.D.; Eby-Wilkens, E.; Maier, M.; Evdokimov, A.; et al. Mechanism of insulin sensitization by BMOV (bis maltolato oxo vanadium); unliganded vanadium (VO4) as the active component. J. Inorg. Biochem. 2003, 96, 321–330. [Google Scholar] [CrossRef] [PubMed]

	



Mehdi, M.Z.; Pandey, S.K.; Théberge, J.-F.; Srivastava, A.K. Insulin signal mimicry as a mechanism for the insulin-like effects of vanadium. Cell Biochem. Biophys. 2006, 44, 73–81. [Google Scholar] [CrossRef] [PubMed]

	



Mohammad, A.; Sharma, V.; McNeill, J.H. Vanadium increases GLUT4 in diabetic rat skeletal muscle. Mol. Cell. Biochem. 2002, 233, 139–143. [Google Scholar] [CrossRef]

	



Li, M.; Ding, W.; Baruah, B.; Crans, D.C.; Wang, R. Inhibition of protein tyrosine phosphatase 1B and alkaline phosphatase by bis(maltolato)oxovanadium (IV). J. Inorg. Biochem. 2008, 102, 1846–1853. [Google Scholar] [CrossRef]

	



Vardatsikos, G.; Mehdi, M.Z.; Srivastava, A.K. Bis(maltolato)-oxovanadium (IV)-induced phosphorylation of PKB, GSK-3 and FOXO1 contributes toits glucoregulatory responses (Review). Int. J. Mol. Med. 2009, 24, 303–309. [Google Scholar]

	



Elberg, G.; He, Z.; Li, J.; Sekar, N.; Shechter, Y. Vanadate activates membranous nonreceptor protein tyrosine kinase in rat adipocytes. Diabetes 1997, 46, 1684–1690. [Google Scholar] [CrossRef] [PubMed]

	



García-Vicente, S.; Yraola, F.; Marti, L.; Gonzaález-Muñoz, E.; García-Barrado, M.A.J.; Cantó, C.; Abella, A.; Bour, S.; Artuch, R.; Sierra, C.; et al. Oral Insulin-Mimetic Compounds That Act Independently of Insulin. Diabetes 2007, 56, 486–493. [Google Scholar] [CrossRef] [PubMed]

	



Kenner, K.A.; Hill, D.E.; Olefsky, J.M.; Kusari, J. Regulation of protein tyrosine phosphatases by insulin and insulin-like growth factor I. J. Biol. Chem. 1993, 268, 25455–25462. [Google Scholar] [CrossRef] [PubMed]

	



Semiz, S.; Orvig, C.; McNeill, J.H. Effects of diabetes, vanadium, and insulin on glycogen synthase activation in Wistar rats. Mol. Cell. Biochem. 2002, 231, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



Kiersztan, A.; Modzelewska, A.; Jarzyna, R.; Jagielska, E.; Bryła, J. Inhibition of gluconeogenesis by vanadium and metformin in kidney-cortex tubules isolated from control and diabetic rabbits. Biochem. Pharmacol. 2002, 63, 1371–1382. [Google Scholar] [CrossRef] [PubMed]

	



Shehzad, S. The potential effect of vanadium compounds on glucose-6-phosphatase. Biosci. Horiz. Int. J. Stud. Res. 2013, 6, hzt002. [Google Scholar] [CrossRef]

	



Brownsey, R.W.; Dong, G.W. Evidence for selective effects of vanadium on adipose cell metabolism involving actions on cAMP-dependent protein kinase. Mol. Cell. Biochem. 1995, 153, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Ashiq, U.; Jamal, R.A.; Mahroof-Tahir, M.; Maqsood, Z.T.; Khan, K.M.; Omer, I.; Choudhary, M.I. Enzyme inhibition, radical scavenging, and spectroscopic studies of vanadium(IV)–hydrazide complexes. J. Enzyme Inhib. Med. Chem. 2009, 24, 1336–1343. [Google Scholar] [CrossRef]

	



Platt, D.C.; Rink, J.; Braich, K.; McLauchlan, C.C.; Jones, M.A. 2′-3′-Cyclic Nucleotide 3′-Phosphodiesterase Inhibition by Organometallic Vanadium Complexes: A Potential New Paradigm for Studying CNS Degeneration. Brain Sci. 2021, 11, 588. [Google Scholar] [CrossRef]

	



Percival, M.D.; Doherty, K.; Gresser, M.J. Inhibition of phosphoglucomutase by vanadate. Biochemistry 1990, 29, 2764–2769. [Google Scholar] [CrossRef]

	



Fantus, I.G.; Kadota, S.; Deragon, G.; Foster, B.; Posner, B.I. Pervanadate [peroxide(s) of vanadate] mimics insulin action in rat adipocytes via activation of the insulin receptor tyrosine kinase. Biochemistry 1989, 28, 8864–8871. [Google Scholar] [CrossRef] [PubMed]

	



Schieven, G.; Kirihara, J.; Myers, D.; Ledbetter, J.; Uckun, F. Reactive oxygen intermediates activate NF-kappa B in a tyrosine kinase- dependent mechanism and in combination with vanadate activate the p56lck and p59fyn tyrosine kinases in human lymphocytes. Blood 1993, 82, 1212–1220. [Google Scholar] [CrossRef] [PubMed]

	



Cortizo, A.M.; Caporossi, M.; Lettieri, G.; Etcheverry, S.B. Vanadate-induced nitric oxide production: Role in osteoblast growth and differentiation. Eur. J. Pharmacol. 2000, 400, 279–285. [Google Scholar] [CrossRef]

	



Minasi, L.A.; Willsky, G.R. Characterization of vanadate-dependent NADH oxidation stimulated by Saccharomyces cerevisiae plasma membranes. J. Bacteriol. 1991, 173, 834–841. [Google Scholar] [CrossRef] [PubMed]

	



Aureliano, M.; De Sousa-Coelho, A.L.; Dolan, C.C.; Roess, D.A.; Crans, D.C. Biological Consequences of Vanadium Effects on Formation of Reactive Oxygen Species and Lipid Peroxidation. Int. J. Mol. Sci. 2023, 24, 5382. [Google Scholar] [CrossRef] [PubMed]

	



Rehder, D. The potentiality of vanadium in medicinal applications. Future Med. Chem. 2012, 4, 1823–1837. [Google Scholar] [CrossRef] [PubMed]

	



Salmeen, A.; Andersen, J.N.; Myers, M.P.; Meng, T.C.; Hinks, J.A.; Tonks, N.K.; Barford, D. Redox regulation of protein tyrosine phosphatase 1B involves a sulphenyl-amide intermediate. Nature 2003, 423, 769–773. [Google Scholar] [CrossRef]

	



Crans, D.C.; Trujillo, A.M.; Pharazyn, P.S.; Cohen, M.D. How environment affects drug activity: Localization, compartmentalization and reactions of a vanadium insulin-enhancing compound, dipicolinatooxovanadium(V). Coord. Chem. Rev. 2011, 255, 2178–2192. [Google Scholar] [CrossRef]

	



Winter, P.W.; Al-Qatati, A.; Wolf-Ringwall, A.L.; Schoeberl, S.; Chatterjee, P.B.; Barisas, B.G.; Roess, D.A.; Crans, D.C. The anti-diabetic bis(maltolato)oxovanadium(iv) decreases lipid order while increasing insulin receptor localization in membrane microdomains. Dalton Trans. 2012, 41, 6419–6430. [Google Scholar] [CrossRef]

	



Shaik, A.; Kondaparthy, V.; Begum, A.; Husain, A.; Manwal, D.D. Enzyme PTP-1B Inhibition Studies by Vanadium Metal Complexes: A Kinetic Approach. Biol. Trace Elem. Res. 2023, 201, 5037–5052. [Google Scholar] [CrossRef]








[image: Ijms 24 15675 g001] 





Figure 1. EPR spectra of VO(dmpp)2 in buffer (MOPS) (upper panel, left) and in liposome suspension (POPC) (upper panel, right) at 0 h (a); 1 h (b); 2 h (c) 3 h (d); 51V NMR spectra of VO(dmpp)2 in MOPS (lower panel, left) and POPC (lower panel, right) at 0 h, 1 h, 2 h and 3 h. Adapted and reproduced from [21]. 
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Figure 2. 51V NMR for the complex VO(dmpp)2 in buffer at 0 h and 3 h and after the addition of sodium ascorbate (4 h) (left). EPR spectra of the complex in buffer (right) after the addition of sodium ascorbate (4 h). Adapted and reproduced from [21]. 
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Figure 3. Representative formulae of the most relevant vanadium compounds tested in animal and human studies. 
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Figure 4. Timeline of the most relevant human studies regarding the use of vanadium compounds to treat diabetes [58,100,101,102,103,104,105,106,107,108,109,111,112,113]. 
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Figure 5. Scheme summarizing the described mechanisms of antidiabetic effect for vanadium compounds involving: (1) Enzyme de/phosphorylation; (2) Membrane alteration; and (3) Redox reactions. 
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Table 1. Summary of the experimental details and main results obtained in the most relevant clinical trials regarding vanadium antidiabetic activity.
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	Oral Treatment
	Experimental Design
	Main Results
	Reference





	Vanadyl sulfate

100 mg/day (50 mg twice daily)

3 weeks active

2 weeks follow-up
	Single-blind, placebo-controlled

6 T2D patients

No diabetic subjects
	Reduction in plasma glucose and HbA1c

Reduction of FFA

Gastrointestinal intolerance
	[92]



	Sodium metavanadate

125 mg/day (50 + 50 + 25 mg/daily)

2 weeks active

2 weeks follow-up
	Non-randomized, non-placebo-controlled

5 T1D patients

5 T2D patients

No diabetic subjects
	No changes in insulin sensitivity in T1D patients

No changes in plasma glucose and HbA1c in both diabetic types

Decrease of total cholesterol in both diabetic types

Mild gastrointestinal side effects in both diabetic types
	[97]



	Vanadyl sulfate

100 mg/day (50 mg twice daily)

4 weeks active

4 weeks follow-up
	Single-blind, placebo-controlled

8 T2D patients

No diabetic subjects
	Reduction in plasma glucose

No information about HbA1c

Gastrointestinal side-effects
	[93]



	Vanadyl sulfate

100 mg/day (50 mg twice daily)

3 weeks active

No follow-up
	Single-blind, placebo-controlled

7 T2D patients

6 non-diabetic subjects
	Reduction in plasma glucose and HbA1c

Decrease of total cholesterol

Reduction of FFA

Minor gastrointestinal side-effects

Stool discoloration
	[94]



	Vanadyl sulfate

75, 150, and 300 mg/day (25, 50, and 100 mg/3 times daily)

6 weeks active

2 weeks follow-up
	Single-blind, placebo-controlled

16 T2D patients

No diabetic subjects
	Reduction in plasma glucose and HbA1c

Some gastrointestinal intolerance
	[95]



	Vanadyl sulfate

150 mg/day (50 mg 3×/daily)

6 weeks active

6 weeks follow-up
	Single-blind, non-placebo-controlled

11 T2D patients

5 non-diabetic subjects
	Reduction in plasma glucose and HbA1c

Minor gastrointestinal side-effects
	[51]



	BEOV

Phase I—10–90 mg/day

2 weeks active

No-follow up

Phase II—20 mg/day

28 days

14 days follow-up
	Single-blind, placebo-controlled

40 non-diabetic subjects

Single-blind, placebo-controlled

7 T2D patients
	No information about plasma glucose and HbA1c

No side effects

Reduction in plasma glucose and HbA1c

Renal side effects
	[101]
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