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Atherosclerotic cardiovascular disease (ACD) is the leading cause of death worldwide. The gold standard of treatment is the implantation of a permanent stent implant that is often associated with complications such as thrombus formation, vascular neointimal response, and stent fracture, which altogether decrease the long-term safety and efficacy of the stent. Biodegradable metallic materials have become an attractive alternative because of the ability to facilitate a more physiological healing response while the metal degrades. Recently, Molybdenum (Mo) has been considered as a potential candidate due to its excellent mechanical and medical imaging properties. Moreover, the biomedical research studies performed to date have shown minimal adverse effects in vitro and in vivo. However, there are still concerns of toxicity at high doses, and the impact of the biochemical mechanisms of Mo on material performance especially in pathophysiological environments are yet to be explored. Mo is an essential co factor for enzymes such as xanthine oxidoreductase (XOR) that plays a critical role in vascular homeostasis and ACD progression. Herein, this review will focus on the biochemistry of Mo, its physiological and pathological effects with an emphasis on cardiovascular disease as well as the recent studies on Mo for cardiovascular applications and its advantages over other biodegradable metals. The limitations of Mo research studies will also be discussed and concluded with an outlook to move this revolutionary metallic biomaterial from the bench to the bedside.
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1 INTRODUCTION
Atherosclerotic cardiovascular disease (ACD) is the leading cause of death worldwide and has been recognized as a significant threat to development in the 21st century (Khan et al., 2020). ACD is characterized as the buildup of plaque in arterial walls which consists of lipids, fragments of dead cells, calcium salts and other fatty molecules (Rafieian-Kopaei et al., 2014). The first line of non-surgical treatment for patients with advanced and acute manifestations of ACD is percutaneous coronary intervention (PCI) with deployment of a permanent stent (Khan and Ludman, 2022). Stents were designed to offer structural support while restricting sudden contractions and vessel blockage (Wright et al., 1985; Jeewandara et al., 2014). However, since the stent persists in the body, it provokes a chronic inflammatory response (Jukema et al., 2012). More recently, biodegradable materials have been proposed as an alternative to permanent stent implants (Borhani et al., 2018). Ideally, a biodegradable stent would have the following properties: minimal adverse effects when in contact with cells of the body, the ability to withstand compression and tensile forces, an optimal degradation rate which does not trigger a hostile inflammatory response, and the ability to remain functional with a relatively small strut size (Borhani et al., 2018; Wayangankar and Ellis, 2015). The current biodegradable metals under investigation include Magnesium (Mg), Iron (Fe) and Zinc (Zn). Mg is at the forefront and has recently been assessed in clinical trials (Haude et al., 2016; Sabaté et al., 2019; Verheye et al., 2021; Ghafari et al., 2023) Although, the accelerated degradation rate has led to its underperformance (Yang et al., 2018; Ng and Loh, 2019; Bossard et al., 2022). Molybdenum (Mo) shows promise as a biodegradable metal stent since it independently presents with excellent mechanical properties, uniform degradation rate, and medical imaging capabilities (Redlich et al., 2021; Schauer et al., 2021; Sikora-Jasinska et al., 2022). There are concerns of Mo toxicity especially at high doses. However, the cardiovascular research studies performed to date have shown minimal toxic effects in vitro and in vivo.
Mo is a bio essential element which is a co factor of enzymes that are necessary to maintain various homeostatic functions in the body. One of these enzymes’ xanthine oxidase reductase (XOR) is found in cardiac, vascular endothelial cells as well as macrophages and it is a key mediator in generating oxidative stress during ACD (He et al., 2019; Polito et al., 2021). The development of ACD mainly involves endothelial cells, macrophages, and vascular smooth muscle cells in the intimal layer of the blood vessels. The oxidation of low-density lipoprotein cholesterol (Ox-LDL) initiates the production of chemokines and expression of adhesion molecules on endothelial cells, which make the intima more permeable to Ox-LDL and circulating monocyte migration which differentiate into macrophages (Kume et al., 1992). The activated macrophages ingest Ox-LDL and become foam cells leading to atheroma formation (Chistiakov et al., 2017). Foam cells produce growth factors that cause the vascular smooth muscle cells to proliferate and migrate into the vessel lumen forming a partial blockage (stenosis) that interferes with blood flow (Alonso-Herranz et al., 2023). The persistent inflammatory response elicited by permanent stents consequently increases the risk of in-stent restenosis (ISR) (Jukema et al., 2012; Borhani et al., 2018). The hope is that a biodegradable Mo stent would gradually restore vascular function and theoretically reduce the risk of ISR since it will degrade appropriately over time.
The limitations of previous studies are that they do not account for the biological effects of Mo that could significantly impact the material and host interaction required for the success of stent implants especially in the presence of ACD. Research that has been done on Mo attributes its toxicity in part to over activity of these Mo containing enzymes (Vyskočil and Viau, 1999). In addition, there is cross talk that exists between Mo and other metallic elements such as copper (Cu) (Schwarz et al., 2009) which would potentially alter Cu metabolism and its biological effects downstream. These biochemical mechanisms of Mo are underrepresented in current biomedical research and could potentially have implications at the molecular level that could hinder the expected performance of Mo biomaterials. In this review, we focus on the biochemistry of Mo, its physiological and pathological effects, the recent studies of Mo for cardiovascular applications, comparison with other biodegradable metals, and areas that need to be explored.
2 THE BIOCHEMISTRY OF MOLYBDENUM
Molybdenum (Mo) is a transitional metal element that was first discovered in 1778 (Barceloux, 1999). Mo naturally exists in 5 oxidation states Mo (-II)-Mo (+VI) and can also exist in the metallic form (Barceloux, 1999; Saji and Lee, 2012; Burzlaff et al., 2017). In dilute solutions it exists mainly as soluble MoO4−2 (Barceloux, 1999). With increasing concentrations, Mo will polymerize into polymolybdate complexes (Barceloux, 1999). Mo has been classified as an essential element (Bibr et al., 1960; Oskarsson and Kippler, 2023). It is abundantly found in leafy vegetables, legumes, cereal, cauliflower, kidney, liver, and milk (Barceloux, 1999; Bibr et al., 1960). Approximately 50%–93% of soluble Mo is absorbed in the gastrointestinal tract and transported in the blood to the kidney and the liver (Barceloux, 1999). Body transport occurs through erythrocyte cells particularly via a Cl-/HCO3 anion exchanger in form of HMoO4− and to a lesser extent, MoO42- (Gimenez et al., 1993). The uptake of Mo in cells is through Mo transporters (MOT1 and MOT2). MOT1 is exclusively found in plants, specifically in the endoplasmic reticulum while MOT 2 has been identified in animals and humans within intracellular vacuoles (Tejada-Jiménez et al., 2011; Mendel and Kruse, 2012). The majority of Mo is then excreted via the kidneys (Vyskočil and Viau, 1999). Studies have also shown that Mo is excreted in bile and feces in small proportions (<1%) (Barceloux, 1999; Vyskočil and Viau, 1999). High Cu levels facilitate the excretion of Mo by inhibiting the reuptake of Mo through its transport protein (Barceloux, 1999) (Figure 1A) Mo has been shown to bind to the erythrocyte membrane protein spectrin (Kselíková et al., 1980) and it has also been reported to bind strongly to the serum protein alpha-2-macroglobulin, an acute phase reactant which plays a role in mediating phagocytosis in macrophages during inflammation (Vandooren and Itoh, 2021).
[image: Figure 1]FIGURE 1 | (A): Mo Bioavailability: Mo containing dietary products (vegetables, milk and drinking water) are absorbed within the gastrointestinal tract and incorporated into blood circulation (Barceloux, 1999). Transport within erythrocytes is via Cl−/HCO3 anion exchanger with Mo in the form HMoO4−/MoO42- (Gimenez et al., 1993). In different organs and tissues, Mo is incorporated into the Mo-co subunit of the Mo containing enzymes (molybdo-flavoenzymes); xanthineoxidoreductase (XOR) and aldehyde oxidase (AOX). Mo is mainly secreted in the kidneys through an antagonistic mechanism of Cu and the Mo protein transporter (Barceloux, 1999). (B): Biochemistry XOR and AOX: Xa nthine oxidoreductase (XOR) is a derivative of the enzyme xanthine dehydrogenase (Polito et al., 2021). XDH undergoes post translational modification through oxidation of cysteine residues, which depending on the number of groups oxidized, can either be converted into XOR (oxidation of 1) which expresses both dehydrogenase and oxidase activity or XO (oxidation of 2) (Bortolotti et al., 2021). The enzyme XOR exists as a homodimer that consists of 2 identical subunits with 3 domains, a Mo-co (85 kDa) which acts as the electron donor, an FAD (45 kDa) which acts as the electron acceptor and 2Fe/S (20 kDa) which mediates the transfer of electrons from Mo-co to FAD (Bortolotti et al., 2021). The different isoforms of this enzyme are all involved in the last two steps of the purine metabolism pathway that converts xanthine into uric acid (Polito et al., 2021; Bortolotti et al., 2021). The difference lies in the cofactors that mediate this reaction, XDH uses NAD+ and XO has a greater affinity for oxygen. Aldehyde oxidase shares 86%–91% gene sequence homology with XOR and consequently has a similar protein structure (Kelley, 2017). The AOX enzyme oxidizes aldehyde compounds into alcohol and it also oxidizes aromatic compounds simultaneously generating hydrogen peroxide (H2O2) (Terao et al., 2016; Terao et al., 2020).
The diversity in oxidation states of Mo makes it a critical element in catalyzing redox reactions in cells. Mo is a well-known cofactor for several enzymes (Maia et al., 2024). The cofactors can be classified into two: 1) Iron–sulphur-cluster-based iron–Mo cofactor (FeMo-co) found in Mo nitrogenase enzymes which break down dinitrogen (N2) into ammonia (NH3) and 2) a pterin-based cofactor, molybdopterin (Mo-co) and is found in sulphite oxidase (SO), xanthine oxidase (XO) and dimethylsulphoxide reductase (DMSOR) (Schwarz et al., 2009). In eukaryote organisms, the predominant form is the pterin-based co factor Mo-co. This review will discuss the XO family which has implications in ACD pathophysiology. (Patetsios et al., 2001; Berry and Hare, 2004; Nomura et al., 2014; Polito et al., 2021) Information regarding the biochemistry of Mo nitrogenase, SO, and DMSOR can be found elsewhere (Schwarz et al., 2009).
The XO family, also known as Mo hydroxylases is a family of enzymes that consist of a homodimer structure that contains two 150 kDa subunits, each with 3 specific binding domains: flavine adenine nucleotide (FAD), 2 iron/sulphur cluster group and Mo-co (Schwarz et al., 2009). There are two major classes of enzymes in this family. Xanthine oxidoreductase (XOR), which can also exist in two interconvertible isoforms (Figure 1) xanthine dehydrogenase (XDH) and xanthine oxidase (XO) (Harrison, 2002). The enzyme form xanthine dehydrogenase (XDH) is the native form and is ubiquitous to most living organisms (Battelli et al., 2018). The XO isoform only exists in mammals, under conditions such as hypoxia or inflammation (Harrison, 2002; Kelley, 2017). Here onwards, the enzyme will be referred to as XOR in mammalian studies. The second class are the aldehyde oxidases (AOX). The major difference between the 2 classes of enzymes is substrate specificity. XOR is involved in the last 2 steps of purine metabolism; it breaks down hypoxanthine into xanthine and uric acid (Harrison, 2002), while also generating superoxide in XO and NADH in XDH from electron transfer to oxygen and NAD + respectively (Berry and Hare, 2004) (Figure 1B). The enzyme AOX oxidizes aromatic and aliphatic aldehydes into carboxylic acids (Terao et al., 2016).
There is cross talk between Mo and other transitional metals. Mo salts have been reported to affect the absorption of Fe and Cu in the digestive tract which could be as result of competitive inhibition for receptors found in the epithelial lining of the intestines (Vyskočil and Viau, 1999). Cu is also involved in the synthesis of Mo-co by acting via a metal exchange mechanism in the Mo-co precursor molybdopterin where it is bound to molybdopterin dithiolene group prior to exchange for Mo in the synthesis of Mo-co (Mendel and Kruse, 2012). Interestingly, the effects of Cu are dose dependent: a concentration of 1 µM of copper chloride was found to inhibit this metal exchange mechanism (Kuper et al., 2004). It is hypothesized that Mo can react with sulfide to form thiomolybdate which chelates Cu, and the reaction of Cu with this compound reduces its availability to bind to its transporter ceruloplasmin (Vyskočil and Viau, 1999; Dick et al., 1975; Gould and Kendall, 2011).
3 MOLYBDENUM: THE DOUBLE-EDGED SWORD
Mo is a trace element (Vyskočil and Viau, 1999) and its bioavailability is critical to metabolic enzymes that are necessary for maintaining redox balance. However, Mo toxicity has also been reported and therefore highly suggests a dose dependent effect in biological environments (Figure 2). At low doses (0.64 μg/kg/day) as a nutritional element (ATSDR, 2020), the vital functions of Mo are achieved as a co factor in enzymes XOR and AOX.
[image: Figure 2]FIGURE 2 | Molybdenum: The double-edged sword. Mo is a bio essential element in the body. The daily nutritional recommendation for Mo is 0.64 ug/kg/day (ATSDR, 2020). At this physiological dose Mo is incorporated in enzymes such as XOR that aids in the maintenance of blood pressure through production of uric acid that activates the renin angiotensin system, Mo also helps maintain redox balance through production of ROS (superoxide& H2O2) and RNS (NO) species (Bortolotti et al., 2021). Similarly, it facilitates metabolism of drugs, amino acid and ethanol through the activities of AOX (Terao et al., 2016). It acts to modulate the immune response through activation of enzymes XOR in leukocyte cells (Polito et al., 2021). At higher doses Mo can have toxic effects at doses ranging from 1 to 75 mg/kg/day (ATSDR, 2020). According to a systemic review, the highest risk (-- - -) is associated with altered respiratory and renal function extrapolated from human and animal studies (ATSDR, 2020). Other potential toxic effects (-- - -) include effects related to Cu deficiency that include weight loss and anemia, altered reproductive function in both female and male, changes in bone mass specifically in the femur, gout-like symptoms and hypertension due to over production of uric acid. Increased oxidative stress has been reported in Drosophila melanogaster (Perkhulyn et al., 2017).
3.1 The protective functions of Mo in the body
3.1.1 XOR
XOR is responsible for 3 enzymatic functions: XOR activity that results in uric acid production from hydroxylation of hypoxanthine and xanthine, NADH oxidase activity that produces the reactive oxygen species (ROS) superoxide and consequently hydrogen peroxide (H2O2), and nitrate reductase activity that produces the reactive nitrite species (RNS) nitric oxide (NO) (Harrison, 2002). XOR is found in the liver, small intestines, mammary glands, cardiac and endothelial cells (Polito et al., 2021). At appropriate levels, these molecules all play a role in maintaining diverse physiological homeostatic functions which include blood pressure regulation, modulating the innate immune response, redox signaling and fat metabolism (Polito et al., 2021). In leukocytes, XO generates superoxide and consequently H2O2 as the body’s first mechanisms of defense (Polito et al., 2021). Uric acid produced from XOR in adequate amounts can act as an antioxidant by scavenging free radicals. In addition, uric acid regulates blood pressure through the activation of the renin angiotensin system (Battelli et al., 2018).
3.1.2 AOX
AOX is known to oxidize aldehyde and aromatic compounds (Kelley, 2017). It has four isoforms that have been discovered to date, AOX1-AOX4 (Terao et al., 2016). The isoform AOX1 is found in humans and is hypothesized to be involved in the metabolism of amino acids (Isoleucine, valine, tryptophan, tyrosine, and isoleucine) and vitamin metabolism (B6, retinol, nicotinate and nicotinamide) (Terao et al., 2016). AOX1 also plays a role in maintaining the epithelial lining of lung cells (Shintani et al., 2015), adipogenesis and lipid homeostasis (Terao et al., 2016). Another major role of AOX1 is in the metabolism of antitumor drugs, immune modulating, and antiviral agents (Terao et al., 2016). AOX1 also facilitates ethanol metabolism following alcohol consumption (Shaw and Jayatilleke, 1990). Moreover, it has also been shown to produce NO especially under hypoxic conditions (Kelley, 2017).
3.2 Toxicity of Mo in the body
The toxicity of Mo is mainly achieved by the molybdate ion (MoO42-), in which Mo has an oxidation state of Mo(VI) (Burzlaff et al., 2017). Mo(VI) is the form that is present in blood, up taken by cells, and bound to Mo-Co. The mechanism of Mo toxicity is still under investigation. However, extensive studies have reported a possible association with Cu deficiency, or a condition termed as molybdenosis that mimics Cu deficiency (Barceloux, 1999; ATSDR, 2020). These effects were observed in ruminant models that presented as a decrease in weight, hyperpigmentation, and abnormalities in hair texture (ATSDR, 2020). In human studies, individuals who present with low dietary intake of Cu or impairment of Cu metabolism have also been reported to be at greater risk of Mo toxicity (Vyskočil and Viau, 1999). Some of these cases also showed increased excretion of Cu and increased levels of ceruloplasmin, alluding to a possible antagonistic relationship between Mo and Cu. Supraphysiological levels of Mo via oral ingestion, > 1–75 mg/kg/day has demonstrated toxicity (Vyskočil and Viau, 1999), (ATSDR, 2020). A comprehensive systemic review that assessed both human and animal studies found that the highest presumed risk of Mo toxicity in humans was in the alteration of respiratory and renal function (ATSDR, 2020). Other organ systems affected by high doses of Mo are presented in Figure 2. Below, we briefly summarize the findings on Mo toxicity in the renal and respiratory systems with special emphasis on the cardiovascular system and its implications in ACD.
3.2.1 Nephrotoxicity
In animal studies, histopathological changes in kidney structures have been reported as well as changes in renal function. Oral ingestion of 60 mg/kg/day for a duration of 90 days in female rats resulted in pathological changes in the proximal tubules of the nephron (Murray et al., 2014). Doses of 240 mg/kg/day in another study did cause deleterious effects in kidney histological structure in male rats (Bandyopadhyay et al., 1981). Furthermore, at doses of 80 mg/kg/day, renal function was altered through changes in diuresis and urinary creatinine levels (Bompart et al., 1990) These studies present with convincing evidence of the effects of high dose Mo on renal structure and function. However, its crucial to determine whether these reported effects translate to human studies.
3.2.2 Respiratory toxicity
Airborne exposure of Mo in the form of Mo trioxide (MoO3) in human and animal studies has to a certain extent resulted in alterations in lung function. A cohort study demonstrated that workers exposed to MoO3 experienced cough, dyspnea, altered lung function tests and radiographic abnormalities (Ott et al., 2004). However the authors did report limitations to the study that included insufficient monitoring and inappropriate control groups. In rats and mice studies, the chronic exposure of Mo at concentrations greater than 6.7 mg Mo/m3 and 67 mg Mo/m3 respectively, led to extensive histopathological changes in the respiratory and olfactory tracts (Program, 1996).
3.2.3 Cardiovascular toxicity
An association between elevated Mo urinary levels and high blood pressure has been reported in a human cross-sectional study (OR 1.45, 95% CI 1.04–2.02) (Shiue and Hristova, 2014). On the other hand, Schroeder and Kraemer (Schroeder and Kraemer, 1974) found a week negative association between atherosclerotic disease and Mo levels in water consumption (0.00003 mg/kg/day for an assumed daily intake of 2 L per day). These contradicting studies to a certain extent support a dose dependent effect of Mo. As mentioned previously, Mo is an essential element that is incorporated as a co factor in enzymes. One of these enzymes’ XOR plays a significant role in cardiovascular physiology and ACD pathology (Polito et al., 2021). XOR generates ROS (superoxide, H2O2), and RNS (NO) at the Mo-Co binding site (Bortolotti et al., 2021). At physiological doses these molecules mediate cell signaling that help in maintaining vascular homeostasis (He et al., 2019). For example, NO aids in vessel dilation and inhibiting platelet aggregation while H2O2 regulates vascular smooth muscle cell proliferation, migration, and differentiation (He et al., 2019; Byon et al., 2016). However, in disease states, there is an overactivation of these enzymes that can cause excessive production of ROS and RNS which can have detrimental effects. XOR has been identified as a factor that contributes to endothelial dysfunction by reducing NO availability (Polito et al., 2021). Superoxide reacts rapidly with NO to produce the toxic RNS species peroxynitrite (Beckman and Koppenol, 1996). It is well documented that ROS and RNS can cause lipid oxidation (He et al., 2019; White et al., 1994; Leeuwenburgh et al., 1997). In fact, Ox-LDL is one of the main factors in the underlying mechanism of ACD progression. Moreover, XOR has been identified within atherosclerotic plaques isolated from tissue obtained from carotid endarterectomy (Patetsios et al., 2001). Macrophages found within atherosclerotic plaques in mice have also been found to overexpress XOR (Nomura et al., 2014). Uric acid at high levels is also associated with endothelial dysfunction, proliferation of smooth muscle cells, and activation of the renin-angiotensine system (Polito et al., 2021). Therefore, it is not surprising that Mo levels have been found to be associated with hypertension and atherosclerotic disease. In fact, individuals residing in areas with high Mo intake not only had high serum Mo levels, but this was also in association with increased XO and uric acid levels (Kovalskiy et al., 1961). A recent animal study showed that Mo increases the risk of ACD progression in Apo E−/− mice exposed to Mo disulfide nanosheets (MoS2 NSs) (Yan et al., 2023). Taken together, this work suggests that Mo levels at the degradation site could potentially influence ACD pathophysiology and this effect could be dose dependent.
4 BIOMEDICAL RESEARCH STUDIES OF MOLYBDENUM FOR CARDIOVASCULAR APPLICATIONS
In addition to Mo’s biological significance, metallic Mo presents with excellent mechanical properties that surpasses all biodegradable metals considered to date for ACD (Table 1). These include a high tensile strength of 1,400 MPa, sufficient stiffness (Young’s modulus) estimated at 324 GPa while also maintaining a high elongation to failure of up to 50% (Redlich et al., 2021). Mo is also degradable with a uniform, slow and steady degradation rate (Redlich et al., 2021; Schauer et al., 2021). Moreover, due to its radio-opacity it can have applications in medical imaging (Schauer et al., 2021; Yan et al., 2023) Collectively, these characteristics make it the ideal material to use for biomedical vascular implants which would provide a temporary scaffold while facilitating tissue repair over time. Therefore, it is not surprising that it is currently being considered as a treatment alternative to permanent stents for ACD (Schauer et al., 2021; Sikora-Jasinska et al., 2022; Bian et al., 2024). Below, we will discuss the in vitro and in vivo work that has been done to assess the biocompatibility of Mo with a focus on cardiovascular applications. We also present studies performed on invertebrate models that allude to the Mo effect as a regulator of mechanisms that directly or indirectly play an active role in ACD.
TABLE 1 | The comparison of biocompatibility properties of biodegradable metallic materials.
[image: Table 1]4.1 In vitro models
Redlich et al. (2021) published the first extensive study that assessed the degradation behavior and effect of metallic Mo on vascular and immune cells actively involved in the inflammatory response of ACD. The degradation rate in simulated biological fluids after immersion of Mo for 28 days was calculated to be approximately 10.1 ± 0.7 and 10.8 ± 0.6 μm/year in two different preparations of Mo (commercially available and powdered metallurgically produced Mo respectively). A subsequent study reported a degradation rate of 33.6 μm/year for the same duration in a modified solution with decreased calcium content (Schauer et al., 2021). These results are in comparison to an ideal degradation rate of 20 μm/y for biodegradable stent materials (Bowen et al., 2013a; Schauer et al., 2021). Cells were cultured in growth media that contained varying concentrations of MoO3, which is the end dissolution product of metallic Mo. This compound ionizes in solution to form MoO42-. The experiments were run for 24–72 h. Endothelial cells cultured at 2.5 mM MoO3 showed a decrease in cell viability from 48 h compared to the control group. Human coronary artery smooth muscle cells showed greater resiliency by maintaining appropriate cell viability in all concentrations used. Moreover, exposure of human thrombocytes to Mo wires did not trigger the expression of thrombogenic markers. In human monocytes, only 2.5 mM upregulated the gene expression of the inflammatory cytokines IL-1, IL-8 and TNF-α at 24 h of treatment. In addition, these cells were able to colonize and migrate over Mo materials proving Mo ability to provide a suitable scaffold that facilitates vascular remodeling and repair.
Prieto Jarabo et al. (2024) assessed biocompatibility of Mo for applications in temporary cardiac pacing that is often performed to treat cardiac arrhythmias that manifest after cardiac surgery. The authors showed that Mo consistently maintained a uniform degradation profile when incubated in simulated body fluids for at least 28 days. Low cytotoxicity was observed in human cardiomyocytes and cardiac fibroblasts. Although, the Mo effect was both time and dose dependent in some instances. For example, apoptosis was increased at low concentrations of Mo at 24 h in cardiomyocytes while necrosis decreased in cardiomyocytes at the same time period for the highest Mo concentrations.
An in vitro study which investigated the effect of Mo nanoparticles on human epidermal epithelial cells showed that exposure of up to 1 mg/mL of MoO3 did not result in significant cell death (Božinović et al., 2020). However, the initiation of signaling cascades that led to upregulated levels of Il-6 and excessive cell growth were observed. Upregulation of inflammatory cytokines as well as vascular smooth muscle cell hyperproliferation is seen in the ACD progression (Rafieian-Kopaei et al., 2014). Therefore, these mechanisms could also have implications in Mo cardiovascular implants.
The treatment with doses of MoS2 of up to 50 μg mL-1 on M1 and M2 macrophages showed that although there was no significant impact on viability, M1 showed increased secretion of inflammatory cytokines (Lin et al., 2020).
An Mo stent was recently engineered from Mo powder using selective laser melting (SLMed Mo) (Bian et al., 2024). The biological response of the stent was assessed using biodegradation products, cell colonization on the stent, cell apoptosis and hemocompatibility. Overall, SLMed Mo showed superior cell viability, reduced apoptosis, adequate colonization of endothelial cells and vascular smooth muscle cells compared to Zn and Mg. Moreover, SLMed Mo showed minimal signs of hemolysis and coagulation.
Currently, only one study has investigated the effects of Mo under simulated inflammatory conditions which would better represent the biological environments that vascular stents would be exposed to (Shen et al., 2024). The authors incubated Mo with H2O2 and Fenton reagent which produces the highly reactive species hydroxyl radical (HO.) (Shen et al., 2024). Mo maintained uniform degradation in the inflammatory and control conditions (PBS). However, the authors did report an increase in the degradation rate of Mo with increasing concentration of the inflammatory species. The products of degradation in simulated inflammation were predominantly MoO2 and MoO3. MoO3 dissolves to form MoO4−2 which is the predominant Mo compound formed even under physiological conditions.
4.2 In vivo invertebrate models
Invertebrate models such as Drosophila Melanogaster (Drosophila) have gained popularity in research for studying molecular mechanisms of various biochemical molecules. For Mo, some of these models demonstrate a similar response to humans when exposed to Mo. For example, investigative studies of Mo in Drosophila have been shown to upregulate AOX and XDH enzymatic activity following Mo treatment (Duke et al., 1975). Drosophila treated with sodium molybdate (Na2MoO4) at different concentrations ranging from 0.025-10 mM showed a dose dependent effect on oxidative stress and antioxidant markers (Perkhulyn et al., 2017). Low concentrations of MO enhanced antioxidant capacity and mild oxidative stress, while Mo at high concentrations induced intermediate or high intensity oxidative stress. This study also reported sex dependence. For example, oxidative stress molecules such as protein carbonyl content was lowered by 24% at 10 mM in males while it increased by 33% at the same concentration in females. In addition, lipid peroxide concentrations increased in both males and females. The authors also showed that the antioxidant superoxide dismutase increased by 58% with 10 mM Mo treatment for males, while it showed no significant difference in the female for the same treatment group.
Mo has also been found to decrease blood glucose levels by improving glucose utilization within cells in mammalian studies (Rovenko et al., 2014) This effect was also reproduced in Drosophila treated with 0.025–10 mM concentrations of Na2MoO4. Hemolymph glucose levels were found to be decreased significantly in males (between 21%-42% for all concentrations), while females had varying results depending on strain. Glycogen levels were increased in both males and females. While important, investigating these dose dependent effects of Mo on antioxidant and oxidative stress markers of ACD in a mammalian model would be an important next step to further validate these findings or determine how the model organism impacts the effects of Mo.
4.3 In vivo mammalian models
Similar to in vitro studies, Mo has been shown to exhibit uniform degradation properties, with a reported degradation rate of 13.5 μm/y (Schauer et al., 2021). The implantation of pure Mo into the abdominal aorta of rats for periods ranging from 3-12 months showed no significant changes in urine or blood levels of Mo. There were undetected C-reactive protein levels, which is a clinical indicator of systemic inflammation. The authors also observed a decrease in the blood cell count which returned to baseline over time. There were no adverse effects or morphological changes in the kidney or liver reported. Although, high Mo concentrations were detected in close vicinity to the implant site (Schauer et al., 2021).
The biocompatibility of Mo was further supported in a subsequent study which showed low levels of inflammation and comparable neointimal thickness when compared to the platinum control after 6 months implantation in the abdominal aorta (Sikora-Jasinska et al., 2022). However, there was a non-significant decrease in reendothelialization of the abdominal aorta in Mo implanted mice, and some areas of the kidney showed abnormal structural changes, which could possibly indicate some level of undesirable vascular and renal effects.
Bian et al. (2024) implanted the SLMed Mo stent adjacent to the abdominal aorta of a rat model to validate Mo biocompatibility. After 3 months of implantation, there were no signs of necrosis, cell hyperproliferation or aggressive inflammation. The results are encouraging. Although, the experimental design does not clearly depict the expected biological response since a stent is implanted within the intima of the vessel wall.
5 TOXICITY OF MO COMPARED TO OTHER BIODEGRADABLE METAL ELEMENTS
All the biodegradable metals considered for vascular stents are bio essential elements that are needed to regulate homeostasis (Table 1). However, at supraphysiological doses, they exhibit toxicity at the implant site and in different organ systems, which is one of the concerns for their application. Zn presents with toxic effects at exposures >1 g. The exact mechanism of Zn toxicity is not clearly understood, short term exposure can manifest as digestive and respiratory system complications as well as immune-mediated inflammation. Long term exposure can affect the nervous system as well as disruption within the hematological system, specifically the bone marrow (Agnew and Slesinger, 2020). Zn has been found to have dose dependent effect on caspase 3 mediated apoptosis in vascular smooth muscle cells (Guillory et al., 2020). In fact, it was shown to suppress neo intima formation in the blood vessel wall (Bowen et al., 2015; Guillory et al., 2020).
Fe toxicity occurs at consumption of 20–60 mg/kg for mild to life-threatening cases respectively, typically from Fe supplements (Yuen and Becker, 2023). Excess Fe leads to its accumulation in the mitochondria of cells where it interferes with oxidative processes, causing an increase in free radicals and ultimately cell and tissue damage (Kumar Baranwal and Singhi, 2003). This usually affects the metabolic activity of cells mainly in the cardiovascular, nervous, and digestive systems. At the implant site, Fe based materials produce ROS species such as H2O2 and HO. which could lead to chronic inflammation and damage to the surrounding tissue (Scarcello and Lison, 2020). Although in vivo studies performed to date report minimal inflammatory effects (Scarcello and Lison, 2020). In fact, a recent clinical study reported the safety and competency of Fe based stents in patients with non-complicated coronary lesions (Gao et al., 2023).
A substantial amount of Mg (5,000 mg/day) is needed to reach toxic levels, and this presents with diarrhea and vomiting, arrythmias, loss of muscular strength, decreased urine output and impairment of the central nervous system in severe cases (Musso, 2009). Mg has been reported to have dose-dependent effect on cell viability as well as increased red blood cell lysis which is most likely due to pH changes during degradation rather than increased Mg ion concentration (Zhen et al., 2015). Mg based stents have been extensively applied in human studies and one of the reasons is associated with its low toxicity.
Compared to these metals, Mo presents with the lowest dose limit of toxicity (1–25 mg/kg/day) in animal studies following oral administration (ATSDR, 2020). However, the current research studies outlined in this review for its application as a vascular stent have not demonstrated many of the toxic effects associated with Mo (Figure 2).
6 LIMITATIONS OF CURRENT RESEARCH
This review set out to explore the biocompatibility of Mo as a biomaterial for vascular stent application by first understanding the biochemical and physiological aspects of Mo which plays a crucial role in the function of metabolic enzymes. Specifically, XOR is at the frontline in the pathogenesis of ACD (Polito et al., 2021). The research studies in vitro and in vivo provide compelling evidence that supports the use of Mo as cardiovascular implant. However, the underlying mechanisms involved in the functionality of XOR that could potentially drive Mo toxicity at the implant site have not been explored. XOR has been identified in macrophage and endothelial cells (Polito et al., 2021; Berry and Hare, 2004). These are the cells that come into initial contact with the implant. Moreover, the ability for endothelial cells to migrate over the stent is an attractive quality for vascular implants because the endothelial lining reduces the risk of thrombogenicity and neointima hyperplasia (Jukema et al., 2012; He et al., 2019). Endothelial cells in both in vivo and in vitro experiments appear to be susceptible to damage from Mo degradation products at high doses (Redlich et al., 2021; Sikora-Jasinska et al., 2022). In addition, the consideration of the inflammatory response in both physiological and pathological conditions is vital to the success of these implants and only one study to date has investigated the effect of inflammatory species on degrading Mo (Shen et al., 2024). Mg based materials demonstrated adequate biocompatible properties in preclinical studies. Oliver et al. (2021) However, the translation to clinical application has been disappointing especially in individuals with underlying comorbidities, which would be indicative of chronic inflammatory states (Yang et al., 2018; Peng et al., 2019). Moreover, recent in vitro studies showed that Mg materials elicit significantly different host and material interactions in quiescent compared to inflammatory macrophage environments (Kwesiga et al., 2023). The cross talk of Mo and Cu needs to be critically assessed in biomedical research studies since it is well described that there is a counteractive functional relationship that exists between Mo and Cu, which could have molecular and clinical implications especially in individuals who are susceptible to Cu deficiency. Another drawback is that most studies on Mo toxicity have looked at its oral or airborne intake. This makes it challenging to extrapolate the results to Mo distribution within the human circulatory system. There are also ethical and cost concerns that limit extensive investigation into the biological implications of Mo based biomaterials in mammalian species. Further research with feasible experimental models that account for the intricate and multifaceted biological role of Mo in ACD pathogenesis are still needed.
7 FUTURE OUTLOOK
Mo requiring enzymes play a critical role in maintaining nitroso redox balance within cells (Kelley, 2017). This balance is altered in ACD and might have implications in the degradation properties of Mo. The generation of ROS and RNS from macrophages has been shown to modulate the degradation of Mg materials (Kwesiga et al., 2023). In fact, as previously mentioned, Mo under simulated inflammatory conditions show changes in the degradation rate when incubated in ROS (Shen et al., 2024). Furthermore, the function of XOR is altered in ACD which leads to over production of ROS and toxic RNS, ultimately leading to oxidative stress which is driver of ACD pathogenesis (Polito et al., 2021). To our knowledge, it remains unknown on how the degradation of Mo would alter XOR activity especially under inflammatory environments. In vitro work on Mo and cardiovascular functionality should not only explore cell viability and inflammatory cytokines but also determine whether Mo degradation products affects XOR activity in cells such as macrophages and endothelial cells. Additional studies investigating the effects of Mo in a minimally invasive and cost efficient in vivo model are of interest to determine the safety of Mo containing biodegradable metals for stent applications at the biochemical and molecular levels. Galleria mellonella (galleria) is a recently upcoming invertebrate model organism for immune and toxicological studies (Coates et al., 2019; Wojda et al., 2020), which offers a method to facilitate this investigation. One of the main advantages of galleria is that its innate immune system shares similarities with humans (Wojda et al., 2020). However traditional methods for obtaining biochemical information, such as western blotting, flow cytometry, or gene sequencing, are cost inefficient and do not maintain crucial spatial data. Autofluorescence imaging of insect models is a promising alternative, biological systems are rich in endogenous fluorophores that can be used for autofluorescence molecular imaging in a convenient, label-free manner (Quansah et al., 2022). Endogenous fluorophores are powerful biomarkers because their emission properties are often influenced by their microenvironment, as well as the morphology, metabolic state, and pathological conditions of the sample. This technique has been extensively used in human and animal models to study lipids, NAD(P)H, and collagen, all of which are well-known molecular markers for describing inflammation (Kretschmer et al., 2016; Chernavskaia et al., 2016). The translation of in vitro work to determine the alterations in the degradation profile of Mo and host response in an invertebrate model would greatly improve the ability of research scientists and engineers to accurately predict the performance of Mo implants. Lastly, the cross talk between Mo and Cu remains an intriguing area of study, and it would be of interest to determine if the antagonistic relationship would affect Cu metabolism after implantation, and whether the Mo/Cu interaction could alter the degradation dynamics of Mo at the implant site. Figure 3 presents the overall perspective of Mo towards its application for the treatment of ACD.
[image: Figure 3]FIGURE 3 | The overall perspective. Atherosclerotic cardiovascular disease (ACD) is the leading cause of death worldwide. Biodegradable Molybdenum (Mo) has the potential to address the complications of current treatments for ACD. A better understanding of Mo biochemistry that includes its incorporation in metabolically active enzymes and cross talk with Cu will facilitate the possible mechanisms of toxicity which can guide biomedical research studies, improve stent design, and consequently restore vascular function.
8 CONCLUSION
Atherosclerotic cardiovascular disease remains the leading cause of death and morbidity worldwide. Although the deployment of permanent stents has been a lifesaving treatment. There are still complications that can potentially be addressed by biodegradable metal stents. Molybdenum, a metallic bio essential element that presents with excellent mechanical properties can provide the temporary scaffold that the blood vessel needs to heal and eventually degrade after vascular function is restored. The toxicity of Mo has been explored in various organ systems and the biocompatibility studies of Mo for cardiovascular applications shows minimal toxicity. However, further studies that emphasize on molecular mechanisms directly involved in the biological role of Mo in physiological and pathological environments could greatly improve our understanding of the Mo and host interaction, direct material design and ultimately the success of Mo as a biodegradable vascular stent.
AUTHOR CONTRIBUTIONS
JM: Writing–original draft. BH: Writing–original draft. IS: Writing–original draft. MPK: Writing–review and editing, Writing–original draft.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was funded by Grand Valley State University. Brianna Hofman was funded by the Office of Undergraduate Research and Scholarship (OURS) Student Summer Scholars program, Grand Valley State University.
ACKNOWLEDGMENTS
We would like to thank Dr. Amani Gillette for review editing and insights into label free imaging for biomedical applications. We would like to thank Dr. Roger Guillory for review and insights into the biocompatibility of biodegradable metals. We would like to thank Dr. Babasola Fateye for review and insights in toxicology. Schematic figures were created with Biorender.com.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
ACD, Atherosclerotic cardiovascular disease; AOX, Aldehyde oxidase; Cu, Copper; Mo, Molybdenum; FAD, Flavine adenine dinucleotide; Fe, Iron; FeMo-co, Iron–sulphur-cluster-based iron–Mo cofactor; H2O2, Hydrogen peroxide; HO, Hydroxyl radical; Mo, Molybdopterin co factor; MoO3, Mo trioxide; MoO42-, Molybdate ion; MOT Molybdenum transporter; Ox-LDL, Oxidized low density lipoprotein; NO, Nitric oxide; Na2MoO4, Sodium molybdate; NAD (P) H, Nicotinamide adenine dinucleotide phosphate/Nicotinamide adenine dinucleotide; ROS Reactive oxygen species; RNS, Reactive nitrogen species; NAD, Nicotinamide adenine dinucleotide; XO, xanthine oxidase; XOR, xanthine oxidoreductase; XDH, Xanthine dehydrogenase; Zn, Zinc.
REFERENCES
 Agarwal, S., Curtin, J., Duffy, B., and Jaiswal, S. (2016). Biodegradable magnesium alloys for orthopaedic applications: a review on corrosion, biocompatibility and surface modifications. Mater. Sci. Eng. C 68, 948–963. doi:10.1016/j.msec.2016.06.020
 Agnew, U. M., and Slesinger, T. L. (2020). “Zinc toxicity,” in StatPearls (Treasure Island (FL): StatPearls Publishing). 
 Alonso-Herranz, L., Albarrán-Juárez, J., and Bentzon, J. F. (2023). Mechanisms of fibrous cap formation in atherosclerosis. Front. Cardiovasc Med. 10, 1254114. doi:10.3389/fcvm.2023.1254114
 ATSDR (2020). Toxicological profile for Molybdenum. Atlanta Georgia: U.S. Department of Health and Human Services. Available at: https://www.atsdr.cdc.gov/dro/atlantahq.html. 
 Bandyopadhyay, S. K., Chatterjee, K., Tiwari, R. K., Mitra, A., Banerjee, A., Ghosh, K. K., et al. (1981). Biochemical studies on molybdenum toxicity in rats: effects of high protein feeding. Int. J. Vitam. Nutr. Res. 51 (4), 401–409.
 Barceloux, D. G. (1999). Molybdenum. J. Toxicol. Clin. Toxicol. 37, 231–237. doi:10.1081/CLT-100102422
 Battelli, M. G., Bortolotti, M., Polito, L., and Bolognesi, A. (2018). The role of xanthine oxidoreductase and uric acid in metabolic syndrome. Biochim. Biophys. Acta Mol. Basis Dis. 1864, 2557–2565. doi:10.1016/j.bbadis.2018.05.003
 Beckman, J. S., and Koppenol, W. H. (1996). Nitric oxide, superoxide, and peroxynitrite: the good, the bad, and ugly. Am. J. Physiol. 271, C1424–C1437. doi:10.1152/ajpcell.1996.271.5.C1424
 Berry, C. E., and Hare, J. M. (2004). Xanthine oxidoreductase and cardiovascular disease: molecular mechanisms and pathophysiological implications. J. Physiol. 16, 589–606. doi:10.1113/jphysiol.2003.055913
 Bian, D., Tong, Z., Gong, G., Huang, H., Fang, L., Yang, H., et al. (2024). Additive manufacturing of biodegradable molybdenum–from powder to vascular stent. Adv. Mater. 36, 2401614. doi:10.1002/adma.202401614
 Bibr, B., Kselikova, M., and Lener, J. (1960). Interaction of molybdenum with blood serum proteins in vitro. Radiobiol. Radiother. Berl. 26, 651–659.
 Bompart, G., Pécher, C., Prévot, D., and Girolami, J.-P. (1990). Mild renal failure induced by subchronic exposure to molybdenum: urinary kallikrein excretion as a marker of distal tubular effect. Toxicol. Lett. 52 (3), 293–300. doi:10.1016/0378-4274(90)90039-O
 Borhani, S., Hassanajili, S., Ahmadi Tafti, S. H., and Rabbani, S. (2018). Cardiovascular stents: overview, evolution, and next generation. Prog. Biomater. 7, 175–205. doi:10.1007/s40204-018-0097-y
 Bortolotti, M., Polito, L., Battelli, M. G., and Bolognesi, A. (2021). Xanthine oxidoreductase: one enzyme for multiple physiological tasks. Redox Biol. 41, 101882. doi:10.1016/j.redox.2021.101882
 Bossard, M., Madanchi, M., Avdijaj, D., Attinger-Toller, A., Cioffi, G. M., Seiler, T., et al. (2022). Long-term outcomes after implantation of magnesium-based bioresorbable scaffolds—insights from an all-comer registry. Front. Cardiovasc Med. 9 (Apr), 856930. doi:10.3389/fcvm.2022.856930
 Bowen, P. K., Drelich, J., and Goldman, J. (2013a). Zinc exhibits ideal physiological corrosion behavior for bioabsorbable stents. Adv. Mater 25, 2577–2582. doi:10.1002/adma.201300226
 Bowen, P. K., Drelich, J., and Goldman, J. (2013b). Zinc exhibits ideal physiological corrosion behavior for bioabsorbable stents. Adv. Mater 25, 2577–2582. doi:10.1002/adma.201300226
 Bowen, P. K., Guillory, R. J., Shearier, E. R., Seitz, J. M., Drelich, J., Bocks, M., et al. (2015). Metallic zinc exhibits optimal biocompatibility for bioabsorbable endovascular stents. Mater. Sci. Eng. C 56, 467–472. doi:10.1016/j.msec.2015.07.022
 Bowen, P. K., Shearier, E. R., Zhao, S., Guillory, R. J., Zhao, F., Goldman, J., et al. (2016). Biodegradable metals for cardiovascular stents: from clinical concerns to recent Zn-Alloys. Adv. Healthc. Mater 5 (10), 1121–1140. doi:10.1002/adhm.201501019
 Božinović, K., Nestić, D., Centa, U. G., Ambriović-Ristov, A., Dekanić, A., de Bisschop, L., et al. (2020). In-vitro toxicity of molybdenum trioxide nanoparticles on human keratinocytes. Toxicology 444 (Nov), 152564. doi:10.1016/j.tox.2020.152564
 Burzlaff, A., Beevers, C., Pearce, H., Lloyd, M., and Klipsch, K. (2017). New studies on the in vitro genotoxicity of sodium molybdate and their impact on the overall assessment of the genotoxicity of molybdenum substances. Regul. Toxicol. Pharmacol. 86, 279–291. doi:10.1016/j.yrtph.2017.03.018
 Byon, C. H., Heath, J. M., and Chen, Y. (2016). Redox signaling in cardiovascular pathophysiology: a focus on hydrogen peroxide and vascular smooth muscle cells. Redox Biol. 9, 244–253. doi:10.1016/j.redox.2016.08.015
 Chasapis, C. T., Ntoupa, P. S. A., Spiliopoulou, C. A., and Stefanidou, M. E. (2020). Recent aspects of the effects of zinc on human health. Arch. Toxicol. 94, 1443–1460.
 Chernavskaia, O., Heuke, S., Vieth, M., Friedrich, O., Schürmann, S., Atreya, R., et al. (2016). Beyond endoscopic assessment in inflammatory bowel disease: real-time histology of disease activity by non-linear multimodal imaging. Sci. Rep. 6 (Jul), 29239. doi:10.1038/srep29239
 Chistiakov, D. A., Melnichenko, A. A., Myasoedova, V. A., V Grechko, A., and Orekhov, A. N. (2017). Mechanisms of foam cell formation in atherosclerosis. J. Mol. Med. 95 (11), 1153–1165. doi:10.1007/s00109-017-1575-8
 Coates, C. J., Lim, J., Harman, K., Rowley, A. F., Griffiths, D. J., Emery, H., et al. (2019). The insect, Galleria mellonella, is a compatible model for evaluating the toxicology of okadaic acid. Cell Biol. Toxicol. 35 (3), 219–232. doi:10.1007/s10565-018-09448-2
 Cockerill, I., See, C. W., Young, M. L., Wang, Y., and Zhu, D. (2021). Designing better cardiovascular stent materials: a learning curve. Adv. Funct. Mater. 31 (1), 2005361.
 Coleman, J. E. (1998). Zinc enzymes. Curr. Opin. Chem. Biol. 2 (2), 222–234. doi:10.1016/s1367-5931(98)80064-1
 Dick, A. T., Dewey, D. W., and Gawthorne, J. M. (1975). Thiomolybdates and the copper–molybdenum–sulphur interaction in ruminant nutrition. J. Agric. Sci. 85 (3), 567–568. doi:10.1017/s0021859600062468
 Duke, E. J., Rushing, D. R., and Glassman, E. (1975). Nutritional control of xanthine dehydrogenase. II. Effects on xanthine dehydrogenase and aldehyde oxidase of culturing wild-type and mutant Drosophila on different levels of molybdenum. Biochem. Genet. 13, 53–64. doi:10.1007/BF00486006
 Fiorentini, D., Cappadone, C., Farruggia, G., and Prata, C. (2021). Magnesium: biochemistry, nutrition, detection, and social impact of diseases linked to its deficiency. Nutr. 13 (4), 1136.
 Fu, J., Su, Y., Qin, Y.-X., Zheng, Y., Wang, Y., and Zhu, D. (2020). Evolution of metallic cardiovascular stent materials: a comparative study among stainless steel, magnesium and zinc. Biomaterials 230, 119641. doi:10.1016/j.biomaterials.2019.119641
 Gao, R., Xu, B., Sun, Z., Guan, C., Song, L., Gao, L., et al. (2023). First-in-human evaluation of a novel ultrathin sirolimus-eluting iron bioresorbable scaffold: 3-year outcomes of the IBS-FIM trial. EuroIntervention 19 (3), 222–231. doi:10.4244/EIJ-D-22-00919
 García-Mintegui, C., Córdoba, L. C., Buxadera-Palomero, J., Marquina, A., Jiménez-Piqué, E., Ginebra, M. P., et al. (2021). Zn-Mg and Zn-Cu alloys for stenting applications: From nanoscale mechanical characterization to in vitro degradation and biocompatibility. Bioact. Mater. 6 (12), 4430–4446.
 Ghafari, C., Brassart, N., Delmotte, P., Brunner, P., Dghoughi, S., and Carlier, S. (2023). Bioresorbable magnesium-based stent: real-world clinical experience and feasibility of follow-up by coronary computed tomography: a new window to look at new scaffolds. Biomedicines 11 (4), 1150. doi:10.3390/biomedicines11041150
 Gimenez, I., Garay, R., and Alda, O. (1993). Molybdenum uptake through the anion exchanger in human erythrocytes. Pflugers Arch. 424, 245–249. doi:10.1007/BF00384349
 Gould, L., and Kendall, N. R. (2011). Role of the rumen in copper and thiomolybdate absorption. Nutr. Res. Rev. 24, 176–182. doi:10.1017/S0954422411000059
 Guillory, R. J., Kolesar, T. M., Oliver, A. A., Stuart, J. A., Bocks, M. L., Drelich, J. W., et al. (2020). Zn2+-dependent suppression of vascular smooth muscle intimal hyperplasia from biodegradable zinc implants. Mater. Sci. Eng. C 111 (Jun), 110826. doi:10.1016/j.msec.2020.110826
 Guillory, R. J., Mostaed, E., Oliver, A. A., Morath, L. M., Earley, E. J., Flom, K. L., et al. (2022). Improved biocompatibility of Zn–Ag-based stent materials by microstructure refinement. Acta Biomater. 145, 416–426.
 Harrison, R. (2002). Structure and function of xanthine oxidoreductase: where are we now?Free Radic. Biol. Med. 33 (6), 774–797. doi:10.1016/S0891-5849(02)00956-5
 Haude, M., Ince, H., Abizaid, A., Toelg, R., Lemos, P. A., von Birgelen, C., et al. (2016). Safety and performance of the second-generation drug-eluting absorbable metal scaffold in patients with de-novo coronary artery lesions (BIOSOLVE-II): 6 month results of a prospective, multicentre, non-randomised, first-in-man trial. Lancet 387 (10013), 31–39. doi:10.1016/S0140-6736(15)00447-X
 He, W., Kwesiga, M. P., Gebreyesus, E., and Liu, S. (2019). “Nitric Oxide and oxidative stress-mediated cardiovascular functionality: from molecular mechanism to cardiovascular disease,” in Vascular biology-selection of mechanisms and clinical applications (London, United Kingdom: IntechOpen). 
 Hermawan, H. (2018). Updates on the research and development of absorbable metals for biomedical applications. Prog. Biomater. 7, 93–110. doi:10.1007/s40204-018-0091-4
 Jeewandara, T. M., Wise, S. G., and Ng, M. K. C. (2014). Biocompatibility of coronary stents. Mater. (Basel) 7, 769–786. doi:10.3390/ma7020769
 Jukema, J. W., Verschuren, J. J. W., Ahmed, T. A. N., and Quax, P. H. A. (2012). Restenosis after PCI. Part 1: pathophysiology and risk factors. Nat. Rev. Cardiol. 9, 53–62. doi:10.1038/nrcardio.2011.132
 Kelley, E. E. (2017). “Biochemistry of molybdopterin nitrate/nitrite reductases,” in Nitric oxide: biology and pathobiology . Third Edition ( Elsevier Inc.), 173–184. doi:10.1016/B978-0-12-804273-1.00013-2
 Khan, M. A., Hashim, M. J., Mustafa, H., Baniyas, M. Y., Al Suwaidi, S. K. B. M., AlKatheeri, R., et al. (2020). Global epidemiology of ischemic heart disease: results from the global burden of disease study. Cureus 12, e9349. doi:10.7759/cureus.9349
 Khan, S. Q., and Ludman, P. F. (2022). Percutaneous coronary intervention. Elsevier. 
 Korei, N., Solouk, A., Nazarpak, M. H., and Nouri, A. (2022). A review on design characteristics and fabrication methods of metallic cardiovascular stents. Mater. Today Commun. 31, 103467.
 Kovalskiy, V. V., Iarovaia, G. A., and Shmavonian, D. M. (1961). Modification of human and animal purine metabolism in conditions of various molybdenum bio-geochemical areas. Zh Obshch Biol. 22, 179–191.
 Kretschmer, S., Pieper, M., Hüttmann, G., Bölke, T., Wollenberg, B., Marsh, L. M., et al. (2016). Autofluorescence multiphoton microscopy for visualization of tissue morphology and cellular dynamics in murine and human airways. Lab. Investig. 96 (8), 918–931. doi:10.1038/labinvest.2016.69
 Kselíková, M., Mařík, T., Bíbr, B., and Lener, J. (1980). Interaction of molybdenum with human erythrocyte membrane proteins. Biol. Trace Elem. Res. 2, 57–64. doi:10.1007/BF02789035
 Kumar Baranwal, A., and Singhi, S. C. (2003). Acute iron poisoning: management guidelines. Indian Pediatr. 40, 534–540. Available at: http://www.indianpediatrics.net/june2003/june-534-540.htm.
 Kume, N., Cybulsky, M. 1, and Gimbrone, M. A. (1992). Lysophosphatidylcholine, a component of atherogenic lipoproteins, induces mononuclear leukocyte adhesion molecules in cultured human and rabbit arterial endothelial cells. J. Clin. Invest. 90, 1138–1144. doi:10.1172/JCI115932
 Kuper, J., Llamas, A., Rgen Hecht, H.-J., Mendel, R. R., and Schwarz, G. N. (2004). Structure of the molybdopterin-bound Cnx1G domain links molybdenum and copper metabolism. Nature 430, 803–806. doi:10.1038/nature02681
 Kwesiga, M. P., Gillette, A. A., Razaviamri, F., Plank, M. E., Canull, A. L., Alesch, Z., et al. (2023). Biodegradable magnesium materials regulate ROS-RNS balance in pro-inflammatory macrophage environment. Bioact. Mater 23, 261–273. doi:10.1016/j.bioactmat.2022.10.017
 Ledbetter, H. M. (1977). Elastic properties of zinc: a compilation and a review. J. Phys. Chem. Ref. Data 6 (4), 1181–1203. doi:10.1063/1.555564
 Lee, J.-Y., Han, G., Kim, Y. C., Byun, J. Y., Jang, J. i., Seok, H. K., et al. (2009). Effects of impurities on the biodegradation behavior of pure magnesium. Metals Mater. Int. 15, 955–961. doi:10.1007/s12540-009-0955-1
 Leeuwenburgh, C., Hardy, M. M., Hazen, S. L., Wagner, P., Oh-ishi, S., Steinbrecher, U. P., et al. (1997). Reactive nitrogen intermediates promote low density lipoprotein oxidation in human atherosclerotic intima. J. Biol. Chem. 272 (3), 1433–1436. doi:10.1074/jbc.272.3.1433
 Li, H., Zheng, Y., and Qin, L. (2014). Progress of biodegradable metals. Prog. Nat. Sci. Mater. Int. 24 (5), 414–422. doi:10.1016/j.pnsc.2014.08.014
 Lieu, P. T., Heiskala, M., Peterson, P. A., and Yang, Y. (2001). The roles of iron in health and disease. Mol. Asp. Med. 22 (1–2), 1–87. doi:10.1016/s0098-2997(00)00006-6
 Lin, H., Ji, D., Lucherelli, M. A., Reina, G., Ippolito, S., Samorì, P., et al. (2020). Comparative effects of graphene and molybdenum disulfide on human macrophage toxicity. Small 16 (35), e2002194. doi:10.1002/smll.202002194
 Maia, L. B., Moura, I., and Moura, J. J. G. (2024). “Molybdenum enzymes: an unexploited biotechnological treasure and a challenge for medicine,” in Synthesis and applications in chemistry and materials ( World Scientific), 3–37. doi:10.1142/9789811283215_0013
 Mendel, R. R., and Kruse, T. (2012). Cell biology of molybdenum in plants and humans. Biochim. Biophys. Acta 1823, 1568–1579. doi:10.1016/j.bbamcr.2012.02.007
 Moravej, M., Prima, F., Fiset, M., and Mantovani, D. (2010). Electroformed iron as new biomaterial for degradable stents: development process and structure–properties relationship. Acta Biomater. 6 (5), 1726–1735. doi:10.1016/j.actbio.2010.01.010
 Murray, F. J., Sullivan, F. M., Tiwary, A. K., and Carey, S. (2014). 90-Day subchronic toxicity study of sodium molybdate dihydrate in rats. Regul. Toxicol. Pharmacol. 70 (3), 579–588. doi:10.1016/j.yrtph.2013.09.003
 Musso, C. G. (2009). Magnesium metabolism in health and disease. Int. Urol. Nephrol. 41, 357–362. doi:10.1007/s11255-009-9548-7
 Peng Ng, G., and Loh, J. P. (2019). TCTAP C-064 early magmaris bioresorbable scaffold failure. J. Am. Coll. Cardiol. 73 (15S), S133–S134. doi:10.1016/j.jacc.2019.03.253
 Nomura, J., Busso, N., Ives, A., Matsui, C., Tsujimoto, S., Shirakura, T., et al. (2014). Xanthine oxidase inhibition by febuxostat attenuates experimental atherosclerosis in mice. Sci. Rep. 4 (1), 4554. doi:10.1038/srep04554
 Oliver, A. A., Guillory, R. J., Flom, K. L., Morath, L. M., Kolesar, T. M., Mostaed, E., et al. (2020). Analysis of vascular inflammation against bioresorbable Zn–Ag-based alloys. ACS Appl. Bio Mater. 2 (10), 6779–6789.
 Oliver, A. A., Sikora-Jasinska, M., Demir, A. G., and Guillory, R. J. (2021). Recent advances and directions in the development of bioresorbable metallic cardiovascular stents: insights from recent human and in vivo studies. Acta Biomater. 127, 1–23. doi:10.1016/j.actbio.2021.03.058
 Oskarsson, A., and Kippler, M. (2023). Molybdenum – a scoping review for nordic nutrition recommendations 2023. Swed. Nutr. Found. 67. doi:10.29219/fnr.v67.10326
 Ott, H. C., Prior, C., Herold, M., Riha, M., Laufer, G., and Ott, G. (2004). Respiratory symptoms and bronchoalveolar lavage abnormalities in molybdenum exposed workers. Wien Klin. Wochenschr 116, 25–30.
 Paim, T. C., Wermuth, D. P., Bertaco, I., Zanatelli, C., Naasani, L. I. S., Slaviero, M., et al. (2020). Evaluation of in vitro and in vivo biocompatibility of iron produced by powder metallurgy. Materials Science and Engineering. Mater. Sci. Eng. 115, 111129.
 Patetsios, P., Song, M., Shutze, W. P., Pappas, C., Rodino, W., Ramirez, J. A., et al. (2001). Identification of uric acid and xanthine oxidase in atherosclerotic plaque. Am. J. Cardiol. 88 (2), 188–191. doi:10.1016/s0002-9149(01)01621-6
 Perkhulyn, N. V., Rovenko, B. M., Lushchak, O. V., Storey, J. M., Storey, K. B., and Lushchak, V. I. (2017). Exposure to sodium molybdate results in mild oxidative stress in Drosophila melanogaster. Redox Rep. 22 (3), 137–146. doi:10.1080/13510002.2017.1295898
 Polito, L., Bortolotti, M., Battelli, M. G., and Bolognesi, A. (2021). Xanthine oxidoreductase: a leading actor in cardiovascular disease drama. Redox Biol. 48, 102195. doi:10.1016/j.redox.2021.102195
 Prieto Jarabo, M. E., Redlich, C., Schauer, A., Alves, P. K. N., Guder, C., Poehle, G., et al. (2024). Bioresorbable molybdenum temporary epicardial pacing wires. Acta Biomater. 178, 330–339. doi:10.1016/j.actbio.2024.02.039
 Program, N. T. (1996). Toxicology and carcinogenesis studies of molybdenum trioxide in F344 rats and B6C3F1 mice (inhalation studies). NTP Tech. Rep. 
 Quansah, E., Ramoji, A., Thieme, L., Mirza, K., Goering, B., Makarewicz, O., et al. (2022). Label-free multimodal imaging of infected Galleria mellonella larvae. Sci. Rep. 12 (1), 20416. doi:10.1038/s41598-022-24846-7
 Rafieian-Kopaei, M., Setorki, M., Doudi, M., Baradaran, A., and Nasri, H. (2014). Atherosclerosis: process, indicators, risk factors and new hopes. Int. J. Prev. Med. 5, 927–946. Available at: http://ijpm.mui.ac.ir/index.php/ijpm/article/view/1343.
 Redlich, C., Schauer, A., Scheibler, J., Poehle, G., Barthel, P., Maennel, A., et al. (2021). In vitro degradation behavior and biocompatibility of bioresorbable molybdenum. Met. (Basel) 11 (5), 761. doi:10.3390/met11050761
 Rovenko, B. M., V Perkhulyn, N., V Lushchak, O., Storey, J. M., Storey, K. B., and Lushchak, V. I. (2014). Molybdate partly mimics insulin-promoted metabolic effects in Drosophila melanogaster. Comp. Biochem. Physiology Part C Toxicol. and Pharmacol. 165, 76–82. doi:10.1016/j.cbpc.2014.06.002
 Rybalchenko, O. V., Anisimova, N. Y., Kiselevsky, M. V., Rybalchenko, G. V., Martynenko, N. S., Bochvar, N. R., et al. (2022). Effect of equal-channel angular pressing on structure and properties of Fe-Mn-С alloys for biomedical applications. Mater. Today Commun. 30, 103048.
 Sabaté, M., Alfonso, F., Cequier, A., Romaní, S., Bordes, P., Serra, A., et al. (2019). Magnesium-based resorbable scaffold versus permanent metallic sirolimus-eluting stent in patients with ST-segment elevation myocardial infarction: the MAGSTEMI randomized clinical trial. Circulation 140 (23), 1904–1916. doi:10.1161/CIRCULATIONAHA.119.043467
 Saji, V. S., and Lee, C. W. (2012). Molybdenum, molybdenum oxides, and their electrochemistry. ChemSusChem 5, 1146–1161. doi:10.1002/cssc.201100660
 Salama, M., Vaz, M. F., Colaço, R., Santos, C., and Carmezim, M. (2022). Biodegradable iron and porous iron: mechanical properties, degradation behaviour, manufacturing routes and biomedical applications. J. Funct. Biomater. 13 (2), 72.
 Scarcello, E., and Lison, D. (2020). Are Fe-based stenting materials biocompatible? A critical review of in vitro and in vivo studies. J. Funct. Biomater. 11, 2. doi:10.3390/jfb11010002
 Schauer, A., Redlich, C., Scheibler, J., Poehle, G., Barthel, P., Maennel, A., et al. (2021). Biocompatibility and degradation behavior of molybdenum in an in vivo rat model. Materials 14 (24), 7776. doi:10.3390/ma14247776
 Schroeder, H. A., and Kraemer, L. A. (1974). Cardiovascular mortality, municipal water, and corrosion. Archives Environ. Health Int. J. 28 (6), 303–311. doi:10.1080/00039896.1974.10666497
 Schwarz, G., Mendel, R. R., and Ribbe, M. W. (2009). Molybdenum cofactors, enzymes and pathways. Nature 460, 839–847. doi:10.1038/nature08302
 Shaw, S., and Jayatilleke, E. (1990). The role of aldehyde oxidase in ethanol-induced hepatic lipid peroxidation in the rat. Biochem. J. 268 (3), 579–583. doi:10.1042/bj2680579
 Shen, Y., Cheng, Y., and Zheng, Y. (2024). Insight into the biodegradation behavior of pure molybdenum under simulated inflammatory condition. Corros. Sci. 228, 111816. doi:10.1016/j.corsci.2023.111816
 Shi, Z.-Z., Gao, X. X., Zhang, H. J., Liu, X. F., Li, H. Y., Zhou, C., et al. (2020). Design biodegradable Zn alloys: second phases and their significant influences on alloy properties. Bioact. Mater 5 (2), 210–218. doi:10.1016/j.bioactmat.2020.02.010
 Shintani, Y., Maruoka, S., Gon, Y., Koyama, D., Yoshida, A., Kozu, Y., et al. (2015). Nuclear factor erythroid 2-related factor 2 (Nrf2) regulates airway epithelial barrier integrity. Allergol. Int. 64, S54–S63. doi:10.1016/j.alit.2015.06.004
 Shiue, I., and Hristova, K. (2014). Higher urinary heavy metal, phthalate and arsenic concentrations accounted for 3-19% of the population attributable risk for high blood pressure: US NHANES, 2009-2012. Hypertens. Res. 37 (12), 1075–1081. doi:10.1038/hr.2014.121
 Sikora-Jasinska, M., Morath, L. M., Kwesiga, M. P., Plank, M. E., Nelson, A. L., Oliver, A. A., et al. (2022). In-vivo evaluation of molybdenum as bioabsorbable stent candidate. Bioact. Mater 14, 262–271. doi:10.1016/j.bioactmat.2021.11.005
 Song, B., Dong, S., Deng, S., Liao, H., and Coddet, C. (2014). Microstructure and tensile properties of iron parts fabricated by selective laser melting. Opt. Laser Technol. 56, 451–460. doi:10.1016/j.optlastec.2013.09.017
 Song, J., She, J., Chen, D., and Pan, F. (2020). Latest research advances on magnesium and magnesium alloys worldwide. J. Magnes. Alloy. 8 (1), 1–41.
 Standing Committee on the Scientific Evaluation of Dietary Reference Intakes (1999). Dietary reference intakes for calcium, phosphorus, magnesium, vitamin D, and fluoride. Washington DC: National Academies Press. Available at: https://pubmed.ncbi.nlm.nih.gov/23115811/. 
 Tejada-Jiménez, M., Galván, A., and Fernández, E. (2011). Algae and humans share a molybdate transporter. Proc. Natl. Acad. Sci. U. S. A. 108, 6420–6425. doi:10.1073/pnas.1100700108
 Terao, M., Garattini, E., Romão, M. J., and Leimkühler, S. (2020). Evolution, expression, and substrate specificities of aldehyde oxidase enzymes in eukaryotes. J. Biol. Chem. 295, 5377–5389. doi:10.1074/jbc.REV119.007741
 Terao, M., Romão, M. J., Leimkühler, S., Bolis, M., Fratelli, M., Coelho, C., et al. (2016). Structure and function of mammalian aldehyde oxidases. Arch. Toxicol. 90, 753–780. doi:10.1007/s00204-016-1683-1
 Vallee, B. L. (1988). Zinc: biochemistry, physiology, toxicology and clinical pathology. Biofactors 1 (1), 31–36.
 Vandooren, J., and Itoh, Y. (2021). Alpha-2-Macroglobulin in inflammation, immunity and infections. Front. Immunol. 12, 803244. doi:10.3389/fimmu.2021.803244
 Verheye, S., Wlodarczak, A., Montorsi, P., Torzewski, J., Bennett, J., Haude, M., et al. (2021). BIOSOLVE-IV-registry: safety and performance of the Magmaris scaffold: 12-month outcomes of the first cohort of 1,075 patients. Catheter. Cardiovasc. Interventions 98 (1), E1–E8. doi:10.1002/ccd.29260
 Vogt, A. C. S., Arsiwala, T., Mohsen, M., Vogel, M., Manolova, V., and Bachmann, M. F. (2021). On iron metabolism and its regulation. Int. J. Mol. Sci. 22 (9), 4591.
 Vyskočil, A., and Viau, C. (1999). Assessment of molybdenum toxicity in humans. J. Appl. Toxicol. 19, 185–192. doi:10.1002/(SICI)1099-1263(199905/06)19:3<185::AID-JAT555>3.0.CO;2-Z
 Wayangankar, S. A., and Ellis, S. G. (2015). Bioresorbable stents: is this where we are headed?Prog. Cardiovasc Dis. 58 (3), 342–355. doi:10.1016/j.pcad.2015.08.011
 White, C. R., Brock, T. A., Chang, L. Y., Crapo, J., Briscoe, P., Ku, D., et al. (1994). Superoxide and peroxynitrite in atherosclerosis. Proc. Natl. Acad. Sci. U. S. A. 91, 1044–1048. doi:10.1073/pnas.91.3.1044
 Wojda, I., Staniec, B., Sułek, M., and Kordaczuk, J. (2020). The greater wax moth Galleria mellonella: biology and use in immune studies. Pathogens Dis. 78, ftaa057. doi:10.1093/femspd/ftaa057
 Wright, K. C., Wallace, S., Charnsangavej, C., Carrasco, C. H., and Gianturco, C. (1985). Percutaneous endovascular stents: an experimental evaluation. Radiology 156 (1), 69–72. doi:10.1148/radiology.156.1.4001423
 Xu, Y., Wang, W., Yu, F., Yang, S., Yuan, Y., and Wang, Y. (2023). The enhancement of mechanical properties and uniform degradation of electrodeposited Fe-Zn alloys by multilayered design for biodegradable stent applications. Acta Biomater. 161, 309–323.
 Yan, Z., Liu, Z., Yang, B., Zhu, X., Song, E., and Song, Y. (2023). Long-term exposure of molybdenum disulfide nanosheets leads to hepatic lipid accumulation and atherogenesis in apolipoprotein E deficient mice. NanoImpact 30 (Apr), 100462. doi:10.1016/j.impact.2023.100462
 Yang, H., Zhang, F., Qian, J., Chen, J., and Ge, J. (2018). Restenosis in magmaris stents due to significant collapse. JACC Cardiovasc Interv. 11 (10), e77–e78. doi:10.1016/j.jcin.2018.02.040
 Yuen, H. W., and Becker, W. (2023). “Iron toxicity,” in StatPearls (Treasure Island (FL): StatPearls Publishing). 
 Zhen, Z., Liu, X., Huang, T., Xi, T., and Zheng, Y. (2015). Hemolysis and cytotoxicity mechanisms of biodegradable magnesium and its alloys. Mater. Sci. Eng. C 46, 202–206. doi:10.1016/j.msec.2014.08.038
 Zhu, S., Huang, N., Xu, L., Zhang, Y., Liu, H., Sun, H., et al. (2009). Biocompatibility of pure iron: in vitro assessment of degradation kinetics and cytotoxicity on endothelial cells. Mater. Sci. Eng. C 29 (5), 1589–1592. doi:10.1016/j.msec.2008.12.019
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Mayers, Hofman, Sobiech and Kwesiga. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1457553-g003.gif





OPS/images/fbioe-12-1457553-t001.jpg
Material
Biocompatibility
Property

Physiological response

Cell viability

Inflammatory response

Mechanical properties: ultimate
tensile strength (MPa)

Young’s modulus (GPa)

Ductility

Elongation to failure

Degradation properties

Estimated degradation Rate

Iron (Fe)

Essential element important
for oxygen transport (Lieu
et al,, 2001; Vogt et al, 2021)

>80% viability after 48 h with
99.95% extract in vitro using
Adipose-derived stem cells
(ADSCs) (Paim et al., 2020)

No significant inflammatory
response in vivo (Li et al,,
2014; Xu et al,, 2023)

High, varies with alloying:
~290 (Moravej et al,, 2010;
Salama et al,, 2022)

~200 (Song et al., 2014),
(Hermawan, 2018)

High (Li et al., 2014; Korei
etal, 2022)

Up to 40% (Rybalchenko
etal, 2022)

Uniform (Li et al,, 2014)

100 um/y in vitro (Hermawan,
2018)

Zinc (Zn)

Essential trace element that
affects enzyme functionality
(Vallee, 1988), (Coleman,
1998), (Chasapis et al, 2020)

<80% viability with pure
extractin vitro using SMC and
Endothelial cells (Fu et al.,
2020)

Moderate inflammatory
response, possibly due to
slower in vivo degradation (Fu
etal, 2020; Oliver et al,, 2020;
Guillory et al,, 2022)

Moderate, varies with
alloying: ~120 (Bowen et al.,
2016; Cockerill et al,, 2021)

~100 (Hermawan, 2018),
(Ledbetter, 1977), (Shi et al.,
2020)

Moderate (Fu et al, 2020)
Varies with alloying (Guillory
etal, 2022)

Uniform (Bowen etal., 2013b;

Garcla-Mintegui et al,, 2021)

160 um/y in vitro (Hermawan,
2018)

Magnesium (Mg)

Essential for biochemical
processes, bone, and muscle
formation (Standing Committee
on the Scientific Evaluation of
Dietary Reference Intakes, 1999;
Fiorentini et al,, 2021)

280% viability with pure extract
in vitro using SMC and
Endothelial cells (Fu et al,, 2020)

Generally low inflammatory
response which decreased after in
vivo degradation (Fu et al., 2020)

Low, varies with alloying: ~86
(Agarwal et al, 2016; Song et al.,
2020)

~45 (Hermawan, 2018)

Low, varies with alloying (Li
et al,, 2014; Song et al,, 2020)

Varies with alloying (Song et al.,
2020)

Non uniform (Lee et al., 2009)

4,000-8,000 p/y in vitro
(Hermawan, 2018)

Molybdenum (Mo)

Essential trace clement, cofactor
for metabolic enzymes (Schwarz
et al, 2009; Maia et al., 2024)

Signs of cell death only occurred
with 2.5 mM after 48 h (Redlich
et al, 2021)

Limited studies suggest no
significant inflammatory response
(Schauer et al, 2021)

High, ~1,400 (Schauer et al., 2021)

~320 (Schauer et al, 2021)

High (Sikora-Jasinska et al., 2022)

Up to 50% (Schauer et al., 2021)

Uniform degradation
(Sikora-Jasinska et al., 2022;

Schauer et al,, 2021)

33.6 pmly in vitro, 135 pmly in
vivo (Schauer et al,, 2021)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Insights into the biocompatibility of biodegradable metallic molybdenum for cardiovascular applications-a critical review		1 Introduction

		2 The biochemistry of molybdenum

		3 Molybdenum: the double-edged sword		3.1 The protective functions of Mo in the body

		3.2 Toxicity of Mo in the body





		4 Biomedical research studies of molybdenum for cardiovascular applications		4.1 In vitro models

		4.2 In vivo invertebrate models

		4.3 In vivo mammalian models





		5 Toxicity of Mo compared to other biodegradable metal elements

		6 Limitations of current research

		7 Future outlook

		8 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Insights into the
biocompatibility of
biodegradable metallic
molybdenum for cardiovascular
applications-a critical review





OPS/images/fbioe-12-1457553-g001.gif





OPS/images/fbioe-12-1457553-g002.gif
>1-75 mg/ky/day

Toxic dose










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





