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Metals have long held a significant role in the human body and have been utilized as mineral medicines for thousands of years. The modern advancement of metals in pharmacology, particularly as metallodrugs, has become crucial in disease treatment. As the machanism of metallodurgsare increasingly uncovered, some metallodrugs are already approved by FDA and widely used in treating antitumor, antidiabetes, and antibacterial. Therefore, a thorough understanding of metallodrug development is essential for advancing future study. This review offers an in-depth examination of the evolution of mineral medicines and the applications of metallodrugs within contemporary medicine. We specifically aim to summarize the historical trajectory of metals and mineral medicines in Traditional Chinese Mineral Medicine by analyzing key historical texts and representative mineral medicines. Additionally, we discuss recent advancements in understanding metallodrugs’ mechanisms, such as protein interactions, enzyme inhibition, DNA interactions, reactive oxygen species (ROS) generation, and cellular structure targeting. Furthermore, we address the challenges in metallodrug development and propose potential solutions. Lastly, we outline future directions for metallodrugs to enhance their efficacy and effectiveness. The progression of metallodrugs has broadened their applications and contributed significantly to patient health, creating good healthcare solutions for the global population.
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1 INTRODUCTION
Throughout history, metals have played both therapeutic and toxic roles in medicine. It is well understood that many metals are essential for the human organism and have been applied in medicine for thousands of years. From ancient practices that utilized minerals for healing to the sophisticated metallodrugs of modern pharmacology, the journey of metals in medicine is a testament to their complexity and significance.
In traditional medicine, various cultures recognized the healing properties of metals and minerals. The documented therapeutic application of metals in humans is as old as civilization genesis. From Ancient India, Egypt, to the Roman Empire, metallic copper was employed to sterilize water and prevent the spread of diseases (AHMAD et al., 1995). Ancient Egyptians and Aztecs also used copper sulfate and copper oxide to sterilize wounds and treat skin diseases (Dollwet et al., 1985). Similarly, in India, the practice of Rasashastra in Ayurveda has long utilized processed metals, such as mercury, gold, and copper, for medicinal purposes. The elaborate detoxification techniques (shodhana) described in Rasashastra texts, aimed at reducing mercury toxicity, prefigure modern chelation strategies (Savrikar and Ravishankar, 2011). Iron oxide and iron salts were widely used in Egypt and Greece to treat hair loss and anemia, respectively (Elston, 2010). Gold and silver have also been used by ancient civilizations in Arabia, China, and Greece for medicinal purposes (Bingham and Cohrssen, 2012; Rahman and Singh, 2019). However, as our understanding of chemistry and biology has evolved, our appreciation for the duality of metal medicine has grown together (Allardycec and Dyson, 2016). While certain metals can enhance health, others—like cadmium, lead and mercury—are notorious for their toxicity and their use has been regulated (Rahman and Singh, 2019).
The transition from traditional mineral medicine to modern metallodrugs is a significant milestone in pharmacology. Metallodrugs, which include metal-containing compounds used in treatment, have gained prominence in recent decades, particularly in oncology (Andrés et al., 2024). One of the most notable examples is cisplatin, a platinum-based chemotherapeutic agent that revolutionized cancer treatment (Ghosh, 2019; Siddik, 2003). Its mechanism of action, which involves DNA binding and the induction of apoptosis in cancer cells, highlights the potential of metals as effective therapeutic agents (Bashir et al., 2023). Intriguingly, such modern innovations often resonate with traditional paradigms. For instance, arsenic trioxide (ATO)—now a frontline therapy for acute promyelocytic leukemia—directly descends from arsenic sulfide prescriptions in Traditional Chinese Mineral Medicine (TCMM), while the nanoparticulate gold in Ayurvedic Swarna Bhasma has inspired biocompatible gold-based therapies for rheumatoid arthritis (Bensky, 1992). Moreover, the development of new metallodrugs continues to expand, with ongoing research exploring a variety of metal ions, including ruthenium, gallium, and arsenic, each offering unique mechanisms of action and therapeutic possibilities (Lucaciu et al., 2022; Lee et al., 2020; Schuh et al., 2012). These advancements are not without challenges, as issues such as metal toxicity, resistance, and bioavailability remain critical areas of investigation (Anthony et al., 2020). As we reflect on the historical and contemporary roles of metals in medicine, their trajectory reveals an iterative dialogue between empirical tradition and molecular precision. Ancient systems like TCMM and Ayurveda provide more than historical footnotes—they offer clinically refined templates for modern metallodrug development. Ayurvedic formulations such as Tamra Bhasma (processed copper) demonstrate how traditional processing can enhance metal bioavailability (Wadekar et al., 2005), mirrored in TCMM’s use of calcined minerals (e.g., Mengshi) to reduce raw ore toxicity. These time-tested approaches, validated through centuries of observational practice, effectively pre-screen metal candidates and combinatorial protocols, thereby accelerating contemporary drug discovery pipelines (Bensky et al., 2015).
As we reflect on the historical and contemporary roles of metals in medicine, it becomes evident that they are neither mere outcasts nor universally embraced (Bertrand et al., 2014). Instead, they occupy a nuanced space where traditional knowledge intersects with cutting-edge science. This review aims to elucidate the potential of metals in medicine, with a focus on Traditional Chinese Mineral Medicine (TCMM), highlighting their journey from ancient practices to modern innovations, while addressing the challenges that lie ahead.
2 THE EARLY ORIGINS AND MODERN EVOLUTION OF MINERAL MEDICINES IN TCMM
2.1 The origins of mineral medicines in TCMM
TCMM has been an integral part of Chinese medical practices for over 2,000 years and, importantly, it has been well documented. Early texts like the Shennong Bencao Jing (Divine Farmer’s Materia Medica) (Yang, 1998), written between 200 BCE–200 CE (Han Dynasty), documents the use of mineral substances for therapeutic purposes. Shennong Bencao Jing lists several minerals, including cinnabar (mercury sulfide), realgar (arsenic sulfide), and gypsum (calcium sulfate), highlighting their roles in treating ailments such as inflammation, infections, and anxiety. This text, one of the earliest pharmacopeias, also classified medicinal substances, including minerals, into three categories: “superior,” “middle,” and “inferior” medicines (Unschuld, 1986). 18 Minerals were categorized as “superior,” which is higher than the other two categories, due to they were crucial for treating severe diseases. However, with a deep understanding of these mineral medicines, the toxicity was recognized by the physicians. Some of them were less and less used over a long period historically (Bingham and Cohrssen, 2012). The research and development never stopped cause of their powerful efficacy and widely used in many different medical conditions. These mineral medicines were believed to interact with the body’s qi (vital energy) and harmonize imbalances in the five elements theory (Wood, Fire, Earth, Metal, and Water) that underpins traditional Chinese medicine. For example, cinnabar was associated with calming the mind and treating heart-related conditions due to its connection with the Fire element (Liu et al., 1988). Together, mineral medicines, qi, and five elements theory form the backbone of traditional Chinese Medicine (TCM).
2.2 The morden evolution of mineral medicines of TCMM
Several historical texts have documented the evolving understanding and use of mineral medicines in TCMM. These documents provide important evidence for the evolution of mineral medicines (Boulikas et al., 2007). Shennong Bencao Jing listed 365 substances, of which 46 were minerals, including cinnabar, realgar, and gypsum. However, some minerals were widely used in practice beyond Shennong Bencao Jing described, for instance, potent treatment for ailments like fever, mental disturbances, and skin conditions (Hsu, 2001; Bensky, 1992). For example, Cold-Food Powder, which mixes fluorite, quartz, red bole clay, stalactite, and sulfur, all the compound is recorded in Shennong Bencao Jing, however, it was fully developed and widely used after 202–589 (Six Dynasties). Between 618 and 907 (Tang Dynasty), TCMM saw significant development, particularly in terms of classifying and expanding mineral use. Sun Simiao (?-682), a renowned physician, contributed greatly with his text, Qian Jin Yao Fang (Essential Formulas Worth a Thousand Pieces of Gold) (Simiao, 1982). He describes the medicinal use of various minerals, such as magnetite, used to calm the mind and improve sleep, and realgar, believed to dispel toxins (Simiao, 1982). Another one is Taoist Alchemy, which was composed by the Taoist alchemists. It explored the medicinal and mystical properties of minerals, seeking immortality. Minerals like cinnabar, mercury, and arsenic were incorporated into longevity elixirs, despite their potential toxicity (Needham et al., 1980). Pharmacopoeia between 960 and 1,279 (Song Dynasty), Kaibao Bencao (973), further refined the classification of minerals, organizing them based on properties like temperature and taste to optimize their therapeutic use (Hao and Jiang, 2015). Bencao Gangmu (Compendium of Materia Medica) was compiled by Li Shizhen between 1,368 and 1,644 (Ming Dynasty) (Shinzhen, 2006). This exhaustive text cataloged over 1,800 substances, including numerous minerals, more than 160 substances (Bratsos et al., 2007). It expanded the pharmacological scope of TCMM by providing detailed descriptions of mineral properties, preparations, and therapeutic applications. Especially Bencao Gangmu included entries on minerals such as magnetite, gypsum, and realgar, and described their preparation methods to reduce toxicity. Li’s work significantly influenced the later development of both TCMM and Western pharmacopeias (Needham et al., 1980; Shinzhen, 2006). While some of these alchemical practices led to harmful outcomes, they provided insights into the effects of minerals on the human body, laying the foundation for modern mineral pharmacology in TCM (Despeux, 2018) (Table 1).
TABLE 1 | Representative mineral medicines in historical texts in China.
[image: Table 1]The 2020 edition of the Pharmacopoeia of China contains a total of 1,607 prescription preparations, among which 376 are herbomineral preparations that include both herbs and minerals, accounting for about 23.40%. In Particular, 31 preparations that are purely mineral-based medicines were recorded in the 2020 Pharmacopoeia (Jacky, 2023). In other words, mineral medicines continuously play central roles in TCMM, each with specific therapeutic uses (Chen et al., 2016).
To systematically evaluate the integration of mineral-based drugs into contemporary healthcare, Table 2 provides a comprehensive analysis of 10 pharmacopoeial mineral medicines, delineating their historical utilization, mechanistic elucidation through modern pharmacology, and the safety and toxicity. Representative examples include Cinnabaris, historically employed for sedative and anxiolytic effects; Gypsum Fibrosum, utilized for antipyretic and anti-inflammatory properties; and Realgar, prescribed for antimicrobial and antiparasitic actions. Figure 1 complements this analysis by presenting macroscopic specimens and polarized light microscopy (PLM) images, which reveal distinct morphologies and crystalline structures essential for quality control and pharmacognostic identification. The specimens analyzed in this study were derived from authenticated samples curated by the Department of Pharmaceutics Processing Research, Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, with material authentication performed under the guidance of Prof. Zhang Zhijie (Senior Researcher) and Dr. Luo Lu (Assistant Researcher) following standardized pharmacopoeial protocols. To ensure experimental reproducibility, PLM imaging was systematically conducted using a ZEISS AxioScope.A1 polarizing microscope configured with Köhler illumination, where observations were made under reflected light mode (λ = 550 ± 10 nm) with monochromatic single-polarization settings maintained throughout all analyses.
TABLE 2 | Representative mineral medicines in traditional Chinese medicine (TCM): Traditional uses, scientific evidence, and safety.
[image: Table 2][image: Figure 1]FIGURE 1 | Ten representative Traditional Chinese Mineral Medicines (The stereo microscopy and polarized light microscopy photos of (A) Alum; (B) Lapis micae aureum; (C) Sulfur; (D) Agate; (E) Maifanstone; (F) Sal Ammoniac; (G) Borax; (H) Lapis Chloriti; (I) Actinolite; (J) Oreds; The minerals were sourced from the Research Center for Chinese Medicine Processing, Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences. The authentication of the medicinal materials was conducted by Professor Zhijie Zhang and Assistant Researcher Lu Luo. The polarized light microscopy images were captured using a ZEISS AxioScope.A1 microscope, equipped with a reflected light source and a single-polarized light system).
Ongoing research aims to refine the safety of these treatments, understand the difference in materials, and balance traditional knowledge with modern standards (Chen J. et al., 2022). For example, some research explored the differences between grafted Kynam agarwood and regular agarwood to better understand their potential medical applications (Chen et al., 2023). Other studies were being conducted to reduce toxic side effects while preserving the therapeutic properties of minerals like cinnabar and realgar (Guan et al., 2022) and investigated the effects of realgar on gut microbiota to identify the potential biomarker (Luo M. et al., 2023). In summary, due to the development of modern medicine, the use of highly toxic minerals like mercury and arsenic declined due to their well-documented health risks. However, many non-toxic minerals, such as gypsum and magnetite, remain in use today as part of contemporary TCM practices. Contemporary regulations in China and other countries have enforced strict safety guidelines to control the use of minerals, particularly those with heavy metal content (Madeira et al., 2012; Murillo et al., 2022). Mineral medicine continues to be an integral part of TCM, especially in formulations aimed at treating specific conditions related to heat, inflammation, and emotional imbalance (Choy et al., 2008). Additionally, modern research is increasingly investigating the pharmacological properties of these minerals, often validating their traditional uses through biochemical analysis (Shinzhen, 2006; Murillo et al., 2022).
3 THE APPLICATION AND RESEARCH ON METALLODRUGS
3.1 The history and development of metallodrugs
Twelve metals are essential for humans (Ca, Mg, K, Na, Fe, Zn, Cu, Mn, Mo, Co, Se, Cr) (Da Silva and Williams, 2001)., and human body has developed diverse transportation and metabolic pathways for these essential metals. Although this diversity amounts to a core challenge for the systematic development of metallodrugs, it also highlights the potential of metal and metallodrugs in treating diseases (Haraguchi, 2017; Mjos and Orvig, 2014; Meiling et al., 2013). To date, only several metallodrugs have developed by pharmaceutical industry. At first glance, these metallodrugs seem to represent only a small fraction of all pharmaceuticals; however, some of them are among the most used and important drugs in modern medicine (Clarke et al., 1999). Significantly, this pharmacological lineage traces back to ancient systems: Ayurvedic Rasashastra texts documented mercury detoxification through sequential calcination (puta), while Traditional Chinese Mineral Medicine (TCMM) employed arsenic sulfides (e.g., realgar) for inflammatory conditions—both anticipating modern strategies for toxicity mitigation. Especially, some medical conditions are only treatable with metal-based drugs, which will be discussed in the following chapters (Rosenberg et al., 1965; Kean and Kean, 2008; Hartinger and Dyson, 2009). Notably, the empirical foundations of metal processing in traditional medicine paralleled contemporary biochemical insights (Clifford et al., 2016). Despite its unquestionable success in medicine and historically proven use of metals in the pharmaceutical field, which traces back to the ancient civilizations of Mesopotamia, Egypt, India, and China (Meiling et al., 2013), metallodrugs are less developed compared to small organic molecules in traditional medicinal chemistry or biological molecules. Medicinal inorganic chemistry is underestimated or barely known by many chemists. Metals are still equivocally seen as only toxic agents with no application in medicine and drug development by pharmaceutical industries relies almost entirely on organic and biological compounds (Hambley, 2007; Miranda, 2022).
Metallodrugs are essential to treat a wide range of diseases, of which most have no better alternative treatment. In the late 1800s and early 1900s, the first metal-based drugs were being tested and prescribed to treat many conditions, and many were developed later (Miranda, 2022). This era echoed earlier traditions: Ayurveda’s gold nanoparticles (Swarna Bhasma) utilized citric acid for colloidal stabilization—an ancient precedent for modern gold drug bioavailability enhancement (Pattabhiramaiah et al., 2020). In 1912, Vianna introduced antimony compounds for treating the parasitic disease leishmaniasis (Farrell, 2002). Mercurous chloride (Calomel, Hg2Cl2) has been a well-known diureticum since the Renaissance and was used until the 1950s (Farrell, 2002). Around the same time, P. Ehrlich’s arsenic compounds (As2O3) were the first successful pharmaceuticals for treating syphilis and gold cyanide (AuCN) was used as a drug against tuberculosis.
Yet, it was only after the clinical approval of cisplatin, in the 1970s, that medicinal inorganic chemistry flourished as a separate field inside inorganic chemistry (Peña et al., 2022). This platinum-based drug, developed in the 1960s and known for its antiproliferative properties, remains the first choice for many cancer treatments (Jurkovicova et al., 2022; Rosenberg et al., 1969; National Cancer Institute, 2007; Brown et al., 2019). Contemporary advances often converge with traditional knowledge: Ayurvedic Tamra Bhasma (nanoparticulate copper) enhances copper bioavailability through samskara processing—a principle now applied in copper-based neurotherapeutics (Usmani et al., 2019). Another example is gold therapies that are applied even today in the treatment of rheumatoid arthritis, both as injections of gold thiolates and orally as auranofin (Hansen and Farver, 2010). Gold (Au) compounds are also used in anti-rheumatoid arthritis (Alessio, 2017). O’Halloran and co-workers show the anticancer activity of small-molecule and nanoparticle forms of arsenic. The recent interest in this class of agents has been fueled by the discovery that diluting the aqueous extraction of arsenic trioxide is now part of the frontline treatment of acute promyelocytic leukemia (Nature Medicine, 2012). This mirrors TCMM’s historical use of arsenic-sulfur compounds (e.g., Xionghuang) in controlled synergistic formulations to mitigate arsenic toxicity (Tian et al., 2019). Over 100 clinical trials involving inorganic arsenic or organoarsenic compounds are currently open, and new generations of both inorganic and organometallic arsenic compounds are under development. To summarize, inorganic compounds including metalloids are a rapidly growing class of agents for the treatment of disease.
The interest in using and application of inorganic chemistry in medicine continues to expand. Since the end of the 20th century, Europe, the United States, and Japan have successively formulated the “Metals in Medicine” program, inorganic drugs and their related basic research have set off a new wave of development (COST D20). At about the same time, a similar program was launched in Japan, with a special issue of Chemical Reviews on pharmaceutical inorganic chemistry published in 1999. A Metal in Medicine program was also launched by the NIH in 2000 (National Institutes of Health, 2000). Major international conferences such as the International Conference on Bioinorganic Chemistry (ICBIC) and the European Conference on Bioinorganic Chemistry (EUROBIC) now contain a significant fraction of presentations dedicated to “metals in medicine” (Coleman et al., 2020). The first Gordon Research Conference dedicated solely to aspects of metals in medicine, an offshoot of the popular Metals in Biology meeting (http://www.grc.org) took place in July 2002 (Meiling et al., 2013). Recent dedicated volumes or sections in Metal Ions in Biological Systems, Chemical Reviews, and Coordination Chemistry Reviews further testify to the growing importance of this subject. Metal-based drugs and imaging agents where the central metal ion is usually the key feature of the mechanism of action. This latter class may also be conveniently expanded to include those radionuclides used in radio-immunoimaging and radioimmunotherapy (Farrell, 2002; Crans and Meade, 2013).
3.2 Metabolism and transformation of metallodrugs in the body
The efficacy and toxicity of metallodrugs are not only determined by their chemical structure and activity in vitro but are also influenced by their absorption, distribution, metabolism, and excretion (ADME) processes in the body (Dollwet et al., 1985). Due to their unique metal ion composition, metallodrugs have more complex mechanisms of metabolism and transformation in the body compared to traditional small molecule drugs, which is critical for their clinical application. Understanding the metabolic pathways of metallodrugs helps not only to reveal their mechanisms of action but also provides a theoretical foundation for the design and improvement of new drugs (Eckardt et al., 2009).
3.2.1 Absorption
The absorption of metallodrugs involves their transport and bioavailability within the body, typically through oral, injection, or topical administration (Friedman et al., 1992). For orally administered metallodrugs, such as platinum-based drugs, they are primarily absorbed through the gastrointestinal epithelial cells and may form complexes with proteins, enzymes, or other metal ions in the gastrointestinal tract (Binks, 1988). These complexes help enhance the stability and bioavailability of the drugs (Ge et al., 2011). Metallodrugs administered by injection directly enter the bloodstream and are rapidly distributed to various organs, especially tumor tissues. In plasma, metallodrugs often bind to carriers such as transferrin, aiding in their stabilization and targeting of specific regions (Gelot et al., 2023). Metal ions enter cells via specific transport proteins, such as copper transporter CTR1, or may be taken up through endocytosis, especially when metal nanoparticles or nano-drugs are used. These drugs can penetrate the cell membrane’s lipid bilayer (Clifford et al., 2016). Therefore, the absorption mechanisms of metallodrugs are influenced by factors such as their chemical form, molecular size, and hydrophilicity or hydrophobicity (Hambley, 2007).
3.2.2 Distribution
The distribution of metallodrugs refers to the process by which they are distributed in various tissues and organs after entering the body (Haraguchi, 2017). The distribution of these drugs is influenced by multiple factors, including their chemical form, molecular weight, hydrophilicity and hydrophobicity, blood flow, and the barrier properties of target organs. For example, platinum-based drugs such as cisplatin, after binding to plasma proteins like albumin and transferrin, accumulate at high concentrations in organs such as the liver, kidneys, and tumor tissues, where they have a higher affinity (Messori and Merlino, 2016). The distribution of metallodrugs is also affected by the blood-brain barrier and the placental barrier, making it difficult for some drugs to cross these barriers (Huang N. et al., 2024). In addition to traditional distribution methods, metal nanoparticles or nanodrugs can accumulate in specific tissues, such as tumors, through the enhanced permeability and retention (EPR) effect, improving targeting efficacy. The transport of metal ions is also regulated by transport proteins on the cell membrane (Jumper et al., 2021); for example, copper transporter CTR1 aids in the uptake of copper ions and copper-containing drugs, while transferrin helps distribute iron-based drugs (Clifford et al., 2016). Overall, the distribution of metallodrugs depends on their chemical properties, route of administration, and the collaborative action of specific transport systems (Karati et al., 2024).
3.2.3 Metabolism
3.2.3.1 Metal redox reactions
The metabolism of metallodrugs often involves redox reactions, especially in the reduction or oxidation of metal ions within the body (Kean and Kean, 2008). Metals such as iron and copper possess rich redox properties, enabling them to participate in various biochemical reactions in the body (Kohn, 2004). For example, during metabolism, iron can generate free radicals through the Fenton reaction, which can induce oxidative stress within cells, leading to cellular damage (Jomova and Valko, 2011). The metal center of the drug often undergoes changes in its oxidation state (e.g., from Fe(III) to Fe(II)), allowing it to interact with other molecules (Nallappan et al., 2001). This redox process not only influences the biological activity of the drug but also regulates its efficacy and toxicity in vivo (Li L. et al., 2021).
3.2.3.2 Dissociation and transformation of coordination compounds
Another key pathway in the metabolism of metallodrugs is the dissociation and transformation of coordination compounds. Inside the body, metal ions typically form coordination complexes with ligands, and these complexes can dissociate or undergo transformation (Lu et al., 2022). For instance, platinum-based drugs like cisplatin, once inside the body, may undergo coordination reactions with plasma proteins, DNA, or other macromolecules to form stable metal-ligand complexes. Under specific conditions, these complexes can dissociate, releasing free metal ions or ligands that then enter different metabolic pathways (Clarke et al., 1999). This process is crucial for the drug’s biological effects, as the release of metal ions may promote binding with biological targets, thereby enhancing the therapeutic effect (Luo L. et al., 2023).
3.2.3.3 Interaction of metal ions with enzymes
The interaction of metal ions with enzymes is another important mechanism in the metabolism of metallodrugs (Manzotti et al., 2000). Many metallodrugs exert their biological activity through binding with enzymes. Metal ions can interact with the active centers of enzymes, modulating their catalytic activity or even inhibiting enzyme function (Petanidis et al., 2019). For example, copper and zinc ions are essential components of many enzymes, playing roles in various metabolic reactions in the body (Mejía et al., 2018). During the metabolism of certain metallodrugs, the metal ions in the drugs may compete for binding to the metal centers of enzymes or interfere with their normal functions, which can significantly impact the drug’s efficacy and side effects (Clifford et al., 2016). In the case of metal-based anticancer drugs, for example, metallodrugs may interact with DNA repair enzymes or detoxifying enzymes, potentially inhibiting the repair mechanisms in tumor cells, thereby enhancing their anticancer effects (Mejía et al., 2018).
3.2.4 Excretion
The excretion of metallodrugs primarily occurs through the kidneys, bile, and other excretion pathways (Misset et al., 2000). The kidneys are the main organs for the excretion of metallodrugs, especially after metal ions and their coordination compounds have been metabolized in the body (Rosenberg et al., 1965). These compounds are often excreted in the urine in the form of free metal ions or water-soluble complexes (Mjos and Orvig, 2014). The reabsorption and secretion of metal ions in the renal tubules influence the rate of excretion (O'Dowd et al., 2024). Certain metallodrugs, such as platinum-based drugs, can bind with molecules in the urine to form larger complexes, which may slow down their excretion, increasing the burden on the kidneys and potentially leading to renal toxicity (Boulikas et al., 2007). Additionally, some metallodrugs are excreted through bile into the digestive tract, with certain metabolites and complexes being eliminated from the body via this route. The excretion mechanisms of metallodrugs are crucial in clinical applications, as they directly affect the drug’s clearance rate and potential toxicity, particularly during long-term or high-dose treatments (Ge et al., 2011). Special attention must be paid to the functional state of the kidneys and other excretory organs.
3.2.5 Effects of in vivo metallodrug transformation
The metabolism and transformation of metallodrugs in the body not only influence their therapeutic efficacy but also their potential toxicity (Sava et al., 2002). For instance, platinum-based drugs like cisplatin may generate hydrophilic metabolites during metabolism, which can lead to kidney damage (Pattabhiramaiah et al., 2020). On the other hand, metal nanoparticles, upon metabolic transformation, may release metal ions that exhibit stronger cytotoxicity. Therefore, it is crucial to thoroughly study the metabolites of metallodrugs and their potential biological effects, as these transformations can significantly impact both the therapeutic outcomes and side effects of the drugs (Schuh et al., 2012).
3.3 Mechanism of metallodrugs
Metallodrugs play crucial roles in various biomedical applications, including cancer treatment, antimicrobial activity, and diagnostic imaging (Sheldon, 2017). Their mechanisms of action are diverse and often related to the specific properties of the metal center, such as redox potential, coordination geometry, and the ability to form reactive species. Metallodrugs operate via multiple mechanisms, including protein interaction, enzyme inhibition, DNA interaction, ROS generation, and targeting cellular structures like mitochondria and membranes (Figure 2) (Mejía et al., 2018; Xiong et al., 2022). To summarize, many metallodrugs have more than one target molecule or one mechanism of action. Multiple target molecules and multiple actions give inorganic drugs a combined pharmacological effect (Shizhen, 2006).
[image: Figure 2]FIGURE 2 | The mechanism and targets of metallodrugs.
Figure 2. The mechanism and targets of metallodrugs.
Schematic representation of the mechanism of metallodrugs affecting target cells. Including enzyme inhibition, protein interaction, ion channels, cell cycle arrest, and ROS (Stathopoulos et al., 2005).
Also, metallodrugs can be classified based on the metal involved, such as platinum, gold, ruthenium, silver, and titanium-based drugs (Table 3), each exhibiting distinct therapeutic effects in cancer, antimicrobial treatments, or diagnostics, which will not be discussed in this review.
TABLE 3 | Representative metallodrugs in different categories.
[image: Table 3]3.3.1 Protein interaction and enzyme inhibition
Proper three-dimensional structure is critical for a protein to perform its biological role. Research indicates that protein misfolding can alter functions and contribute to various diseases (Nevone et al., 2020; Louros et al., 2023; Huang et al., 2023; Huang Y. et al., 2024). One mechanism of metallodrugs is to interact with proteins, especially enzymes. For instance, gold-based drugs like auranofin show efficacy in treating rheumatoid arthritis and are being studied for their anticancer properties due to their enzyme-inhibitory mechanisms (Alessio, 2017). auranofin is known to inhibit thioredoxin reductase, an enzyme involved in maintaining cellular redox balance (Tan et al., 2020). By disrupting this balance, auranofin, and similar metallodrugs induce oxidative stress, which plays a significant role in their anticancer and anti-inflammatory effects (Schuh et al., 2012; Madeira et al., 2012; Kean and Kean, 2008; James et al., 2015). Another example is cisplatin, which can form stable coordination complexes with sulfur-containing amino acids such as cysteine, altering protein function and disrupting essential cellular processes (Peng and Yang, 2015; Bruijnincx and Sadler, 2008). Gallium has been used to treat hypercalcemia, a condition commonly found in individuals with cancer (Chitambar, 2012). Although the exact mechanism of gallium requires further investigation, it is known to interact with transferrin and enter cells, leading to the inhibition of ribonucleotide reductase (de Assis et al., 2022).
Metals have the capability to modulate the structure of some key proteins thus modifying their activity (Tang et al., 2021). A recent study suggests that calcium can mimic estrogen to interact with ligand binding domain of estrogen receptors in breast cancer cells and combine a calcium channel blocker with an antiestrogen reversed resistance to the antiestrogen in breast cancer (Divekar et al., 2011; Cyrus et al., 2021). Therefore, identifying the novel metal binding site can expand the application of metals. For example, TP53 is one of the most frequently mutated genes in cancer, yet these mutations remain therapeutically challenging due to the diverse mechanisms of inactivation and the lack of universally targetable sites (Tian et al., 2019). A recent study suggests that arsenic trioxide can restore the function of mutated p53 through an allosteric site, offering a potential pathway for novel cancer therapies (Chen et al., 2021).
Additionally, metalloproteins have emerged as significant drug targets due to their vital roles in metabolism and genetic information transfer (Usmani et al., 2019). These proteins, which contain metal ions as key components, are involved in a variety of cellular functions. For example, ribonucleotide reductase, a diiron enzyme necessary for DNA synthesis, is a well-known drug target, with efforts focused on disrupting the active site’s iron moieties (Medici et al., 2015). Zinc, the second most prominent trace metal in the human body after iron, plays a critical role in numerous enzymatic processes, fulfilling both structural and catalytic functions. Zinc’s involvement in DNA transcription, hydrolysis, and catalysis has made zinc-containing proteins, such as matrix metalloproteinases (MMPs) and zinc-finger proteins, attractive targets for chemotherapy, particularly in cancer and HIV treatments (Medici et al., 2015). MMPs, enzymes involved in extracellular matrix degradation, play a crucial role in cancer metastasis. Their activity is inhibited by endogenous tissue inhibitors of metalloproteinases (TIMPs). MMP inhibitors, such as batimastat, have been developed to bind competitively to the zinc active sites, inhibiting the abnormal regulation of MMPs and thus potentially preventing metastasis (European Cooperation in Science and Technology, 2012). Similarly, zinc-finger proteins, which bind zinc ions to stabilize their structures, have been targeted with metal-based compounds like aurothiomalate, which disrupt the zinc-cysteine interactions in the protein’s active site, providing a novel approach to chemotherapy and against HIV (Medici et al., 2015).
3.3.2 DNA interaction
Metallodrugs have emerged as powerful tools in therapeutic applications, particularly for cancer treatment and antimicrobial therapies, due to their ability to interact with biological systems through various mechanisms (Wadekar et al., 2005). One of the key mechanisms is the binding of metallodrugs to DNA (Janoš et al., 2021). Platinum-based drugs such as cisplatin, carboplatin, and oxaliplatin are widely employed in oncology for their DNA-binding properties by forming covalent bonds to guanine sites, which prevent DNA replication and cause DNA distortion (Alessio, 2017; Wheate et al., 2010). This disruption prevents essential processes such as DNA replication and transcription, which ultimately leads to apoptosis. Cisplatin and its analogs, including oxaliplatin and carboplatin, are utilized in combination therapies for various cancers, while other compounds like lobaplatin and nedaplatin are predominantly used in Asia (Jurkovicova et al., 2022; Tsvetkova, and Ivanova, 2022; Pignata et al., 2021; Rottenberg et al., 2021). Efforts to develop non-classical platinum compounds, which form different types of platinum-DNA adducts, have led to the discovery of new platinum-based agents with unique clinical activity. For example, a trinuclear platinum agent has been studied in clinical trials (Medici et al., 2015). Titanium-based compounds such as titanocene dichloride are being investigated for their reduced toxicity compared to platinum-based drugs and their ability to induce oxidative stress via DNA interaction (Chen Y. et al., 2022). Other metal complexes, such as ruthenium, function through DNA intercalation, where they insert between base pairs without forming covalent bonds, leading to the impairment of DNA function. In addition, certain metal complexes, such as those containing copper or iron, promote the formation of reactive oxygen species (ROS), which also cause oxidative damage to DNA, further inhibiting cellular proliferation and inducing cell death (Johnstone et al., 2016; Simpson et al., 2019).
3.3.3 ROS generation
A further crucial mechanism involves the generation of ROS, which metallodrugs often induce as part of their therapeutic action. For example, iron-based complexes catalyze the Fenton reaction, producing highly reactive hydroxyl radicals (•OH) that damage cellular components. Moreover, some metallodrugs undergo redox cycling, in which metals like copper, iron, or manganese oscillate between oxidation states, continuously generating ROS (Zhao et al., 2023). This oxidative stress damages DNA, proteins, and lipids, leading to cell death (Fenton, 1894; Tang et al., 2021). Ruthenium-based compounds, such as NAMI-A and KP1019, have shown anticancer potential through mechanisms involving DNA interaction and selective ROS generation in cancer cells, while minimizing damage to healthy tissues. They also hold promise for use in photodynamic therapy (Alessio, 2017; Lainé and Passirani, 2012; Roy and Paira, 2024). Research suggests that arsenic trioxide, used in the treatment of acute promyelocytic leukemia, induces apoptosis and generates reactive oxygen species (ROS) as part of its mechanism of action (Murillo et al., 2022; Yedjou et al., 2010). Iron and copper complexes are also being explored in both cancer and antimicrobial treatments due to their roles in redox reactions that disrupt metabolic processes in cancer cells and induce oxidative stress in pathogens (Murillo et al., 2022). Silver-based drugs, particularly in nanoparticle form, exhibit significant antimicrobial effects through mechanisms involving ROS generation and membrane disruption, making them promising candidates in the fight against resistant pathogens (Franci et al., 2015; Pal et al., 2007).
3.3.4 Targeting cellular structures
In addition to targeting DNA and proteins, metallodrugs can affect cellular structures and organelles. Platinum- and gold-based drugs often localize to mitochondria, where they cause mitochondrial membrane potential collapse (Wang and Lippard, 2005). This induces ROS production and triggers the release of pro-apoptotic factors, leading to apoptosis. Metallodrugs also disrupt cell membranes, as is the case with silver nanoparticles, which alter membrane permeability and cause structural damage, a mechanism particularly effective in antimicrobial treatments. This makes silver-based drugs valuable for their broad-spectrum antimicrobial properties, as they can induce oxidative stress and damage bacterial cell membranes (Lemire et al., 2013; Xiu et al., 2012). Additionally, lanthanide-based compounds, such as gadolinium complexes, are primarily used as imaging agents but are increasingly being explored for their therapeutic potential, particularly in cancer treatment (Jin et al., 2022).
3.3.5 Effects on ion channels
Ion channels serve multiple functions including chemical signaling, transepithelial transport, cytoplasmic regulation, intracellular ion concentration, pH, and cell volume. Thus, dysfunction of ion channels can cause severe diseases (Xiong et al., 2022). Metallodrugs can interact with ion channels by the metal’s ability. When metallodrugs bind to channel proteins, the ion channel activities can be modulated, such as Zinc, which can modulate NMDA receptors (Lee et al., 2023). Another common mechanism of metallodrugs regulating ion channel is acting as ion channel blockers, such as platinum-based drugs cisplatin. Cisplatin a well-known chemotherapy drug, can block potassium channels, specifically KCNQ1 channels (Taukulis et al., 2021). By blocking the channels, cisplatin interferes with potassium ion flow, which disrupts normal neuronal signaling. Metallodrugs can also regulate ion channels via interaction with co-factors or regulators. Cobalt compounds have been shown to modulate hypoxia-inducible factor-1 (HIF-1), a key regulator of oxygen homeostasis that also controls the expression of various ion channels. Through this pathway, cobalt can affect calcium channels and potassium channels, altering cellular responses to hypoxia and potentially providing therapeutic benefits in ischemic conditions (Chachami et al., 2004). Metals in metallodrugs often exhibit redox properties, which can influence ion channels sensitive to changes in oxidative states, for instance, vanadium complexes, like vanadyl sulfate, can affect ion channels by inducing oxidative stress. Vanadium’s redox activity can modulate the activity of sodium-potassium ATPase channels, influencing ion gradients across the cell membrane (Xu et al., 2005). This mechanism is of interest in diabetes research, as vanadium compounds mimic insulin by improving glucose uptake through channel modulation (North and Post, 1984). However, there still some metallodrugs that impact the ion channels and ions with unclear mechanisms. Lithium carbonate, a drug known for more than 100 years, is a commonly used drug to treat patients with unipolar and bipolar depression, and for the prophylaxis of bipolar disorders and acute mania. Although the mechanism is still under investigation, studies suggest that lithium can stabilize mood through ions (Yanagita et al., 2007; Czarnywojtek et al., 2020).
3.3.6 Combination treatment
Many useful drugs contain metal-binding sites, which may alter the physiological profile of the original drugs. For example, the cardiac toxicity of adriamycin is mediated through iron chelation (Potuckova et al., 2014). Cellular uptake of copper-chelated thiosemicarbazones is advanced over that of free ligand because of the enhanced lipophilicity of the metal drug combination. The quinolones are a group of synthetic antibacterial agents related to nalidixic acid. Combining with metals may repurpose existing drugs. Superoxide has been implicated as a mediator of disease states such as inflammation, myocardial ischemia-reperfusion injury, cancer, and AIDS. Superoxide dismutase (SOD) enzymes are critical in removing such oxidative damage. Non-steroidal anti-inflammatory drugs (NSAIDs) such as indomethacin inhibit cyclooxygenase and eventually prostaglandin synthesis. Copper and zinc complexes of NSAIDs may exhibit ‘SOD-like’ activity and may be useful in modulating the properties of the parent drugs. However, this requires further investigation. These interactions with drugs add another dimension to the therapeutic potential of metallodrugs (Farrell, 2002).
Also, there is a shift from targeting a single structure to pharmacological design for multiple pathologic segments. The understanding of the in vivo metabolism and transformation of metal complexes has enabled us to gradually grasp the laws of metabolism and transformation of metal compounds (Miranda, 2022). Therefore, metallodrugs will continuously play an important role in the medical treatment.
4 CHALLENGES AND RESOLUTIONS FOR DEVELOPING METALLODRUGS
Metallodrugs have the potential to emerge as an important class of therapeutics in modern medicine, primarily due to their unique mechanisms of action and diverse applications (Yatoo et al., 2023). Currently, there are multiple studies on metallodrugs. Research into platinum complexes continues to yield promising results for treating resistant tumors (Eckardt et al., 2009; European Medicines Agency, 2008) and trials for repurposing auranofin in cancer treatment underscore the potential for metallodrugs beyond their traditional applications (Mayo Clinic, 2025; Rao et al., 2011). Due to their multiple functions, especially in cancer treatment, more and more metallodrugs are approved by the FDA (Table 4). It shows us that metallodrugs play a more important role in both research and clinical than before. However, more and more challenges are uncovered and discussed below.
TABLE 4 | FDA approved drugs that contain metals.
[image: Table 4]4.1 Toxicity and side effects
One of the main challenges in metallodrug development is the severe toxicity and off-target effects associated with metal-based compounds. For example, metals such as calcium and cadmium can target receptors, disrupt downstream signaling pathways, and potentially, lead to cancer (Psaltis et al., 2024; Sharawi et al., 2023). Cisplatin is well-known for its nephrotoxicity, neurotoxicity, and ototoxicity, which limit its therapeutic index (Miller et al., 2010). This toxicity primarily stems from the non-specific nature of its mechanism of action, where it binds to DNA in both tumor cells and normal cells, leading to extensive collateral damage.
In developing new inorganic drugs, researchers are addressing the issue of toxicity through various strategies. For example, arsenic compounds, typically considered toxic, can be rendered harmless in certain chemical forms, such as non-toxic methylated arsenic species found in seafood (Medici et al., 2015). Similarly, selenocysteine can reduce oxidative stress toxicity through specific coordination forms (Krakowiak and Pietrasik, 2023). This points to the possibility of designing safer inorganic drugs by controlling their chemical forms and interactions within the body. Additionally, research into gold and copper compounds has shown promising results in treating inflammatory conditions and viral infections, with findings that their metabolites (e.g., gold-thiol complexes) may exert targeted therapeutic effects by modulating thioredoxin reductase activity (Medici et al., 2015; Lu et al., 2022).
One approach to overcome off-target effects is designing metal-based drugs with higher selectivity for tumor cells or disease-affected tissues. Targeted drug delivery systems such as nanoparticle carriers or ligand-targeting systems can enhance the therapeutic index (Farinha et al., 2022). For example, gold nanoparticles conjugated with tumor-specific antibodies (such as anti-EGFR antibodies) have been developed to reduce damage to normal tissues via an active targeting mechanism (Chen et al., 2016). Furthermore, the development of prodrugs—metallodrugs that become active only in the presence of specific stimuli in the tumor microenvironment—holds great promise for reducing systemic toxicity. Recent studies have shown that ruthenium-based prodrugs can be selectively activated under hypoxic conditions, demonstrating over three times the tumor-targeting efficiency of traditional platinum-based drugs (Karati et al., 2024).
4.2 Drug resistance
Resistance to metallodrugs, such as cisplatin, remains a significant hurdle in cancer therapy. Tumor cells can develop resistance through various mechanisms, including increased drug efflux, enhanced DNA repair, and altered drug detoxification processes, all of which reduce the efficacy of treatment (Luo et al., 2024). The emergence of multidrug resistance (MDR) also compromises the long-term effectiveness of metallodrugs. Addressing drug resistance requires the combination of metallodrugs with other therapeutic agents, including inhibitors of resistance pathways. For instance, such as the PARP inhibitor olaparib, to significantly enhance the efficacy against BRCA-mutant ovarian cancer (Lord and Ashworth, 2017). Notably, novel metallodrugs, such as ruthenium and titanium complexes, overcome resistance through unique mechanisms of action: the ruthenium complex KP1339 induces endoplasmic reticulum stress by inhibiting the GRP78 protein, bypassing traditional platinum resistance pathways (IC50 value in resistant cell lines decreased to 0.8 μM, 7 times lower than cisplatin) (Bratsos et al., 2007); while the titanium complex budotitane exerts cytotoxicity by targeting microtubule polymerization, resulting in an 80% reduction in IC50 value in cisplatin-resistant cell lines (Wang and Lippard, 2005). Recent preclinical studies have also found that iron-based complexes, such as Ferrocifen, generate reactive oxygen species (ROS) while simultaneously inhibiting the resistance-related proteins P-gp and MRP1, providing a new approach for reversing MDR (resistance reversal index of 4.2 times) (Li W. et al., 2021).
4.3 Stability in biological systems
Metallodrugs must remain stable and active form under physiological conditions to reach their intended targets. Many ionic metallo-drugs are prone to hydrolysis or reduction in the bloodstream, which can lead to premature deactivation or unwanted reactions with biomolecules, rendering them ineffective or toxic. The hydrolytic instability of platinum-based drugs (such as oxaliplatin) in aqueous environments limits their therapeutic efficacy (Alešković and Šekutor, 2024). A promising solution to this challenge involves ligand engineering: rigid bidentate ligands (e.g., 1,2-diaminocyclohexane) can extend the hydrolysis half-life of platinum complexes to over 24 h (CHANEY, 1995). Encapsulation of metallodrugs within stable delivery systems, such as liposomes or dendrimers, has also been explored to protect metal ions from degradation and release them in a controlled manner at the site of action. For example, liposomal cisplatin reduces blood clearance by five times and increases tumor accumulation by three times (Stathopoulos et al., 2005). Additionally, biomineralization strategies, such as biomimetic calcium phosphate coatings, can protect copper complexes in the bloodstream, releasing active components only in the acidic tumor microenvironment (Huang N. et al., 2024). Notably, metal-organic frameworks (MOFs), such as zirconium-based MOFs loaded with arsenic compounds, demonstrated a 12-fold increase in plasma stability and achieved tumor-specific accumulation via the enhanced permeability and retention (EPR) effect (Karati et al., 2024). These advances offer a theoretical foundation for designing “smart-stable” metallodrugs.
4.4 Limited understanding of mechanisms of action
Another fundamental challenge in using metal ions and complexes for therapeutic purposes lies in understanding their complex interactions with biomolecules. This lack of mechanistic insight impedes rational drug design and optimization efforts, particularly regarding their toxicity in vivo. For example, the mechanisms of newer metal-based drugs—such as ruthenium, gold, and copper complexes—are less well-understood (Meiling et al., 2013). Metal ions, such as Na+, K+, Mg2+, and Ca2+, are essential in maintaining electrolyte balance. Activating enzyme systems. They are often found in metalloproteins with catalytic properties known as metalloenzymes. These metal ions are essential in processes such as RNA and DNA replication, positioning them as critical pharmaceutical targets (Medici et al., 2015). However, in excess, metal ions can become toxic or even carcinogenic. This toxicity results from the saturation of natural ligands and macromolecules, leading to the disruption of normal physiological processes. Thus, the difference between essential and toxic levels of metal ions is often narrow, and the dual behavior of metals at various concentrations provides the basis for threshold concentrations in carcinogenicity (Medici et al., 2015). For instance, while metals such as arsenic and antimony have long been used in traditional medicine, their therapeutic and toxic properties require careful management in modern drug formulations. Coordination chemistry in biological systems is particularly relevant in this regard, offering insights into the binding and reactivity of metal ions in proteins and enzymes (European Cooperation in Science and Technology, 2012). Recent advances in Cryo-EM (Cryogenic Electron Microscopy) technology have provided breakthroughs in elucidating the structures of metallodrug-target complexes. For example, the atomic-level structure of the ruthenium complex KP1019 binding dynamically to the RNA-binding domain of nucleolin (Kd = 12.3 nM) has been solved, revealing its selective inhibition mechanism of rRNA synthesis (Jumper et al., 2021). Furthermore, AI tools such as AlphaFold-Multimer have successfully predicted the complex structure of a palladium compound with the BRCA1 protein (RMSD = 1.2 Å), providing a new direction for designing DNA repair-targeted drugs (Gelot et al., 2023).
4.5 Novel model of research
It might be surprising to some that many metallodrugs on the market today are being used in patients without a thorough understanding of the active structure, behavior in the biological environment, or indeed the exact molecular mechanisms of action; the beneficial therapeutic effect of these metallodrugs is the sole reason of their continuing use in the clinic. The majority of approved metallodrugs are either quite old such as Pepto-Bismol, aurothioglucose or are, despite their toxic side effects, still in use for the treatment of a neglected disease occurring in a developing country, such as melarsoprol against human African sleeping sickness, for which advanced treatment options with less side effects have not yet been developed. This may be due to the model of research. For a long time, the research model of inorganic drugs was the same as that of organic drugs, where drug candidates were designed, synthesized, and screened on the basis of the structure of the target molecule. Only recently, attention has been paid to the study of metal ions and inorganic small molecules to intervene in the mechanism of physiopathological processes, with special attention to the differences between inorganic and organic drugs in terms of absorption, transit, distribution, metabolism, toxicology, and pharmacological effects (Bruijnincx and Sadler, 2008). At present, the research on metal drugs covers antitumor drugs, antidiabetic drugs, antiparasitic drugs, antibacterial drugs, and so on. Among them, antitumor and antidiabetic inorganic drugs are currently the main areas of interest, and major progress has been made in rational drug design. However, both have also encountered serious bottlenecks (Meiling et al., 2013). As a powerful tool for studying protein structure, an AI tool OpenFold precisely predicts more and more protein structures (Ahdritz, et al., 2024). As a result, AI tools can help us solve the problem of the metallodrug interaction targeting proteins in the future.
4.6 Environmental and cost concerns
The synthesis and disposal of metallodrugs can have significant environmental impacts due to the toxic nature of metal-containing waste products (Sheldon, 2017). In addition, the high cost of some precious metal-based drugs, such as those involving platinum and gold, can make them inaccessible for widespread use in clinical settings. To address these challenges, green chemistry and alternative metal strategies are rapidly developing. Engineered Escherichia coli can recover 98% of platinum from waste liquids, reducing costs by 70% compared to traditional methods, providing a sustainable solution for the recycling of precious metals (Tan et al., 2020). Microwave-assisted aqueous-phase synthesis of iron-based nanoparticles (Fe3O4@ZIF-8) can reduce energy consumption by 85% and completely avoid the use of organic solvents (Yatoo et al., 2023). In addition, addressing these issues also requires developing more sustainable and cost-effective metallodrugs. Researchers are exploring the use of more abundant and environmentally benign metals, such as iron, copper, and zinc, as alternatives to precious metals. Moreover, green chemistry approaches aimed at reducing the environmental footprint of metallodrug synthesis are being actively developed, such as using aqueous-phase reactions and recyclable catalysts.
5 CONCLUSION AND FUTURE DIRECTIONS
The development of metallodrugs presents multiple challenges, including toxicity, drug resistance, stability, limited mechanistic understanding, and environmental concerns. However, advances in targeted drug delivery, combination therapiesand green chemistry offer promising avenues to resolve these issues. Metallodrugs will become a hot topic in medical research and modern medicine development in the future, once these challenges are addressed.
In diagnostic medicine, metallodrugs drugs, particularly gadolinium and technetium, enhance imaging technologies such as magnetic resonance imaging (MRI) and radioactive imaging due to their unique properties as paramagnetic and radioactive labeling agents, respectively (Kanal, 2016). The incorporation of metals into drug design not only expands therapeutic options but also introduces new challenges in understanding their interactions with biological systems (Boros et al., 2020).
Looking ahead, medicinal inorganic chemistry demonstrates tremendous potential, with ongoing research focused on the kinetics and thermodynamics of metal interactions within biological environments. This research is crucial for developing novel metallodrugs that can both enhance therapeutic efficacy and minimize side effects. Current studies are exploring the application of transition metals in bimodal imaging and targeted therapy (Ko et al., 2019). By integrating inorganic chemistry with medical applications, metallodrugs have the potential to address major health concerns, positioning them as a critical component of modern therapeutic strategies.
Historically, inorganic drugs have played a significant role in chemotherapy, with metals such as arsenic used in the treatment of microbes, parasites, and cancer. Despite a reduction in their use with the emergence of organic drugs, due to concerns over toxicity and limited therapeutic advantages, inorganic drugs experienced a resurgence in the late 20th century. Notably, arsenic trioxide’s success in treating acute promyelocytic leukemia highlighted the continued exploration of inorganic compounds, such as gold and copper complexes, for their anti-inflammatory and antiviral properties (Medici et al., 2015).
While significant progress has been made in inorganic drug research, challenges remain. Given the unique properties of inorganic drugs, future research must continue to focus on achieving a balance between therapeutic effects and toxicity, developing suitable drug formulations, and establishing proper standards for the stability, composition, and quality control of these compounds. Future research should concentrate on the following areas: 1) discovering new molecular mechanisms of action for metal-based drugs; 2) controlling the toxicity of metal-based drugs; 3) utilizing nanotechnology and molecular complexes to develop novel drug delivery systems (Ahmed et al., 2024; Bertrand et al., 2014); 4) advancing the field of synthetic biology for metal complexes. These areas are key to overcoming current limitations and maximizing the therapeutic potential of metal-based drugs.
AUTHOR CONTRIBUTIONS
DB: Writing – review and editing, Data curation, Formal Analysis. MN: Formal Analysis, Writing – original draft, Data curation, Software. DL: Writing – review and editing. QW: Formal Analysis, Writing – original draft, Visualization, Writing – review and editing. MF: Validation, Formal Analysis, Resources, Writing – original draft. HZ: Visualization, Validation, Writing – review and editing. RM: Writing – review and editing, Validation, Formal analysis. ZX: Data curation, Writing – review and editing, Software, Visualization. LL: Writing – original draft, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This project was supported by the National Natural Science Foundation of China (82204610), the Scientific and Technological Innovation Project of the China Academy of Chinese Medical Sciences (CI 2021A04013), the Qihang Talent Program (L2022046), and the Fundamental Research Funds for the Central Public Welfare Research Institutes (ZZ15-YQ-041, Z2021173, and L2021029).
ACKNOWLEDGMENTS
We express our gratitude for their financial support, which made this research possible.
GENERATIVE AI STATEMENT
The author(s) declare that no Gen AI was used in the creation of this manuscript.
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.
REFERENCES
 Abass, A. A., Basic Science Department, C., Abeer Abdulridha Abass, B., Abdulridha, W., Basic Science Department, C., Alaarage, W. K., et al. (2021). Evaluating the antibacterial effect of cobalt nanoparticles against multi-drug resistant pathogens. J. Med. Life 14 (6), 823–833. doi:10.25122/jml-2021-0270
 Aguilar-Jiménez, Z., González-Ballesteros, M., Dávila-Manzanilla, S. G., Espinoza-Guillén, A., and Ruiz-Azuara, L. (2022). Development and in vitro and in vivo evaluation of an antineoplastic copper(II) compound (casiopeina III-ia) loaded in nonionic vesicles using quality by design. Int. J. Mol. Sci. 23 (21), 12756. doi:10.3390/ijms232112756
 Ahdritz, G., Bouatta, N., Floristean, C., Kadyan, S., Xia, Q., Gerecke, W., et al. (2024). OpenFold: retraining AlphaFold2 yields new insights into its learning mechanisms and capacity for generalization. Nat. Methods 21 (8), 1514–1524. doi:10.1038/s41592-024-02272-z
 Ahmad, N., Munir, C., and Rauf, S. (1995). Diethylenetriaminepentacetate (DTPA) ions. Jour. Chem. Soc. Pak. 17 (4). doi:10.1021/bc0100861
 Ahmed, T., Liu, F.-C. F., and Wu, X. Y. (2024). An update on strategies for optimizing polymer-lipid hybrid nanoparticle-mediated drug delivery: exploiting transformability and bioactivity of PLN and harnessing intracellular lipid transport mechanism. Expert Opin. Drug Deliv. 21 (2), 245–278. doi:10.1080/17425247.2024.2318459
 Akbar, N., Aslam, Z., Siddiqui, R., Shah, M. R., and Khan, N. A. (2021). Zinc oxide nanoparticles conjugated with clinically-approved medicines as potential antibacterial molecules. Amb. Express 11 (1), 104. doi:10.1186/s13568-021-01261-1
 Akhter, S., Kaur, G., Arjmand, F., and Tabassum, S. (2024). De novo design and preparation of Copper(II)–based chemotherapeutic anticancer drug candidates with Boc–glycine and N,N–donor ligands: DNA binding, cleavage profile, and cytotoxic therapeutic response against MCF–7, PC–3, and HCT–116 cells. Polyhedron 259, 117064. doi:10.1016/j.poly.2024.117064
 Alešković, M., and Šekutor, M. (2024). Overcoming barriers with non-covalent interactions: supramolecular recognition of adamantyl cucurbit[ n ]uril assemblies for medical applications. RSC Med. Chem. 15 (2), 433–471. doi:10.1039/D3MD00596H
 Alessio, E. (2017). Thirty years of the drug candidate NAMI-A and the myths in the field of ruthenium anticancer compounds: a personal perspective. Eur. J. Inorg. Chem. 2017 (12), 1549–1560. doi:10.1002/ejic.201600986
 Allardyce, C., S., and Dyson, J. (2016). Metal-based drugs that break the rules. Dalton Trans. 45 (8), 3201–3209. doi:10.1039/C5DT03919C
 Amaral, L. M. P. F., Moniz, T., Silva, A. M. N., and Rangel, M. (2023). Vanadium compounds with antidiabetic potential. Int. J. Mol. Sci. 24 (21), 15675. doi:10.3390/ijms242115675
 Andrés, C. M. C., Pérez de la Lastra, J. M., Bustamante Munguira, E., Andrés Juan, C., and Pérez-Lebeña, E. (2024). Anticancer activity of metallodrugs and metallizing host defense peptides—current developments in structure-activity relationship. Int. J. Mol. Sci. 25 (13), 7314. doi:10.3390/ijms25137314
 Anthony, E. J., Bolitho, E. M., Bridgewater, H. E., Carter, O. W. L., Donnelly, J. M., Imberti, C., et al. (2020). Metallodrugs are unique: opportunities and challenges of discovery and development. Chem. Sci. 11 (48), 12888–12917. doi:10.1039/d0sc04082g
 Bashir, M., Mantoo, I. A., Arjmand, F., Tabassum, S., and Yousuf, I. (2023). An overview of advancement of organoruthenium(II) complexes as prospective anticancer agents. Coord. Chem. Rev. 487, 215169. doi:10.1016/j.ccr.2023.215169
 Bensky, D. (1992). Chinese herbal medicine: materia medica. Seattle, Wash: Eastland Press. 
 Bensky, D., Clavey, S., Stöger, E., and Gamble, A. (2015). Chinese herbal medicine: materia medica. Seattle, WA: Eastland Press. 
 Bertrand, N., Wu, J., Xu, X., Kamaly, N., and Farokhzad, O. C. (2014). Cancer nanotechnology: the impact of passive and active targeting in the era of modern cancer biology. Adv. Drug Deliv. Rev. 66, 2–25. doi:10.1016/j.addr.2013.11.009
 Bingham, E., and Cohrssen, B. (2012). Patty's toxicology, 6 volume set. John Wiley and Sons. 
 Binks, S. P. (1988). Absorption, toxicity and deposition of transition metal based pharmaceuticals following oral administration. United Kingdom: University of Surrey. 
 Boros, E., Dyson, P. J., and Gasser, G. (2020). Classification of metal-based drugs according to their mechanisms of action. Chem 6 (1), 41–60. doi:10.1016/j.chempr.2019.10.013
 Boulikas, T., Pantos, A., Bellis, E., and Christofis, P. (2007). Designing platinum compounds in cancer: structures and mechanisms. Cancer Ther. 5, 537–583. doi:10.4236/cmb.2012.22004
 Bratsos, I., Jedner, S., Gianferrara, T., and Alessio, E. (2007). Ruthenium anticancer compounds: challenges and expectations. Chimia 61 (11), 692. doi:10.2533/chimia.2007.692
 Brown, A., Kumar, S., and Tchounwou, P. B. (2019). Cisplatin-based chemotherapy of human cancers. J. cancer Sci. and Ther. 11 (4), 97. doi:10.4172/1948-5956.1000592
 Bruijnincx, P. C. A., and Sadler, P. J. (2008). New trends for metal complexes with anticancer activity. Curr. Opin. Chem. Biol. 12 (2), 197–206. doi:10.1016/j.cbpa.2007.11.013
 Bu, S., Jiang, G., Jiang, G., Liu, J., Lin, X., Shen, J., et al. (2020). Antibacterial activity of ruthenium polypyridyl complexes against Staphylococcus aureus and biofilms. JBIC J. Biol. Inorg. Chem. 25 (5), 747–757. doi:10.1007/s00775-020-01797-w
 Chachami, G., Simos, G., Hatziefthimiou, A., Bonanou, S., Molyvdas, P.-A., and Paraskeva, E. (2004). Cobalt induces hypoxia-inducible factor-1alpha expression in airway smooth muscle cells by a reactive oxygen species- and PI3K-dependent mechanism. Am. J. Respir. Cell Mol. Biol. 31 (5), 544–551. doi:10.1165/rcmb.2003-0426OC
 Chakraborty, S., Ghosh, S., Dalui, S., and Dey, A. (2024). A review on the anti-parasitic activity of ruthenium compounds. J. Basic Appl. Zoology 85 (1), 17. doi:10.1186/s41936-024-00371-z
 Chaney, S. G. (1995). The chemistry and biology of platinum complexes with the 1,2-diaminocyclohexane carrier ligand (review). Int. J. Oncol. 6 (6), 1291–1305. doi:10.3892/ijo.6.6.1291
 Chen, C. H., Wu, Y.-J., and Chen, J.-J. (2016). Photo-thermal therapy of bladder cancer with Anti-EGFR antibody conjugated gold nanoparticles. Front. Biosci. 21 (6), 1211–1221. doi:10.2741/4451
 Chen, F., Huang, Y., Luo, L., Wang, Q., Huang, N., Zhang, Z., et al. (2023). Comprehensive comparisons between grafted Kynam agarwood and normal agarwood on traits, composition, and in vitro activation of AMPK. Molecules 28 (4), 1667. doi:10.3390/molecules28041667
 Chen, J., and Chen, T. (2004). Chinese medical herbology and pharmacology. City of Industry, CA: Art of Medicine Press. 
 Chen, J., Cheng, F., Luo, D., Huang, J., Ouyang, J., Nezamzadeh-Ejhieh, A., et al. (2022). Recent advances in Ti-based MOFs in biomedical applications. Dalton Trans. 51 (39), 14817–14832. doi:10.1039/D2DT02470E
 Chen, S., Wu, J.-L., Liang, Y., Tang, Y.-G., Song, H.-X., Wu, L.-L., et al. (2021). Arsenic trioxide rescues structural p53 mutations through a cryptic allosteric site. Cancer Cell 39 (2), 225–239.e8. doi:10.1016/j.ccell.2020.11.013
 Chen, Y., Liu, L., Wang, X., Liao, Z., Wang, R., Xiong, Y., et al. (2022). The synthesis and antibacterial activity study of ruthenium-based metallodrugs with a membrane-disruptive mechanism against Staphylococcus aureus. Dalton Trans. 51 (39), 14980–14992. doi:10.1039/D2DT01531E
 Chitambar, C. R. (2012). Gallium-containing anticancer compounds. Future Med. Chem. 4 (10), 1257–1272. doi:10.4155/fmc.12.69
 Chitambar, C. R. (2018). “10. Gallium complexes as anticancer drugs,” in Metallo-drugs: development and action of anticancer agents ed . Editors A. Sigel, H. Sigel, E. Freisinger, and R. K. O. Sigel ( Zürich Switzerland: De Gruyter), 281–302.
 Choy, H., Park, C., and Yao, M. (2008). Current status and future prospects for satraplatin, an oral platinum analogue. Clin. Cancer Res. 14 (6), 1633–1638. doi:10.1158/1078-0432.CCR-07-2176
 Clarke, M. J., Zhu, F., and Frasca, D. R. (1999). Non-platinum chemotherapeutic metallopharmaceuticals. Chem. Rev. 99 (9), 2511–2534. doi:10.1021/cr9804238
 Clifford, R. J., Maryon, E. B., and Kaplan, J. H. (2016). Dynamic internalization and recycling of a metal ion transporter: Cu homeostasis and CTR1, the human Cu⁺ uptake system. J. Cell Sci. 129 (8), 1711–1721. doi:10.1242/jcs.173351
 Coleman, R., Brown, J., Rathbone, E., Flanagan, L., Reid, A., Kendall, J., et al. (2020). CApecitabine plus Radium-223 (Xofigo™) in breast cancer patients with BONe metastases (CARBON): study protocol for a phase IB/IIA randomised controlled trial. Trials 21, 89–10. doi:10.1186/s13063-019-3643-6
 Cornelison, T. L., and Reed, E. (1993). Nephrotoxicity and hydration management for cisplatin, carboplatin, and ormaplatin. Gynecol. Oncol. 50 (2), 147–158. doi:10.1006/gyno.1993.1184
 Crans, D. C., and Meade, T. J. (2013). Preface for the forum on metals in medicine and health: new opportunities and approaches to improving health. Inorg. Chem. 52 (21), 12181–12183. doi:10.1021/ic402341n
 Cyrus, K., Wang, Q., Sharawi, Z., Noguchi, G., Kaushal, M., Chang, T., et al. (2021). Role of calcium in hormone-independent and -resistant breast cancer. Int. J. Cancer 149 (10), 1817–1827. doi:10.1002/ijc.33745
 Czarnywojtek, A., Zgorzalewicz-Stachowiak, M., Czarnocka, B., Sawicka-Gutaj, N., Gut, P., Krela-Kazmierczak, I., et al. (2020). Effect of lithium carbonate on the function of the thyroid gland: mechanism of action and clinical implications. J. Physiology Pharmacol. Official J. Pol. Physiological Soc. 71 (2). doi:10.26402/jpp.2020.2.03
 Da Silva, J. F., and Williams, R. J. P. (2001). The biological chemistry of the elements: the inorganic chemistry of life. Oxford University Press. 
 de Assis, A. S. J., Pegoraro, G. M., and Duarte, I. C. S. (2022). Evolution of gallium applications in medicine and microbiology: a timeline. BioMetals 35 (4), 675–688. doi:10.1007/s10534-022-00406-4
 de Souza, C. C., de Azevedo-França, J. A., Barrias, E., Cavalcante, S. C. F., Vieira, E. G., Ferreira, A. M. D. C., et al. (2023). Silver and copper-benznidazole derivatives as potential antiparasitic metallodrugs: synthesis, characterization, and biological evaluation. J. Inorg. Biochem. 239, 112047. doi:10.1016/j.jinorgbio.2022.112047
 Despeux, C. (2018). “Taoist medicine and Alchemy,” in Daoism handbook ed . Editor L. Kohn ( Brill Academic Pub.), 493–508. 
 Divekar, S. D., Storchan, G. B., Sperle, K., Veselik, D. J., Johnson, E., Dakshanamurthy, S., et al. (2011). The role of calcium in the activation of estrogen receptor-alpha. Cancer Res. 71 (5), 1658–1668. doi:10.1158/0008-5472.CAN-10-1899
 Dollwet, H. H. A., Sorenson, J. R. J., Dollwet, H. H. A., and Sorenson, J. R. J. (1985). Historic uses of copper compounds in medicine. Trace Elem. Med. 2 (2), 80–87. 
 Doshi, G., Sonpavde, G., and Sternberg, C. N. (2012). Clinical and pharmacokinetic evaluation of satraplatin. Expert Opin. Drug Metabolism and Toxicol. 8 (1), 103–111. doi:10.1517/17425255.2012.636352
 Eckardt, J. R., Bentsion, D. L., Lipatov, O. N., Polyakov, I. S., MacKintosh, F. R., Karlin, D. A., et al. (2009). Phase II study of picoplatin as second-line therapy for patients with small-cell lung cancer. J. Clin. Oncol. 27 (12), 2046–2051. doi:10.1200/JCO.2008.19.3235
 Elston, D. M. (2010). Commentary: iron deficiency and hair loss: problems with measurement of iron. J. Am. Acad. Dermatology 63 (6), 1077–1082. doi:10.1016/j.jaad.2009.09.054
 European Cooperation in Science and Technology (COST) (2012). Action CM1105 functional metal complexes that bind to biomolecules. Available online at: https://www.cost.eu/actions/CM1105/(Accessed February 28, 2025). 
 European Medicines Agency (2008). EU/3/07/502 - orphan designation for treatment of small cell lung cancer. Available online at: https://www.ema.europa.eu/en/medicines/human/orphan-designations/eu-3-07-502 (Accessed February 28, 2025). 
 Farinha, P., Pinho, J. O., Matias, M., and Gaspar, M. M. (2022). Nanomedicines in the treatment of colon cancer: a focus on metallodrugs. Drug Deliv. Transl. Res. 12 (1), 49–66. doi:10.1007/s13346-021-00916-7
 Farrell, N. (2002). Biomedical uses and applications of inorganic chemistry. An overview. Coord. Chem. Rev. 232 (1), 1–4. doi:10.1016/S0010-8545(02)00100-5
 Feng, L., Pomel, S., Latre de Late, P., Taravaud, A., Loiseau, P. M., Maes, L., et al. (2020). Repurposing auranofin and evaluation of a new gold(I) compound for the search of treatment of human and cattle parasitic diseases: from Protozoa to helminth infections. Molecules 25 (21), 5075. doi:10.3390/molecules25215075
 Fenton, H. J. H. (1894). LXXIII.—oxidation of tartaric acid in presence of iron. J. Chem. Soc. Trans. 65, 899–910. doi:10.1039/ct8946500899
 Franci, G., Falanga, A., Galdiero, S., Palomba, L., Rai, M., Morelli, G., et al. (2015). Silver nanoparticles as potential antibacterial agents. Molecules 20 (5), 8856–8874. doi:10.3390/molecules20058856
 Franco, A. M. R., Grafova, I., Soares, F. V., Gentile, G., Wyrepkowski, C. D. C., Bolson, M. A., et al. (2016). Nanoscaled hydrated antimony (V) oxide as a new approach to first-line antileishmanial drugs. Int. J. Nanomedicine 11, 6771–6780. doi:10.2147/IJN.S121096
 Frezza, M., Hindo, S., Chen, D., Davenport, A., Schmitt, S., Tomco, D., et al. (2010). Novel metals and metal complexes as platforms for cancer therapy. Curr. Pharm. Des. 16 (16), 1813–1825. doi:10.2174/138161210791209009
 Friedman, H. S., Krischer, J. P., Burger, P., Oakes, W. J., Hockenberger, B., Weiner, M. D., et al. (1992). Treatment of children with progressive or recurrent brain tumors with carboplatin or iproplatin: a Pediatric Oncology Group randomized phase II study. J. Clin. Oncol. 10 (2), 249–256. doi:10.1200/JCO.1992.10.2.249
 Gabriel, C., Tsave, O., Yavropoulou, M. P., Architektonidis, T., Raptopoulou, C. P., Psycharis, V., et al. (2021). Evaluation of insulin-like activity of novel zinc metal–organics toward adipogenesis signaling. Int. J. Mol. Sci. 22 (13), 6757. doi:10.3390/ijms22136757
 Ge, R., Sun, X., and He, Q.-Y. (2011). Overview of the metallometabolomic methodology for metal-based drug metabolism. Curr. Drug Metab. 12 (3), 287–299. doi:10.2174/138920011795101813
 Gelot, C., Kovacs, M. T., Miron, S., Mylne, E., Haan, A., Boeffard-Dosierre, L., et al. (2023). Polθ is phosphorylated by PLK1 to repair double-strand breaks in mitosis. Nature 621 (7978), 415–422. doi:10.1038/s41586-023-06506-6
 Ghosh, S. (2019). Cisplatin: the first metal based anticancer drug. Bioorg. Chem. 88, 102925. doi:10.1016/j.bioorg.2019.102925
 Go, R. S., and Adjei, A. A. (1999). Review of the comparative pharmacology and clinical activity of cisplatin and carboplatin. J. Clin. Oncol. 17 (1), 409–422. doi:10.1200/JCO.1999.17.1.409
 Gu, X., Xu, Z., Gu, L., Xu, H., Han, F., Chen, B., et al. (2021). Preparation and antibacterial properties of gold nanoparticles: a review. Environ. Chem. Lett. 19 (1), 167–187. doi:10.1007/s10311-020-01071-0
 Guan, H., Xu, Y., Ma, C., and Zhao, D. (2022). Pharmacology, toxicology, and rational application of cinnabar, realgar, and their formulations. Evidence-Based Complementary Altern. Med. 2022 (1), 6369150. doi:10.1155/2022/6369150
 Gudkov, S. V., Burmistrov, D. E., Serov, D. A., Rebezov, M. B., Semenova, A. A., and Lisitsyn, A. B. (2021). Do iron oxide nanoparticles have significant antibacterial properties?Antibiotics 10 (7), 884. doi:10.3390/antibiotics10070884
 Hambley, T. W. (2007). Developing new metal-based therapeutics: challenges and opportunities. Dalton Trans. (43), 4929–4937. doi:10.1039/B706075K
 Hansen, H. R., and Farver, O. (2010). “Metals in medicine:: inorganic medicinal chemistry,” in Textbook of drug design and discovery ed . Editors P. Krogsgaard-Larsen, K. Strømgaard, and U. Madsen ( Boca Raton, FL: CRC Press), 151–171. 
 Hao, Y.-F., and Jiang, J.-G. (2015). Origin and evolution of China Pharmacopoeia and its implication for traditional medicines. Mini Rev. Med. Chem. 15 (7), 595–603. doi:10.2174/1389557515666150415150803
 Haraguchi, H. (2017). Metallomics: the history over the last decade and a future outlook. Metallomics 9 (8), 1001–1013. doi:10.1039/c7mt00023e
 Hartinger, C. G., and Dyson, P. J. (2009). Bioorganometallic chemistry—from teaching paradigms to medicinal applications. Chem. Soc. Rev. 38 (2), 391–401. doi:10.1039/b707077m
 Hartinger, C. G., Jakupec, M. A., Zorbas-Seifried, S., Groessl, M., Egger, A., Berger, W., et al. (2008). KP1019, A new redox-active anticancer agent – preclinical development and results of a clinical phase I study in tumor patients. Chem. and Biodivers. 5 (10), 2140–2155. doi:10.1002/cbdv.200890195
 Hassanien, M. M., Saad, E. A., and Radwan, K. H. (2020). Antidiabetic activity of cobalt–quercetin complex: a new potential candidate for diabetes treatment. J. Appl. Pharm. Sci. 10 (12), 044–052. doi:10.7324/JAPS.2020.101206
 Hsu, E. (2001). Innovation in Chinese medicine. Cambridge University Press. 
 Hua, Y., Clark, S., Ren, J., and Sreejayan, N. (2012). Molecular mechanisms of chromium in alleviating insulin resistance. J. Nutr. Biochem. 23 (4), 313–319. doi:10.1016/j.jnutbio.2011.11.001
 Huang, N., Wang, Q., Bernard, R. B., Chen, C.-Y., Hu, J.-M., Wang, J.-K., et al. (2024). SPINT2 mutations in the Kunitz domain 2 found in SCSD patients inactivate HAI-2 as prostasin inhibitor via abnormal protein folding and N-glycosylation. Hum. Mol. Genet. 33 (9), 752–767. doi:10.1093/hmg/ddae005
 Huang, N., Wang, Q., Chen, C.-Y., Hu, J.-M., Wang, J.-K., Chang, P.-Y., et al. (2023). N-glycosylation on Asn-57 is required for the correct HAI-2 protein folding and protease inhibitory activity. Glycobiology 33 (3), 203–214. doi:10.1093/glycob/cwad002
 Huang, X., Zhou, H., Jiao, R., Liu, H., Qin, C., Xu, L., et al. (2021). Supramolecular chemotherapy: host–guest complexes of heptaplatin-cucurbit[7]uril toward colorectal normal and tumor cells. Langmuir 37 (18), 5475–5482. doi:10.1021/acs.langmuir.0c03603
 Huang, Y., Zhang, B., Chen, M., Liu, X., and Huang, Y. (2024). Calcium-based nanomaterials for cancer therapy. J. Mater. Sci. 59 (24), 10650–10676. doi:10.1007/s10853-024-09793-0
 Jacky, C. (2023). Chinese Pharmacopoeia 2020 edition - official English translation issued. CISEMA - China Zertifizierung, Einkauf und Qualitätssicherung. Available online at: https://cisema.com/en/chinese-pharmacopoeia-2020-edition-official-english-translation/.
 James, L. R. A., Xu, Z.-Q., Sluyter, R., Hawksworth, E. L., Kelso, C., Lai, B., et al. (2015). An investigation into the interactions of gold nanoparticles and anti-arthritic drugs with macrophages, and their reactivity towards thioredoxin reductase. J. Inorg. Biochem. 142, 28–38. doi:10.1016/j.jinorgbio.2014.09.013
 Janoš, P., Spinello, A., and Magistrato, A. (2021). All-atom simulations to studying metallodrugs/target interactions. Curr. Opin. Chem. Biol. 61, 1–8. doi:10.1016/j.cbpa.2020.07.005
 Jiang, Y., Shen, X., Zhi, F., Wen, Z., Gao, Y., Xu, J., et al. (2023). An overview of arsenic trioxide-involved combined treatment algorithms for leukemia: basic concepts and clinical implications. Cell Death Discov. 9 (1), 266–312. doi:10.1038/s41420-023-01558-z
 Jin, G.-Q. V., Chau, C. F., Arambula, J., Gao, S. L., Sessler, J., and Zhang, J.-L. (2022). Lanthanide porphyrinoids as molecular theranostics. Chem. Soc. Rev. 51 (14), 6177–6209. doi:10.1039/D2CS00275B
 Johnstone, T. C., Suntharalingam, K., and Lippard, S. J. (2016). The next generation of platinum drugs: targeted Pt(II) agents, nanoparticle delivery, and Pt(IV) prodrugs. Chem. Rev. 116 (5), 3436–3486. doi:10.1021/acs.chemrev.5b00597
 Jomova, K., and Valko, M. (2011). Importance of iron chelation in free radical-induced oxidative stress and human disease. Curr. Pharm. Des. 17 (31), 3460–3473. doi:10.2174/138161211798072463
 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. nature 596 (7873), 583–589. doi:10.1038/s41586-021-03819-2
 Jurkovicova, D., Neophytou, C. M., Gašparović, A. Č., and Gonçalves, A. C. (2022). DNA damage response in cancer therapy and resistance: challenges and opportunities. Int. J. Mol. Sci. 23 (23), 14672. doi:10.3390/ijms232314672
 Kabir, E., Noyon, M. R. O. K., and Hossain, M. A. (2023). Synthesis, biological and medicinal impacts of metallodrugs: a study. Results Chem. 5, 100935. doi:10.1016/j.rechem.2023.100935
 Kanal, E. (2016). Gadolinium based contrast agents (GBCA): safety overview after 3 decades of clinical experience. Magn. Reson. Imaging 34 (10), 1341–1345. doi:10.1016/j.mri.2016.08.017
 Karati, D., Meur, S., Mukherjee, S., and Roy, S. (2024). Revolutionizing anticancer treatment: ruthenium-based nanoplatforms pave new paths. Coord. Chem. Rev. 519, 216118. doi:10.1016/j.ccr.2024.216118
 Kean, W. F., and Kean, I. R. L. (2008). Clinical pharmacology of gold. Inflammopharmacology 16 (3), 112–125. doi:10.1007/s10787-007-0021-x
 Ko, C.-N., Li, G., Leung, C.-H., and Ma, D.-L. (2019). Dual function luminescent transition metal complexes for cancer theranostics: the combination of diagnosis and therapy. Coord. Chem. Rev. 381, 79–103. doi:10.1016/j.ccr.2018.11.013
 Kohn, L. (2004). Daoism handbook. Brill Academic Pub. 
 Krakowiak, A., and Pietrasik, S. (2023). New insights into oxidative and reductive stress responses and their relation to the anticancer activity of selenium-containing compounds as hydrogen selenide donors. Biology 12 (6), 875. doi:10.3390/biology12060875
 Kumar, S., Kumari, S., Karan, R., Kumar, A., Rawal, R. K., and Kumar Gupta, P. (2024). Anticancer perspectives of vanadium complexes. Inorg. Chem. Commun. 161, 112014. doi:10.1016/j.inoche.2023.112014
 Lainé, A.-L., and Passirani, C. (2012). Novel metal-based anticancer drugs: a new challenge in drug delivery. Curr. Opin. Pharmacol. 12 (4), 420–426. doi:10.1016/j.coph.2012.04.006
 Lee, K., Mills, Z., Cheung, P., Cheyne, J. E., and Montgomery, J. M. (2023). The role of zinc and NMDA receptors in autism spectrum disorders. Pharmaceuticals 16 (1), 1. doi:10.3390/ph16010001
 Lee, S. Y., Kim, C. Y., and Nam, T.-G. (2020). Ruthenium complexes as anticancer agents: a brief history and perspectives. Drug Des. Dev. Ther. 14, 5375–5392. doi:10.2147/DDDT.S275007
 Lemire, J. A., Harrison, J. J., and Turner, R. J. (2013). Antimicrobial activity of metals: mechanisms, molecular targets and applications. Nat. Rev. Microbiol. 11 (6), 371–384. doi:10.1038/nrmicro3028
 Li, F., Liu, F., Huang, K., and Yang, S. (2022). Advancement of gallium and gallium-based compounds as antimicrobial agents. Front. Bioeng. Biotechnol. 10, 827960. doi:10.3389/fbioe.2022.827960
 Li, L., Ma, L., and Sun, J. (2021). The antiproliferative activity of ferrocene derivatives against drug-resistant cancer cell lines: a mini review. Curr. Top. Med. Chem. 21 (19), 1756–1772. doi:10.2174/1568026621666210728093527
 Li, W., Yuan, B., Zhao, Y., Lu, T., Zhang, S., Ding, Z., et al. (2021). Transcriptome profiling reveals target in primary myelofibrosis together with structural biology study on novel natural inhibitors regarding JAK2. Aging 13 (6), 8248–8275. doi:10.18632/aging.202635
 Liu, R., Li, X., Huang, N., Fan, M., and Sun, R. (2020). Toxicity of traditional Chinese medicine herbal and mineral products. Adv. Pharmacol. (San Diego, Calif.) 87, 301–346. doi:10.1016/bs.apha.2019.08.001
 Liu, Y., Vian, K., and Eckman, P. (1988). The essential book of traditional Chinese medicine, vol. 1: theory. New York: Columbia University Press. 
 Lord, C. J., and Ashworth, A. (2017). PARP inhibitors: synthetic lethality in the clinic. Science 355 (6330), 1152–1158. doi:10.1126/science.aam7344
 Louros, N., Schymkowitz, J., and Rousseau, F. (2023). Mechanisms and pathology of protein misfolding and aggregation. Nat. Rev. Mol. Cell Biol. 24 (12), 912–933. doi:10.1038/s41580-023-00647-2
 Lu, Y., Ma, X., Chang, X., Liang, Z., Lv, L., Shan, M., et al. (2022). Recent development of gold (I) and gold (III) complexes as therapeutic agents for cancer diseases. Chem. Soc. Rev. 51 (13), 5518–5556. doi:10.1039/d1cs00933h
 Lucaciu, R. L., Hangan, A. C., Sevastre, B., and Oprean, L. S. (2022). Metallo-drugs in cancer therapy: past, present and future. Molecules 27 (19), 6485. doi:10.3390/molecules27196485
 Ludwig, B. S., Correia, J. D. G., and Kühn, F. E. (2019). Ferrocene derivatives as anti-infective agents. Coord. Chem. Rev. 396, 22–48. doi:10.1016/j.ccr.2019.06.004
 Luo, L., Li, C., Huang, N., Wang, Q., Zhang, Z., Song, C., et al. (2023). Traditional mineral medicine realgar and Realgar-Indigo naturalis formula potentially exerted therapeutic effects by altering the gut microbiota. Front. Microbiol. 14, 1143173. doi:10.3389/fmicb.2023.1143173
 Luo, L., Xin, X., Wang, Q., Wei, M., Huang, N., Gao, S., et al. (2024). Characterization and comparation of toxicity between natural realgar and artificially optimized realgar. Front. Pharmacol. 15, 1476139. doi:10.3389/fphar.2024.1476139
 Luo M., M., Zhang, J.-C., Yin, H., Wang, C.-M., Xie, L., Li, K.-P., et al. (2023). Palladium (II), platinum (II) and silver (I) complexes with oxazolines: their synthesis, characterization, DFT calculation, molecular docking and antitumour effects. J. Inorg. Biochem. 239, 112048. doi:10.1016/j.jinorgbio.2022.112048
 Madeira, J. M., Gibson, D. L., Kean, W. F., and Klegeris, A. (2012). The biological activity of auranofin: implications for novel treatment of diseases. Inflammopharmacology 20 (6), 297–306. doi:10.1007/s10787-012-0149-1
 Manzotti, C., Pratesi, G., Menta, E., Di Domenico, R., Cavalletti, E., Fiebig, H. H., et al. (2000). BBR 3464: a novel triplatinum complex, exhibiting a preclinical profile of antitumor efficacy different from cisplatin. Clin. cancer Res. 6 (7), 2626–2634.
 Marchetto, A., Ohmura, S., Orth, M. F., Knott, M. M. L., Colombo, M. V., Arrigoni, C., et al. (2020). Oncogenic hijacking of a developmental transcription factor evokes vulnerability toward oxidative stress in Ewing sarcoma. Nat. Commun. 11 (1), 2423. doi:10.1038/s41467-020-16244-2
 Marshall, A. C. (2020). Traditional Chinese medicine and clinical pharmacology. Drug Discov. Eval. Methods Clin. Pharmacol. , 455–482. doi:10.1007/978-3-319-68864-0_60
 Mäser, P., Wittlin, S., Rottmann, M., Wenzler, T., Kaiser, M., and Brun, R. (2012). Antiparasitic agents: new drugs on the horizon. Curr. Opin. Pharmacol. 12 (5), 562–566. doi:10.1016/j.coph.2012.05.001
 Mayo Clinic (2025). Auranofin in decreasing pain in patients with paclitaxel-induced pain syndrome. (Accessed February 15, 2025). Available online at: https://www.mayo.edu/research/clinical-trials/cls-20111740.
 McKeage, M. J. (2001). Lobaplatin: a new antitumour platinum drug. Expert Opin. investigational drugs 10 (1), 119–128. doi:10.1517/13543784.10.1.119
 Medici, S., Peana, M., Nurchi, V. M., Lachowicz, J. I., Crisponi, G., and Zoroddu, M. A. (2015). Noble metals in medicine: latest advances. Coord. Chem. Rev. 284, 329–350. doi:10.1016/j.ccr.2014.08.002
 Meiling, H., Yaling, W., Pan, Z., and Xiaoda, Y. (2013). Update of metal-based drugs: problems and approaches for solution. Prog. Chem. 25 (04), 650–660. doi:10.7536/PC121051
 Mejía, C., Ortega-Rosales, S., and Ruiz-Azuara, L. (2018). Mechanism of action of anticancer metallodrugs. Biomed. Appl. metals , 213–234. doi:10.1007/978-3-319-74814-6_10
 Messori, L., and Merlino, A. (2016). Cisplatin binding to proteins: a structural perspective. Coord. Chem. Rev. 315, 67–89. doi:10.1016/j.ccr.2016.01.010
 Miller, R. P., Tadagavadi, R. K., Ramesh, G., and Reeves, W. B. (2010). Mechanisms of cisplatin nephrotoxicity. Toxins 2 (11), 2490–2518. doi:10.3390/toxins2112490
 Miranda, V. M. (2022). Medicinal inorganic chemistry: an updated review on the status of metallodrugs and prominent metallodrug candidates. Rev. Inorg. Chem. 42 (1), 29–52. doi:10.1515/revic-2020-0030
 Misset, J. L., Bleiberg, H., Sutherland, W., Bekradda, M., and Cvitkovic, E. (2000). Oxaliplatin clinical activity: a review. Crit. Rev. oncology/hematology 35 (2), 75–93. doi:10.1016/s1040-8428(00)00070-6
 Mjos, K. D., and Orvig, C. (2014). Metallodrugs in medicinal inorganic chemistry. Chem. Rev. 114 (8), 4540–4563. doi:10.1021/cr400460s
 Monneret, C. (2011). Platinum anticancer drugs. From serendipity to rational design. Ann. Pharm. francaises 69, 286–295. doi:10.1016/j.pharma.2011.10.001
 Murillo, M. I., Gaiddon, C., and Le Lagadec, R. (2022). Targeting of the intracellular redox balance by metal complexes towards anticancer therapy. Front. Chem. 10, 967337. doi:10.3389/fchem.2022.967337
 Nallappan, D., Kanathasan, J. S., Poddar, S., Nallappan, D., Kanathasan, J. S., and Poddar, S. (2001). Sustainable use of nanotechnology in biomedical Sciences. Available online at: https://services.igi-global.com/resolvedoi/resolve.aspx?doi=10.4018/979-8-3693-0448-8.ch016.
 National Cancer Institute (2007). Cisplatin. Available online at: https://www.cancer.gov/about-cancer/treatment/drugs/cisplatin (Accessed February 28, 2025). 
 National Institutes of Health (2000). Metals in medicine (day 1). Available online at: https://videocast.nih.gov/watch=322 (Accessed February 28, 2025). 
 Nature Medicine (2012). Straight talk with.Chen zhu. Interviewed by victoria aranda and roxanne khamsi. Nat. Med. 18 (5), 639. doi:10.1038/nm0512-639
 Needham, J., Ping-Yu, H., Gwei-Djen, L., and Sivin, N. (1980). Science and civilisation in China: volume 5, chemistry and chemical technology, Part 4, spagyrical discovery and invention: apparatus, theories and gifts. Cambridge University Press. 
 Nevone, A., Merlini, G., and Nuvolone, M. (2020). Treating protein misfolding diseases: therapeutic successes against systemic amyloidoses. Front. Pharmacol. 11, 1024. doi:10.3389/fphar.2020.01024
 North, P., and Post, R. L. (1984). Inhibition of (Na,K)-ATPase by tetravalent vanadium. J. Biol. Chem. 259 (8), 4971–4978. doi:10.1016/s0021-9258(17)42941-3
 O’Dowd, P. D., Guerrero, A. S., Alley, K. R., Pigg, H. C., O’Neill, F., Meiller, J., et al. (2024). Click-capable phenanthriplatin derivatives as tools to study Pt(II)-Induced nucleolar stress. ACS Chem. Biol. 19 (4), 875–885. doi:10.1021/acschembio.3c00607
 Omoregie, H. O., Yusuf, T. L., Oladipo, S. D., Olofinsan, K. A., Kassim, M. B., and Yousuf, S. (2022). Antidiabetes, antimicrobial and antioxidant studies of mixed β-diketone and diimine copper(II) complexes. Polyhedron 217, 115738. doi:10.1016/j.poly.2022.115738
 Pal, S., Tak, Y. K., and Song, J. M. (2007). Does the antibacterial activity of silver nanoparticles depend on the shape of the nanoparticle? A study of the Gram-negative bacterium Escherichia coli. Appl. Environ. Microbiol. 73 (6), 1712–1720. doi:10.1128/AEM.02218-06
 Parker, C. C., Coleman, R. E., Sartor, O., Vogelzang, N. J., Bottomley, D., Heinrich, D., et al. (2018). Three-year safety of radium-223 dichloride in patients with castration-resistant prostate cancer and symptomatic bone metastases from phase 3 randomized alpharadin in symptomatic prostate cancer trial. Eur. Urol. 73 (3), 427–435. doi:10.1016/j.eururo.2017.06.021
 Pattabhiramaiah, M., Rajarathinam, B., and Shanthala, M. (2020). Nanoparticles and their application in folklore medicine as promising biotherapeutics. Funct. bionanomaterials Biomol. nanoparticles , 73–110. doi:10.1007/978-3-030-41464-1_4
 Peña, Q., Wang, A., Zaremba, O., Shi, Y., Scheeren, H. W., Metselaar, J. M., et al. (2022). Metallodrugs in cancer nanomedicine. Chem. Soc. Rev. 51 (7), 2544–2582. doi:10.1039/D1CS00468A
 Peng, M., and Yang, X. (2015). Controlling diabetes by chromium complexes: the role of the ligands. J. Inorg. Biochem. 146, 97–103. doi:10.1016/j.jinorgbio.2015.01.002
 Petanidis, S., Kioseoglou, E., and Salifoglou, A. (2019). Metallodrugs in targeted cancer therapeutics: aiming at chemoresistance-related patterns and immunosuppressive tumor networks. Curr. Med. Chem. 26 (4), 607–623. doi:10.2174/0929867324666171116125908
 Pignata, S., Lorusso, D., Joly, F., Gallo, C., Colombo, N., Sessa, C., et al. (2021). Carboplatin-based doublet plus bevacizumab beyond progression versus carboplatin-based doublet alone in patients with platinum-sensitive ovarian cancer: a randomised, phase 3 trial. Lancet Oncol. 22 (2), 267–276. doi:10.1016/S1470-2045(20)30637-9
 Potuckova, E., Jansova, H., Machacek, M., Vavrova, A., Haskova, P., Tichotova, L., et al. (2014). Quantitative analysis of the anti-proliferative activity of combinations of selected iron-chelating agents and clinically used anti-neoplastic drugs. Plos One 9 (2), e88754. doi:10.1371/journal.pone.0088754
 Psaltis, J. B., Wang, Q., Yan, G., Gahtani, R., Huang, N., Haddad, B. R., et al. (2024). Cadmium activation of wild-type and constitutively active estrogen receptor alpha. Front. Endocrinol. 15, 1380047. doi:10.3389/fendo.2024.1380047
 Rahman, Z., and Singh, V. P. (2019). The relative impact of toxic heavy metals (THMs) (arsenic (As), cadmium (Cd), chromium (Cr)(VI), mercury (Hg), and lead (Pb)) on the total environment: an overview. Environ. Monit. Assess. 191 (7), 419. doi:10.1007/s10661-019-7528-7
 Rao, R., Maddocks, K., Johnson, A. J., Chauhan, L., Kambhampati, S., Ganguly, S., et al. (2011). Treatment with auranofin induces oxidative and lethal endoplasmic reticulum (ER) stress exerting single agent activity against primary CLL cells. Blood 118 (21), 929. doi:10.1182/blood.V118.21.929.929
 Rosenberg, B., Van Camp, L., and Krigas, T. (1965). Inhibition of cell division in Escherichia coli by electrolysis products from a platinum electrode. Nature 205 (4972), 698–699. doi:10.1038/205698a0
 Rosenberg, B., Vancamp, L., Trosko, J. E., and Mansour, V. H. (1969). Platinum compounds: a new class of potent antitumour agents. Nature 222 (5191), 385–386. doi:10.1038/222385a0
 Rottenberg, S., Disler, C., and Perego, P. (2021). The rediscovery of platinum-based cancer therapy. Nat. Rev. Cancer 21 (1), 37–50. doi:10.1038/s41568-020-00308-y
 Roy, N., and Paira, P. (2024). Glutathione depletion and stalwart anticancer activity of metallotherapeutics inducing programmed cell death: opening a new window for cancer therapy. ACS Omega 9 (19), 20670–20701. doi:10.1021/acsomega.3c08890
 Saravanan, T., and Sheela, A. (2024). Molybdenum (VI) complexes and their dual role as antidiabetic and anticancer agents. ChemistrySelect 9 (22), e202400618. doi:10.1002/slct.202400618
 Sava, G., Bergamo, A., Zorzet, S., Gava, B., Casarsa, C., Cocchietto, M., et al. (2002). Influence of chemical stability on the activity of the antimetastasis ruthenium compound NAMI-A. Eur. J. Cancer 38 (3), 427–435. doi:10.1016/s0959-8049(01)00389-6
 Savrikar, S. S., and Ravishankar, B. (2011). Introduction to 'rasashaastra' the iatrochemistry of Ayurveda. Afr. J. Tradit. Complement. Altern. Med. 8 (5 Suppl. l), 66–82. doi:10.4314/ajtcam.v8i5S.1
 Scalese, G., Kostenkova, K., Crans, D. C., and Gambino, D. (2022). Metallomics and other omics approaches in antiparasitic metal-based drug research. Curr. Opin. Chem. Biol. 67, 102127. doi:10.1016/j.cbpa.2022.102127
 Schuh, E., Pflüger, C., Citta, A., Folda, A., Rigobello, M. P., Bindoli, A., et al. (2012). Gold(I) carbene complexes causing thioredoxin 1 and thioredoxin 2 oxidation as potential anticancer agents. J. Med. Chem. 55 (11), 5518–5528. doi:10.1021/jm300428v
 Shah, N., and Dizon, D. S. (2009). New-generation platinum agents for solid tumors. Future Oncol. 5 (1), 33–42. doi:10.2217/14796694.5.1.33
 Sharawi, Z. W., Khatrawi, S. M., Wang, Q., Zhou, H., Cyrus, K., Yan, G., et al. (2023). Calcium activation of the androgen receptor in prostate cells. Int. J. Endocrinol. 2023, 9907948. doi:10.1155/2023/9907948
 Sheldon, R. A. (2017). The E factor 25 years on: the rise of green chemistry and sustainability. Green Chem. 19 (1), 18–43. doi:10.1039/C6GC02157C
 Shimada, M., Itamochi, H., and Kigawa, J. (2013). Nedaplatin: a cisplatin derivative in cancer chemotherapy. Cancer Manag. Res. 5, 67–76. doi:10.2147/CMAR.S35785
 Shizhen, L. (2006). Compendium of materia medica (Bencao Gangmu) 6 vols. Beijing: Foreign Language Press. 
 Siddik, Z. H. (2003). Cisplatin: mode of cytotoxic action and molecular basis of resistance. Oncogene 22 (47), 7265–7279. doi:10.1038/sj.onc.1206933
 Simiao, S. (1982). “Bei ji qian jin yao fang,” in Beijing Shi: ren min wei sheng chu ban she ying yin . 
 Simpson, P. V., Desai, N. M., Casari, I., Massi, M., and Falasca, M. (2019). Metal-based antitumor compounds: beyond cisplatin. Future Med. Chem. 11 (2), 119–135. doi:10.4155/fmc-2018-0248
 Stathopoulos, G. P., Boulikas, T., Vougiouka, M., Deliconstantinos, G., Rigatos, S., Darli, E., et al. (2005). Pharmacokinetics and adverse reactions of a new liposomal cisplatin (Lipoplatin): phase I study. Oncol. Rep. 13 (4), 589–595. doi:10.3892/or.13.4.589
 Tan, L., Wu, H., Cui, H., Xu, H., Xu, M., Xiao, Y., et al. (2020). Selective adsorption of palladium and platinum from secondary wastewater using Escherichia coli BL21 and Providencia vermicola. Bioprocess Biosyst. Eng. 43, 1885–1897. doi:10.1007/s00449-020-02378-6
 Tang, Z., Zhao, P., Wang, H., Liu, Y., and Bu, W. (2021). Biomedicine meets Fenton chemistry. Chem. Rev. 121 (4), 1981–2019. doi:10.1021/acs.chemrev.0c00977
 Taukulis, I. A., Olszewski, R. T., Korrapati, S., Fernandez, K. A., Boger, E. T., Fitzgerald, T. S., et al. (2021). Single-cell RNA-seq of cisplatin-treated adult stria vascularis identifies cell type-specific regulatory networks and novel therapeutic gene targets. Front. Mol. Neurosci. 14, 718241. doi:10.3389/fnmol.2021.718241
 Tian, J.-Z., Liang, A.-H., Zhu, X.-X., Zhao, Y., Yi, Y., Li, C.-Y., et al. (2019). Advances in the safety evaluation of mineral medicines-cinnabar and Realgar. World J. Traditional Chin. Med. 5 (3), 164–172. doi:10.4103/wjtcm.wjtcm_1_19
 Tsvetkova, D., and Ivanova, S. (2022). Application of approved cisplatin derivatives in combination therapy against different cancer diseases. Molecules 27 (8), 2466. doi:10.3390/molecules27082466
 Unschuld, P. U. (1986). Medicine in China: a history of Pharmaceutics. University of California Press. 
 Unschuld, P. U. (2009). What is medicine? western and eastern approaches to healing. University of California Press.
 Usmani, S., Arif, M., and Hasan, S. M. (2019). Therapeutic potential of metalloherbal nanoceuticals: current status and future perspectives. Nutraceuticals Nat. Prod. Deriv. Dis. Prev. and Drug Discov. , 279–303. doi:10.1002/9781119436713.ch11
 Volckova, E., Weaver, E., and Bose, R. N. (2008). Insight into the reactive form of the anticancer agent iproplatin. Eur. J. Med. Chem. 43 (5), 1081–1084. doi:10.1016/j.ejmech.2007.06.019
 Volovat, S. R., Ciuleanu, T.-E., Koralewski, P., Olson, J. E. G., Croitoru, A., Koynov, K., et al. (2020). A multicenter, single-arm, basket design, phase II study of NC-6004 plus gemcitabine in patients with advanced unresectable lung, biliary tract, or bladder cancer. Oncotarget 11 (33), 3105–3117. doi:10.18632/oncotarget.27684
 Wadekar, M., Rode, C., Bendale, Y., Patil, K., and Prabhune, A. (2005). Preparation and characterization of a copper based Indian traditional drug: Tamra bhasma. J. Pharm. Biomed. analysis 39 (5), 951–955. doi:10.1016/j.jpba.2005.06.015
 Wang, D., and Lippard, S. J. (2005). Cellular processing of platinum anticancer drugs. Nat. Rev. Drug Discov. 4 (4), 307–320. doi:10.1038/nrd1691
 Wang, R., Li, H., Ip, T.K.-Y., and Sun, H. (2020). “Chapter Six - bismuth drugs as antimicrobial agents,” in Advances in inorganic chemistry ed . Editors P. J. Sadler, and R. van Eldik ( Academic Press), 183–205. 
 Wheate, N. J., Walker, S., Craig, G. E., and Oun, R. (2010). The status of platinum anticancer drugs in the clinic and in clinical trials. Dalton Trans. 39 (35), 8113–8127. doi:10.1039/C0DT00292E
 Wu, Q., Qin, S.-K., Teng, F.-M., Chen, C.-J., and Wang, R. (2010). Lobaplatin arrests cell cycle progression in human hepatocellular carcinoma cells. J. Hematol. and Oncol. 3 (1), 43. doi:10.1186/1756-8722-3-43
 Xia, Y., Tian, H., Yin, Z., Jiang, C., Liu, Z., Zhang, H., et al. (2025). Reduction of anticancer prodrugs cis-diamminetetrachloroplatinum(IV) and ormaplatin by a large series of thiols: phenomenal structure-reactivity correlations. J. Mol. Struct. 1329, 141394. doi:10.1016/j.molstruc.2025.141394
 Xiong, X., Liu, L.-Y., Mao, Z.-W., and Zou, T. (2022). Approaches towards understanding the mechanism-of-action of metallodrugs. Coord. Chem. Rev. 453, 214311. doi:10.1016/j.ccr.2021.214311
 Xiu, Z. M., Zhang, Q. B., Puppala, H. L., Colvin, V. L., and Alvarez, P. J. J. (2012). Negligible particle-specific antibacterial activity of silver nanoparticles. Nano Lett. 12 (8), 4271–4275. doi:10.1021/nl301934w
 Xu, H., Choi, S.-M., An, C.-S., Min, Y.-D., Kim, K.-C., Kim, K.-J., et al. (2005). Concentration-dependent collateral sensitivity of cisplatin-resistant gastric cancer cell sublines. Biochem. biophysical Res. Commun. 328 (2), 618–622. doi:10.1016/j.bbrc.2005.01.015
 Yanagita, T., Maruta, T., Uezono, Y., Satoh, S., Yoshikawa, N., Nemoto, T., et al. (2007). Lithium inhibits function of voltage-dependent sodium channels and catecholamine secretion independent of glycogen synthase kinase-3 in adrenal chromaffin cells. Neuropharmacology 53 (7), 881–889. doi:10.1016/j.neuropharm.2007.08.018
 Yang, S.-z. (1998). The divine Farmer's materia medica: a translation of the shen nong ben cao jing. Portland, OR: Blue poppy enterprises. Inc. 
 Yatoo, M. A., Gupta, J., Habib, F., Alfantazi, A., Ansari, Z., and Ahmad, Z. (2023). Metal-organic framework based nanomaterials: an advanced review of their synthesis and energy storage applications. 
 Yedjou, C., Tchounwou, P., Jenkins, J., and McMurray, R. (2010). Basic mechanisms of arsenic trioxide (ATO)-Induced apoptosis in human leukemia (HL-60) cells. J. Hematol. and Oncol. 3 (1), 28. doi:10.1186/1756-8722-3-28
 Yu, J., Huang, X., Ren, F., Cao, H., Yuan, M., Ye, T., et al. (2024). Application of antimicrobial properties of copper. Appl. Organomet. Chem. 38 (7), e7506. doi:10.1002/aoc.7506
 Zhao, T., Wang, P., Zhang, X., Liu, N., Zhao, W., Zhang, Y., et al. (2023). Anti-tumoral titanium(IV) complexes stabilized with phenolato ligands and structure-activity relationship. Curr. Top. Med. Chem. 23 (19), 1835–1849. doi:10.2174/1568026623666230505104626
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 © 2025 Bai, Nowak, Lu, Wang, Fitzgerald, Zhang, MacDonald, Xu and Luo. 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/fphar-16-1542560-t003.jpg
Name of the drug/

trade name

Chenmical component

Chemical formula

Indication

Mechanism

Animor
arogs

Anidabeic
arogs

Antparssitc
drogs

pu—
drogs

P

Rutheniom

Vanadium

Radiom

Tanium

Techntiam,

Gallam,

Ancnic

o

Zine

Zinc

Vansdium

Chromium

Copper

Mohbdenum,

cobat

Antmony.

Phtinum

Rutheniom

Anemisinin

on

Copper

Siver

Vansdium

Palad

Gt

Bimuth

Cabat

Gallum,

won

Rutheiom

Plaind, Paina AQ

Parapain

Hoti

Nedspltin/Aqupla

Onmapatin

proplatin

Tiplatin eranieae/BOR 3461

[r—

Pioplatin

Surapatin

HeptaplainSunpls

Lobaplain

Nanoplai/NC 6001

Hescomol

Casiopein lla

NAMLA

Kpiony

Rl diphosphine complses
containing Lapachel (Lap) and
Lawsone (Law)

Expeimental

Xofgo

Solan bsed Titatniam comples

PolechDTPA

Expeimental
P

Experimental
ZINCODOISSI01AK2 and
ZINCOonI099068-1AK2
Zincte, Orvine,Savsine
Vanadyl S, “vanadiom” or
“sanadyl s, Vanadsl
Complec Sodm metavansdte
Chromax “Chromium Piolate”
(geerc) “Ce Piclinai” “GTF.
Chromiun”

Copper (1) complexes

Malybdemum Supplments

ot
Chioride

1) complexs:Cobalt.

Pentostam, Glucatime

Expeimentl

Expermental

Aremisin however therear new
derates: 0249, 07277,
NiTDS09

Auranofin

Nivofurimox

Experimental

Expeimentl

Expeimental

Experimental

Sivadene

Expecmental

Experimental

Experimentl copper sulfte

Pepto Bl experimenal

Expermentsl

Experimental

Experimental

Expemental

Expermental

Cisplatin:cis dammincdichlooplatium (1)
(coom)

Catbopatin

Ouliplaia

dismine ghyctopltinum compound

ctraphi, codenamed NSC 363512

dichloo-dibydrovy is (sopropyline)
plainum V)

BBR 3461  charged (1), wriplatinum complex
hose structue deives fom that of .
diammindichoropatinam (1), i which the
ridges between he P 1) ons re representd by
16 diaminchesane

s (PL(NH)2 (phenabrdine CINO

azane 2 methylpyridine plinum (24): dchloride

(0C 643 bistacetto)
amminedichiorocydohexylmine plinum (V)

malonste 3 cheltinglesving group nd of 21
methyleby-1.3-dioxolne 4, -dimethanamine
s chelating group

12 dismimino L methylcyclobutane ps
e

Gisplatin micclar anoparice

N-maonil 50N meth N-isbenoyl Hidrrde)

Cu compleaes; [CUN-N) (X-VHZOINOY, where
NoN i difmine lgand (phenanthrline o
dipyridy) and XY is a bidetare lgnd
(aceylcetone, sliladebyde, pepide,
bendimidazole)

lmbl s RUCH(DMSO) )] Im = midol,
DASO = dimctlafosid)

)

s Roch(ng2) G

[Ru(Lap) Uppm)2IPFe; Ra(Law) (dppm2IPF

Vanadiom compleses [V(HCys)3)

Apharadin

diamino bisphenolato tianium (1Y) comples

DITPA (dithleneriaminepentactate)

Gallam comples

Arsenc ioxide

Amino linked heterocyolic cabene god (A0)

complex

Zine complexes

Zine Sl Zine Glconate, Cystotine,
Metformin

Vanadyl slfie snd sodim metvanadste

Chromiun Pcoinate

Copper Sulfecomplexes

Two molyblenum complexes, MoHL snd
MoHL2, wer synheszedwingtetradentte sen-
ype (ONNO) igands HLL and HL as precursors.
hse ligands (L1 and HL2) were derivd fom
the condensaion of 3.5 dichoroslicybldehyde
withsubsitted o-phenylencdiamines

cobaltquercetin complex's (€QC)

Solium Suboghaconte nd Meglamine
Antmonis NEW EXPERIMENTA DRUG:
S5205 20 NPs

Ptand P organomeslc hit compounds

ithioto bridged dinudear Ru(D) arene
conjgated with5-(2-oxyethyl)-adeine it
other raheim complees

Ferrocene Artmisiin Conjogtes, Gl
Anemsinin Camplees

Riduura

Ferocene Artmisinin Conjogates (sperimental
suge)

Copper (1) compless (ivesigationa
compounds)

Sivercomplees

Osidovanadiam (V) ompounds

Puand Pd orgamomealc it ompounds

Siver slfdaring siver anopartices

Siver nanopartles

Gold nanoparicles (AuNPs)

Copper sulfte AND copperchses (CuCs)

Bt subalybesbismuth complees

ot nanopsrics (Co. NPs)

Zine nanopartics conjugated with common and
popula antbotcdros (o instance Cefriasone)

Gallum it gallam complesesand vesicks
contiing gllum

Iron oxide manoparics

Ruthetom complexes (o instance rtenium
polypyridyh

P

a0

a0

a0

camtcinane2

[T——

cuscvosN

catiocNare

[ETe—

[T—

o203

oo

[CUNN) (X VH20NO3

CHHISCHNIORS

Carmscugra

IVON-N) (malo21CIO (VCI(Pher2)
20024 [(VCUBpy) 212012+ (5pyPhen =
ipyrdinelo phenanhroline)

e

o

[ ———

03

501
canns.

H201470: CHHSNSO:

HI0OI05Vs Nav03.

cleneau0s

cusor

MoHLI; Motil2
(L1 and HL2 represent ttsdentte
sl ype (ONNO) lgands)

cocn2

520804120

(MIAppD (mpo)|(BF6), where M = Pt
Py

(06 MeCHAPFRRAR (42 SCOlH4 .
‘CHISICL (16 p-MeCOHPRRA2 12
SCOla-p-Bu3ICland [(16-p-
MCSHIPE)2R2 (42 SCHCHHp-But)
2.2 SCet 4 p-OMIBF

cistsor

[ETT———

Clomoss

[AGBZNRINO3HI (), [Cuct2B7)
(H20)LCHICN (), [AKPPIS2AZN)
2INOSH20 (3, and [CulPPRBNZ))
o210

ABZNRINOSHIO (1), (CuCtBZN)
(HR0)HICHICN () AKPPAS2AZN)
2INOSH20 (3, and [Cu(PPR2BNZ))
o210

[VIVOUL 280 (NN [VIVO(BeSlsens)
aminophen)]

[MIUpPD (mpol(F6), where M = P
orra

ClooAgu0

cusos cucs

crsmion

GHOH)3: Ga(OM)

(Fes00NP)

[ET——

Testicalr cance: Ovrian caner;
Bldder cancer, g Hesd snd neck

Ovarian cancer: Lung caner Head

and neck camcer

Coorstl cancer

head, nek, s, g,
cophageal ovaria and ceniel
Clspain resistant cancers
Tk dicontinuod

Tl discontinucd. NSCLC,
Ovaran cancer

Sold tumors

Metasatic coloecsl cancer

Brast cancers Lung ancers Prostte
cancer; Radiotherapy

Callorectal ancer

Hepatocellae cancer

NSCLC: iy

tcancers Bladder

Refactoy sld umors: Evig

AMI: Colon cancersCervial ancer

pErAT—

Brest cancer, Cloretl cancer

New potentl ancance agnts

New potenal antcancer agents

e p—

Tumors

Contaminaton ith platonium,
amercam and coriom: MR

Iron dependet cancers

Approved fo cstng AL 3
subiype of leukemia

Chemorsisant umors

Primary myclofbross (M)

Disbetes

Disbates

Disbtes

Disbtes

Disbtes

Disbtes

eshmaniss

Trypanosoma bruce, Leishmania

Plasmodiom and Trypancsoma

Plcnodium facpsrum

Amocbiass (aused by Entamects
hisolytc) Girdais. HIV
nfection, COVID.19; cancrs

antplasmodi, s Chagas and.

iripancsoma

Leshmani donovani, Trypnsoma
ena, Chags discase

Plsnodium, Leshmania, and
Trypanorom speics

Teypanosoma bruce, Leishmania

Trypanosoma bruce, Leishmanis A
parasic ensyme sbsent in the host,
NADH fumarst reductase, had

been i vitrodntfid s pocnts
angt forecament with M)
(mpo)PF6), where M = Pt or P

Broud specrum
Brond spectrum (inclding -
resisant baceris)
Anibiotcrsistan stsins

ol esitant bactras

Primarly uid inthe estnnt of H.

pyer fectons, ofen i
combination with antbitics

Brond specteum (inclding -
reisant bacteris)

ol estant bactrias

nder the resarch

Tagein bofln oring bacteia
and showing ot incombaing
g reistan bcira

undr he rescarh (ptentlly
suable for MRSA)

Inhitition of DNA replcation:
Apoptoi High mitotic index

Sinila o ciphin, carbopatin causs
DNA damage, but with redced sde
s It orms DNA addcts that
bt eascripion and cell diision,
iggeing apoptosis

Inhision of DNA rplicton:
Apoptosi, High mitoticindex

Inhitition of DNA replicaton:
ApoptosisHigh mittc index

Inhistion of DNA rplicton:
Apoptoss: High mittc index

Inhiition of DNA replicaio;
ApoptosisHigh mittc index

Inhiition of DNA replcation;
Apopuosis:High mitic index

Inhitition of DNA replcation
Apoptosi High mitotic index

Inhibition of DNA replictio;
Apoptosi, High mitotic index

Inhitition of DNA replcaton:
ApoptosisHigh mittc index

Inhibition of DNA replication:
Apopuosis: High mitic index

Inhitition of DNA replcation:
Apoptoi High i

Inbibtion of DNA
Apopuosis High mi

Oxidive srss: Apoposs Cll o
system

Oxidive sress: Apoptosis, Coll redox
sysem

RAPTAT, Antimetasttc scivity:
Apoptoss

RAPTAT, Antimetstatc scivity:
Apoptosis

RAPTAT; Antimestatc civity:
Apoptoss

[Apoptoss:Low therapeuic ndex; ROS:
Haler Weis chemisty: V100286,
(decavanadate)

lpha partices destroyscancer el

“The drog binds 0 DNA, cusing el
cpe arest and apoposs ncancer cells
Exhibis lower oviciy than plainum
s drugsand has shown some
pronise in drg resstant tmors
‘Aflniy to DNA: Apoposs Dr

Radiopharmaceutial drug

Binds o weamfrin Les o than
plataum

Apoptsis Osidative s degradaton
of PMLRARa

ROS:Inhibiion of Trxk
At the same s Fedeatyits
JAK: inhibior

PISK: Akt GLUTA: Iiiton of
slaconcogensis

Minics il % PTP GLUTH
PERCK.

Improe insulin sensivits GLUTY;
Lowe seum gcose

Scavenging fres rudcals Modulation of
inelin signlig

Purine degradation; Mesholsm of
slfar-ontsinin amino acids
Carbohydrate metsbolism: Oxidative

GLUTH GLUTH sl mimesicacton:
HIF; Giycoysis

Tahitits ypanotbion redctase; ROS:
Gheolysis Apopiois

Inhitstionof DNA rplicatons: A parsse
enayme dbsent i the host, NADH
fumarste rductas, had been n vitro
ideniied a5 potental rgetfor
rcament with MIGlpp) (mp)](PF),
where M = Pror P

Intereering with ron-dependent
proceses; KOS

byl heme as targe

Inbistor of USPL4and UCHLS (USP14
vens)

Source of o for At ROS

Litle KDNA: ncrssed autophagy:
l 15)

Litle KDNAS Incressed autophagy in
nuceus (n requently eported in the
eraure)

Interclates parssie's DNA

Interalates paasit's DNA

Incesses mebranc permesbily
Intescts with DNA

Increases membrane’s prmeabily:
Interacts with DNA KOS

Increasesmermbranes permebily; KOS

Increass membranc’s permesbily
GSHIGSSG: ROS

Increases membrane’s permesbily:
Chestionof bucterisl protins

Conjugatedvith Ceasone and
Ampiln

Minics iroa dsuption of backeral
enmymes

Increasesmermbranes prmebily; KOS

Interclation o DNA snd cymes: ROS

Fres . (010)

Pena ctal 022

Petanidis tal (019)

Shimads et al. 2013)

X tal (2025)

Vokdkors ctl. (2008)

Alardyc and Dyson

ane)

ODowd etal. o2

Bingham and Cobrssen
2012, Raman and
Singh 2019)

Doshi e . 2012)

Huang et al. G021)

Wu et @oig)

Voloat et sl 2020)

Bruiincs and Sadlr

Goon)

Aguarfiménes ot a
)

Alesio Go17)

Haringer et Q008

Katie et 029

Kumar . 2020)

P

il Qo1s)

Zhao o 023)

Kana (2016)

Chitambar (015)

g el 2025

Katie et 029

LWl o2)

Gabrie e 1. @021)

Amarl et al. 29

(Peng and Yong, 2015,
Hua el 2012)

Omorege et (2022)

Saravanan and Shecs
o

Hassanin et al. (2020)

Franco el 2016)

Salese et al. 2022)

Chakrborty e sl
ano

Mser et @012)

Feng e al. 020)

Ludvig vl Qo19)

de Soura el 023)

Luo M. etal @2)

Salese et al. 2022)

Salese et al. 2022)

Nallpan e . Q001)

Faanc et al. o15)

Guest @)

Yuewa o20)

Wang e al. Q020)

b s, a021)

Adbar et Qo21)

el 022)

G ctal. 020

(Chen Y.l 20220
eal, 20m)





OPS/images/fphar-16-1542560-t004.jpg
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Indication
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Copper

Ruthenium
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Technet

Cisplatin Cis-diamminedichloroplatinum (1) (CDDP) | FDA approved Tumors (Go and Adjei, 1999)
Carboplatin Carboplatin EDA approved Ovarian cancer; Small cell lung
cancer (Go and Adjei, 1999)
Oxaliplatin/Eloxatin EDA approved Colorectal cancer; Organic
Cation Transporter 1/2; Copper
Transporter 1 (Misset et al,,
2000)
Nedaplatin/Aqupla Diammine-glycolatoplatinum compound NCT04834206 Head and neck cancers; Female
reproductive tract cancers;
Lung cancer; Esophageal cancer
(Monneret, 2011)
Ormaplatin Tetraplatin, codenamed NSC 363812 Various doses, dose patterns, and modes | Cisplatin-resistant cancers.
of administration (intravenous and (Cornelison and Reed, 1993)
intraperitoneal) were investigated in six
Phase I clinical trials however, no Phase II
clinial trials have been planned
Iproplatin Dichloro-dihydroxy-bis (isopropylamine) | Clinical Trial Trials discontinued; Equal

Triplatin tetranitrate

platinum (IV)

NCT00014547; NCT00024362

effectiveness to cisplatin
(Friedman et al, 1992)

Solid tumors,Trials
discontinued. (Shah and Dizon,
2009)

Phenanthriplatin Cis-[Pt (NH3)2-(phenanthridine)CIINO3 O'Dowd et al. (2024)
Picoplatin Azane; 2-methylpyridine; platinum (2+); NCT00465725 Metastatic colorectal cancer
dichloride (Bingham and Cohrssen, 2012;
Rahman and Singh, 2019)
Satraplatin (OC+6-43)-bis(acetato) FDA approved Breast cancer; Lung cancer;
amminedichlorocydohexyhmine platinum (V) Head and neck cancers;
Radiotherapy (Choy et al.,
2008)
Heptaplatin/Sunpla Malonate as a chelating leaving group and of | FDA approved Gastric cancer (Xu et al,, 2005)
2-(1-methylethy))-1,3-dioxolane-4, 5-
dimethanamine as a chelating group
Lobaplatin 1,2-diammino-1-methyl-cyclobutane- NCT03413436 Small cell lung cancer;
platinum (II)-lactate metastatic breast cancer,
Leukemia, Esophageal cancer
(McKeage, 2001)
BBR 3464 BBR 3,464 is a charged (+4), triplatinum NCT00014547, NCT00024362 Non-Small Cell Lung Cancer;

NC-6004/nanoplatin

Elesclomol

Casiopeina 11T and Casiopeina
Il-gly

NAMI-A

KP1019 and KP1339

Xofigo

DTPA
(diethylenetriaminepentacetate)

complex whose structure derives from that of
trans-diammindichloroplatinum (1), in
which the bridges between the Pt (II) ions are
represented by 1,6-diaminohexane

Clinical Trial

N-malonil-bis(N-metil-N-tiobenzoyl NCT01280786

hidrazide)

Strudurally, Casiopeinas are mixed Cu complexes
with the general formula [Cu(N-N) (X-Y)H20]
NO3, where N-N is a dimine ligind
(phenanthrdine or dipyridyl) and X-Y is a
bidentat ligind (acetylacetone, salicylaldehyde,
peptide, benzimidazole). The represertatives
selected for precinical and clinical testing are
Casiopaina 11l (CaslI] and Casiopeima Il-gly
(Casll-gly)

[ImH][trans-RuCl4(DMSO) (Im)] (Im =
imidazol, DMSO = dimetilsulfoxid)

NCT04843163

(InH]{trans-RuCl4(In)2] (In = indazol) and
KP1339 it is KP1019 sodium salt

Alpharadin EDA approved

FDA approved

Ovarian cancer (Manzotti et al,
2000)

Non-Small Cell Lung Cancer;
Biliary tract cancer; Bladder
cancer (Volovat et al., 2020)

Refractory solid tumors; Ewing
sarcoma (Marchetto et al.,
2020)

Acute myeloid leukemia, Colon
cancer; Cervical cancer (Akhter
etal, 2024)

Solid tumor, Trials
discontinued. (Sava et al., 2002)

Breast cancers; Colorectal
cancers (Hartinger et al.,, 2008)

Skeletal metastases (Coleman
et al, 2020)

Contamination with
plutonium, americium and
curium; MRI contrast (Ahmad
et al, 1995)






OPS/images/fphar-16-1542560-t001.jpg
Dynasties

Representative
works

Number
of
records

Representative
medicines

Outstanding
achievements

Historical

Period
characteristics

overlooked minerals

expansion

Shang (Excavated Cultural Cinnabar Cinnabar used as Farly mineral Primitive utilization
Relics) pigment for oracle | application in of minerals
bone inscriptions recorded history
770-221 BCE | Guanzi - Di Shu Guan, Zhong Cinnabar Revealed mineral Embryonic Emergence of
(Spring and symbiosis laws and = concepts of mineralogical
Autumn indicator minerals | genetic thought
Period) mineralogy
The Classic of unspecified | 66 animal Androbus, ochre, Earliest written @Pioneering Integration of
Mountains and Seas drugs, arsenic record of mineral Chinese classic; | geography and
51 plant ‘medicinal use ®@Origin of pharmacology
drugs and mineral
2 mineral pharmacology
medicines
were
recorded
221 BCE - Formularies for unspecified | 242 drugs, of | realgar, mercury Deepened Oldest surviving  Rise ofalchemy; royal
220 CE(Qin 52 Disorders which understanding of ‘mineral medicine | pursuit of
and Han 21 were used mineral medicines | records immortality boosted
dynasties) as mineral mineral drug
medicines research
The Divine unspecified | 365 drugs, Dansha/mercury @Classified minerals | World’s earliest  Alchemy-driven
Husbandman’s Classic and into upper (18), records of mineral studies
of the Materia Medica 46 mineral middle (14), lower | mercury/arsenic-
medicines (9) gradess based medicines
@Systematized
properties
Huai Nan Wan Bi Shu | Liu an copper (1I) sulfate @The earliest Early chemical
written record of the experimentation
metal substitution
reaction
@ The first detailed
introduction of
mineral medicines
such as dansha,
‘mercury, lead, and
zengqing as raw
‘materials for alchemy
220 CE-589 CE | Baopuzi Ge Hong Dozens of | Mercury, lead, gold, | Described @Advanced Alchemy flourished;
(WeiJin and minerals and sulfur elements | distillation, chemical mineral ingestion
the Northern sublimation, and principles; trend
and Southern inorganic reactions | @Alchemy
Dynasties) pioneered
pharmaceutical
chemistry
Mingyi Bielu Tao 32 mineral | - Established “Jade- | Systematic Pharmacological
Hongjing medicines Stone” drug category | mineral system refinement
were added dlassification
Lei gong pao zhi lun | Lei Ji - Mica, mercury, and First specialized text | China’s first Maturation of
stalactite on mineral drug monograph on | processing
processing methods | concoctions techniques
581 CE-907 CE | Newly Revised Materia | Su Jing etal. | 844 drugs Red Copper, Green Salt | (First state- National Mineral smelting
(Sui and Tang | Medic (22 scholars) | (83 minerals) compiled pharmacological | advancements;
Dynasties) pharmacopeia; standard marine animal bone
@Three-tier mineral utilization
classification
Synonymic Dictionary | Mei Biao 62 chemicals | Xuanhuanghua, Lead | Compiled Tang Definitive guideto | Codification of
of Mineral Drugs Oxide alchemical ‘Tang alchemy alchemical terms
terminologies and
synonyms
Essential Formulas for | Sun Simiao | 104 mineral | lodine-rich animal @lodine therapy for | Clinical Peak of medical
Emergencies drugs thyroids goiter; @Mercury | breakthroughs in | academia
ointment for skin | mineral medicine
diseases
960 CE - Classified Materia Tang 139 mineral | Vermilion Expanded clinical use | Song Printing boosted
1368 CE (Song  Medica Shenvwei drugs (e.g, arsenic for pharmacological | medical
Yuanjin malaria) culmination dissemination;
Dynasties) international mineral
trade
Materia Medica Kou Zongshi | 69 new - Detailed mineral Theoretical Global exchange of
Derivations minerals properties and deepening of mineral medicines
functions pharmacology
1368 CE - Compendium of Li Shizhen | 161 mineral | Calamine, gem, @Comprehensive | Pioneer of natural | Decline of Daoist
1912 CE (Ming  Materia Medica entries diamond mineral taxonomy; | classification; alchemy; rational
and Qing ®@Geographical integrated 16th- | mineral applications
dynasties) efficacy correlations = century
‘multidisciplinary
knowledge
Supplements to the Zhao 38 new Steel tools Supplemented Qing Shift toward
Compendium Xuemin minerals Compendium with | pharmacological | pragmatic mineral

studies
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Gypsum Clears heat, reduces fever, treats | Calcium sulfate dihydrate (CaS0,-2H,0); anti-  Safe in controlled doses; excessive | Chen and Chen (2004),
headaches, inflammatory inflammatory, antipyretic properties use may cause gastrointestinal Madeira et al. (2012)
conditions issues

Magnetite Calms the mind, treats dizziness,  Iron oxide (Fe;0,); magnetic properties linked to | Non-toxic; contraindicated in Hsu, 2001; Marshall
tinnitus; strengthens kidney grounding effects; potential neuroprotective patients with iron overload (2020)
function activity disorders

Dragon Bone | Anchors the spirit, treats anxiety, | Fossilized bone (calcium phosphate); historical | Ethical concerns (fossil sourcing); | Chen and Chen (2004)
insomnia, night sweats, chronic | use for calcium supplementation modern use rare due to
diarrhea conservation policies

Cinnabar Sedative for anxiety, insomnia; Mercury sulfide (HgS); antimicrobial effects High mercury toxicity; strictly Bensky et al. (2015),
detoxifies observed in vitro regulated; banned in some Unschuld (2009)

formulations

Realgar Treats parasites, skin infections; | Arsenic sulfide (As,S,); antiparasitic and Arsenic toxicity; restricted use; Bensky et al. (2015), Liu
antidote for poisons antimicrobial activity requires detoxification processing | et al. (2020)

Alum External: antiseptic, anti-itching; |~ Potassium aluminum sulfate (KAI(SO,),r12H,0); | Overuse may cause aluminum
Internal: diarrhea, epilepsy astringent and antimicrobial properties accumulation; regulated in

internal use

Sulfur Treats scabies, constipation; warms |~ Elemental sulfur (S); antifungal and laxative Toxic in high doses; modern
yang effects formulations prioritize external

application

Borax Clears heat, resolves phlegm; treats |~ Sodium borate (Na;B,0;+10H;0); mild antiseptic | Boron toxicity risk; limited to low-

Maifan Stone

sore throat, cough

Detoxifies, promotes tissue
regeneration; treats skin disorders,
diabetes

and expectorant

Silica-rich igneous rock; trace elements (Fe, Zn)
may support metabolic functions

dose prescriptions

Generally safe; lacks comprehensive
toxicity studies

Actinolite

Treats impotence, joint stiffness,
muscle atrophy

Calcium magnesium silicate
[Ca;Mgs(Si4011):(OH); traditional use for
musculoskeletal disorders

Potential asbestos-like fiber risk;
rare in modern formulations
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