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Abstract

:

The discovery of regulated cell death (RCD) revolutionized chemotherapy. With caspase-dependent apoptosis initially being thought to be the only form of RCD, many drug development strategies aimed to synthesize compounds that turn on this kind of cell death. While yielding a variety of drugs, this approach is limited, given the acquired resistance of cancers to these drugs and the lack of specificity of the drugs for targeting cancer cells alone. The discovery of non-apoptotic forms of RCD is leading to new avenues for drug design. Evidence shows that ferroptosis, a relatively recently discovered iron-based cell death pathway, has therapeutic potential for anticancer application. Recent studies point to the interrelationship between iron and other essential metals, copper and zinc, and the disturbance of their respective homeostasis as critical to the onset of ferroptosis. Other studies reveal that several coordination complexes of non-iron metals have the capacity to induce ferroptosis. This collective knowledge will be assessed to determine how chelation approaches and coordination chemistry can be engineered to program ferroptosis in chemotherapy.
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1. Introduction


Approximately 10 million people die annually due to cancer, making it the second most common cause of death globally [1]. Due to the devastating loss of life and increasing numbers of diagnosed people, developing new cancer treatments is one of the most researched topics today. Conventional cancer treatments such as surgery, chemotherapy and radiotherapy are commonly used; however, they can be not only expensive and painful but also most effective when diagnosed early [2]. During the 1960s, a significant breakthrough in chemotherapy research was the discovery of regulated cell death. Commonly referred to as programmed cell death (PCD), regulated cell death (RCD) pertains to a specific type of cell death that can be regulated by a series of specialized molecular mechanisms in pharmacology, molecular biology and genetics [1,2,3].



Since 1972, caspase-dependent apoptosis was considered the only form of RCD [4]. For this reason, many of the anti-cancer drugs that have been developed target this kind of cell death. Over the years, different cancers have acquired resistance to these treatments, lowering their window of utility. The discovery of new, non-apoptotic forms of RCD is leading the way to the development of drugs targeting these new forms of RCD. In 2012, a non-apoptotic form of RCD, ferroptosis, was documented. This type of cell death is caused by an overproduction of reactive oxygen species (ROS) that forms a buildup of lipid peroxides and is dependent on iron, an essential metal [5]. A timeline of the key developments in ferroptosis-related studies is presented in Figure 1.



Ferroptosis is brought about by three primary mechanisms [15]. Among them, the first is associated with the dysregulation of iron metabolism (Figure 2, route 1). Normally, Fe(III) is delivered to cells throughout the body by the serum transporter transferrin (sTf). Fe(III)-bound transferrin docks onto the transferrin receptor 1 (TfR1), forming the TfR1-Tf-(Fe3+)2 complex, which undergoes endocytosis. The ferric reductase STEAP3 reduces Fe(III) to Fe(II), releasing Fe from sTf and enabling its transport out of the endosome through the divalent metal transporter (DMT-1). Fe enters into the cytosolic labile iron pool (LIP) and a certain amount is trafficked to ferritin (FTH), where it is stored, and the rest is trafficked to be incorporated into the biomolecular machinery of cells. Some cells, like intestinal cells, possess the membrane-bound transporter ferroportin 1 (FPN-1) used to export Fe out of cells to facilitate delivery to other cells and regulate the homeostatic level of the metal [15]. The human body lacks an Fe excretory process. A small but steady amount of Fe is lost through sweat, skin shedding through scratching, and shedding of intestinal cells. The menstrual cycle in women also results in Fe release. The lack of a regulatory excretion method makes Fe overload a very serious health concern. When the homeostasis of intracellular Fe is lost, an excessive buildup of Fe can result in an abundance of lipid peroxides, causing oxidative stress and ultimately leading to ferroptotic cell death (Figure 2, route 1) [15]. Furthermore, a sudden influx of labile Fe into cells, presumably through sTf-mediated endocytosis, can also induce ferroptosis [16].



Another well-known mechanism associated with ferroptosis involves amino acid metabolism (Figure 2, route 2). Cancer cells typically express the protein SLC7A11 (member 11 of solute carrier family 7) on the cell surface [15,17]. This protein regulates the Xc− system, which acts as a cystine/glutamate transporter to exchange intracellular glutamate, reducing cystine to cysteine to synthesize glutathione (GSH). In turn, GSH is a necessary cofactor for glutathione peroxidase 4 (GPX4) to eliminate ROS. This prevents cells from experiencing excessive lipid peroxidation and cell death. Blockade of SLC7A11 results in the inhibition of GPX4 (Figure 2, route 2) [5,15].



Lipid metabolism (Figure 2, route 3) is the final common pathway in the initiation of ferroptosis. This mechanism involves the activation of arachidonic acid (AA), a fatty acid substrate, by long-chain acyl-CoA synthetase family member 4 (ACSL4), which dictates ferroptosis sensitivity. The activated AA produces AA-CoA, which is then esterified by lysophosphatidylcholine acyltransferase 3 (LPCAT3) to generate phosphatidyl-(PE)-AA. The process of lipoxygenases (LOX) oxidizing PE-AA results in the formation of cytotoxic PE-AA-OOH. The balance of GPX4 activity plays a crucial role in the regulation of lipid-OOH. An abundance of polyunsaturated fatty acid (PUFA) promotes the production of reactive oxygen species (ROS) and hazardous lipid peroxides while concurrently reducing GPX4 activity, initiating ferroptosis (Figure 2, route 3).



Regardless of the route of onset, ferroptosis features a characteristic biomarker profile: the GSH-GPX4-ROS-LPO axis. There is a decrease in GSH levels with a subsequent decrease in GPX4 activity and possibly a decrease in GPX4 expression. These behaviors are accompanied by an increase in ROS levels and an increase in lipid peroxidation (LPO) levels, malondialdehyde (MDA) levels, which increases the expression of the cytokine cyclooxygenase-2 (COX-2) and of γ-H2AX. Great insight into the manifestation of ferroptosis has been garnered through the discovery/development of ferroptosis inducers and inhibitors. The inducers consist of erastin (system Xc− system inhibitor), the covalent GPX4 inhibitors (ML162 and (1S, 3R)-RSL3), mevalonate pathway (responsible for GPX4 maturation) inhibitors (FIN56 and analogues), promoter of iron oxidation ((−)-FINO2), and temozolomide (DMT-1 enhancer) [18,19]. The inhibitors include the iron chelators (deferoxamine, deferiprone, deferasirox), free radical-trapping antioxidants, GPX4 activators, and LPO inhibitors [19]. To date, this diverse set of chemical tools has yet to produce a clinical anticancer drug with the specific intention of inducing ferroptosis. Efforts to translate the ferroptosis inducers into potential anticancer agents have been limited by their lack of appropriate drug-like characteristics. The compounds tend to suffer from water solubility issues, and in vivo, they lack potency, selectivity, and metabolic stability [20,21].



Recent studies reveal that coordination chemistry and non-iron transition metals may unlock new avenues for the development of ferroptosis-inducing drugs, especially with regard to manipulating intracellular Fe activity and lipid regulation. While Fe is crucial to the initiation of ferroptosis, copper (Cu) and zinc (Zn), also essential metals, play significant roles in this process due to their correlative interaction with iron. In different biochemical contexts, the loss of the cellular homeostasis of Cu and Zn can offset Fe homeostasis and induce ferroptosis. This biochemical interaction shines light on how chelation may play a vital role in altering intracellular levels of Fe, Cu, and Zn and their functionality to switch on ferroptosis. It also more broadly reveals the potential for engineering coordination compounds of nonessential metals to exploit their distinctive chemical capacities and their corresponding ligands to trigger molecular mechanisms that lead to ferroptosis. This review will examine chelation strategies, metal nanoparticles, and small molecule coordination compounds that have ferroptotic properties to elucidate a novel ferroptosis-based anticancer drug design.




2. Iron and Cancer


The essential element iron is the most abundant transition metal in human beings, ranging between 4.2 and 6.1 g in adults [22]. It is largely found in biomolecules in the body serving a variety of vital functions, including oxygen transportation by the globin proteins, electron transfer and redox, and activation of oxygen and nitrogen [22]. Biologically, Fe exists in both +2 and +3 oxidation states. While the +3 state is most dominant in the open oxidizing atmosphere, within the human body, Fe fluctuates between the +2 and +3 states, regulated by key redox modulating small biomolecules and proteins. In the reducing environment of cells, the Fe(II) state is dominant.



While Fe is pivotal to human survival, it also plays crucial roles in cancer progression. Cancer cells are highly dependent on Fe for their division, repair, and metastasis [23,24,25]. In cancer cells, there is an overexpression of the transferrin receptor [26], which results in an increased uptake of Fe(III)-bound serum transferrin into cells and an increase in Fe in the labile iron pool (LIP) [27,28,29]. Fe-dependent enzymes are overexpressed, such as ribonucleotide reductase (RNR), which produces the building blocks for DNA synthesis and repair [24]. An overexpression of Fe-containing matrix metalloproteinases [25] contributes to the degradation of the extracellular matrix and, subsequently, the migration of tumor cells from the tissue/site of origin.



2.1. Iron Chelation and Cancer Therapy


The difference between the +2 and +3 oxidation states of Fe is such that the metal exhibits different coordination chemistry. In its +2 state, Fe is an intermediate Lewis acid with a d6 electron configuration [22]. Biological ligands tend to be S-atom- and N-atom-based, such as the proteins with Fe-S clusters and the heme-based proteins like hemoglobin and the cytochromes (Figure 3) [22,30]. Fe(II) typically forms octahedral complexes in high spin (S = 2), although there are examples of low spin (S = 0) complexes with ligands like 1,10-phenanthroline (phen), bipyridine (bipy), and cyano (CN−). Fe(II) also coordinates in other modalities, such as in Fe-S clusters, which feature tetrahedral coordination, and the classical ferrocene compounds, which can be described as a coordination number of 10 (Figure 3). In its +3 state, Fe is a hard Lewis acid with a d5 electron configuration [22]. Fe(III) complexes can vary between coordination number 3 and 8 but they are usually mononuclear octahedral compounds in high spin (S = 5/2) [22]. Like Fe(II), Fe(III) can form low spin (S = ½) compounds when coordinated to strong field ligand like phen, bipy, and cyano. Biological ligands of Fe(III) tend to be N-atom- and O-atom-based, as in the transferrin proteins, in which the metal binding site consists of the four amino acids: 2 tyrosines, 1 histidine, 1 aspartate, and bidentate carbonate, a synergistic anion (Figure 3). The ability to interconvert between the two oxidation states in certain biomolecules is biologically useful to tap into a variety of functions facilitated by the metal and the associated changes in the coordination modality.



An important strategy to combat cancer has centered on the use of Fe chelators, which are molecular ligands that form multiple bonds with Fe by binding at two or more of their atoms. These chelators have very high affinity to the metal compared to other essential metals. Some Fe chelators work outside the cellular environment to block Fe(III)-transferrin cellular delivery, while others affect intracellular Fe and inhibit the metal’s bioavailability and innate functionality [31,32,33]. Some Fe chelators that have been tested for potential anticancer application are repurposed from their treatment of Fe-related diseases such as hemochromatosis [34], thalassemia, and sickle cell anemia [35]. These diseases can be either the result of excessive Fe buildup or the loss of Fe homeostatic control in an organ, and they can feature the induction of ferroptosis as a consequence of the Fe toxicity. Chelators used in these instances tend to feature N- and O-coordinating atoms (deferasirox, deferiprone, deferoxamine), which strongly bind Fe(III) and prevent its redox activity and thus its capacity to promote ferroptosis [36,37,38]. These chelators may also prove useful for attenuating the severity of neurodegenerative and heart diseases in which ferroptosis toxicity is observed [39,40,41]. The Fe chelator triapine, featuring NNS coordination (Figure 4), was specifically designed as an anticancer agent and its mechanism for handling intracellular Fe is distinct from the N- and O-based chelators.




2.2. Fe Chelation by Triapine Induces Ferroptosis


Since 1992, triapine (3-AP) has been the subject of over 30 clinical trials, where it has been investigated for its anticancer properties as an iron-binding agent [42]. It is a tridentate chelator that binds Fe(II) and Fe(III) ions with high affinity by means of two nitrogen donor atoms and sulfur, utilizing a thiosemicarbazone (TSC) scaffold. The log β of Fe(II)(3-AP)2 is 22.55 and the log β of Fe(III)(3-AP)2 is 26.3 [43]. The 1:2 metal:ligand species for both Fe(II) and Fe(III) dominates at the physiological pH of 7.4 (Figure 4). Moreover, 3-AP has demonstrated its potential as a highly effective cancer growth inhibitor, acting through a variety of pathways [42]. Primarily, it binds to intracellular Fe and forms the Fe(II)(3-AP)2 complex, which is responsible for inhibiting the enzyme ribonucleotide reductase (RNR) by reducing the critical tyrosyl radical located near a diiron cofactor site in the R2 unit of the enzyme [44]. A recent study demonstrated that Fe(III) complexes of 3-AP analogues, which exhibit a reversible redox couple less than E1/2 = 0.2 V vs. NHE and not greater than E1/2 = 0.5 V vs. NHE, could reduce the tyrosyl radical of RNR R2 [45]. Through this molecular mechanism, triapine induces cell death by way of apoptosis.



It was recently discovered that triapine can also induce ferroptosis. Zhang et al. explored a drug design strategy that involved the use of nanomicelles to co-deliver triapine and photosensitive chlorin e6 (Ce6) in hepatocellular carcinoma (HCC) [13]. The drug delivery system (DDS) was composed of lactose-coated nanomicelles (made from Flu-pDMAEMA-pAHPMA modified with fluorescein) loaded with the two anticancer agents, referred to as TCLM. For this study, they selected triapine because they hypothesized that it could trigger ferroptosis by generating excess hydroxyl radicals (•OH) via Fenton-like reactivity, which would lead to lipid peroxidation. To synergize with this behavior, they selected Ce6 to generate singlet oxygen (1O2) via near-IR (NIR) radiation. Using transmission electron microscopy (TEM) and dynamic light scattering (DLS), TCLM was found to be spherical in shape, with a diameter of 109.5 ± 6.4 nm. Fluorescence measurements were utilized to determine the drug loading capacity (DLC) and drug encapsulation efficiency (DEE). They calculated DLCs for triapine and Ce6 of 24.7 ± 1.8% and 22.2 ± 1.2%, respectively, using a LMs:Triapine:Ce6 feed ratio of 1:2:2. Meanwhile, the DEE for triapine and Ce6 was measured as 71.6 ± 3.1% and 52.2 ± 2.0%, respectively. They analyzed the release of 3-AP and Ce6 at different pH values. They observed that at a pH between 7.4 and 6.5, only 20% of the two were released in 24 h, while a more acidic pH between 5 and 5.6 released almost 80% [13], indicating a pH-dependent release mechanism. Electron paramagnetic resonance was used with TEMP as a capture agent to measure the generation of 1O2, which was only observed under NIR. As the pH decreased, the 1O2 production increased. The cytotoxic potency of TCLM was compared with that of 3-AP alone and 3-AP encapsulated in the nanomicelles (TLM) against non-cancer cells (HEK293 and L02) and HCC cancer cells (HepG2 and Huh7) [13]. Triapine demonstrated inhibition of cell viability against both the non-cancer and cancer cells. In comparison, the nanomicelles that included triapine had cancer-selective cytotoxicity. The nanomicelles that included both triapine and Ce6 exhibited the highest potency upon NIR activation. A series of parameters were analyzed to gauge whether TCLM was able to trigger ferroptosis. Using Western blot, they observed a decreased in GPX4 expression and an increase in COX-2 and γ-H2AX expression. They also measured an increase in lipid peroxidation (LPO) and a decrease in the glutathione levels [13]. Based on these promising results, they examined the effect of TCLM in BALB/c mice with xenograft HCC tumors. PDT was applied to the mice 7 days post-IV tail injection. It was observed that TCLM prevented growth of the tumor without affecting the mass of the animals or demonstrating any signs of toxicity. This study demonstrates the potential of a drug carrier in helping to shuttle more than one cell death agent specifically into cancer cells.





3. Cu and Zn Contribute to Regulating Fe Homeostasis


Both Cu and Zn contribute to the regulation of Fe in the body. The careful maintenance and biodistribution of Cu and Zn are crucial to Fe homeostasis [46]. Disruption of the Cu and Zn levels in the body can lead to Fe-related illnesses [47].



Cu exists in the body in both the Cu(I) and Cu(II) ion forms. Cu(I) is a d10 soft Lewis metal, whereas Cu(II) is a d9 intermediate Lewis metal. This difference in Lewis acidity is sufficient to dictate different coordination metal structures [30]. Cu(I) is commonly found in the trigonal planar (coordination number (C.N.) = 3) and tetrahedral modality, typically bound to S and N atoms. Cu(II) can form complexes of coordination number 4 (tetrahedral or square planar), 5 (trigonal bipyramidal or square pyramidal), and 6 (tetragonally distorted octahedral) bound to S, N, and O atoms. The capability of Cu to cycle between both oxidation states is an important property that underlies its redox activity and redox regulatory property as a co-factor of certain enzymes. One well-known family of enzymes is the multicopper ferroxidases (MCFs), which exhibit the significant role of Fe(ⅠⅠ) conversion to Fe(ⅠⅠⅠ). The MCF hephaestin enables the exit of Fe from intestinal enterocytes via FPN-1 into the blood circulation in the +3 oxidation state to protect the body from unregulated Fenton-type reactivity of Fe(II) in the circulatory system [48].



Among the transition metals, Zn is the second most plentiful element, and it typically adopts a sole steady oxidation state, Zn(II) (d10), which enables it to directly take part in a great variety of biological activities [22]. The coordination number for Zn(II) is typically four, arranged in a tetrahedral geometry as in its coordination in human carbonic anhydrase II, where it plays an acid-base regulatory function (Figure 5). Zn(II) is believed to play a part in Fe circulation. Given its redox inert status, Zn(II) is unable to regulate the oxidation state of Fe, unlike Cu(I/II). However, Zn(II) may modulate the expression of FPN-1 and DMT-1. Decreased pancreatic Zn(II) excretion reduces FPN-1 and DMT-1 expression and thus can affect Fe absorption and mobilization from tissues [49].



3.1. The Cu and Fe Interplay


Cu ingestion and release from the body is carefully controlled by different molecular handling mechanisms, which make the metal not subject to physiological accumulation like Fe. Maintaining balanced levels of Cu in the body necessitates proper nutrition, absorption, distribution, and utilization, as well as excretion of any excess copper through bile. In the body, Cu is dominantly found in a protein-bound form and plays a major role in electron transfer as a co-factor in metalloenzymes [50]. In blood, about 95% of Cu is found in the MCF enzyme ceruloplasmin (CP) (Figure 6). The ATCUN site of human serum albumin accounts for the second most abundant amount of blood Cu (<5%). These proteins help to deliver Cu to cells via the copper transporter 1 (CTR1) in its +1 oxidation state.



In cells, Cu binds to several chaperone proteins that deliver the metal to specific sites to enable particular functions. Human CCS supplies Cu to Cu/Zn superoxide dismutase 1 (SOD 1) in the cytoplasm, which protects the cells from superoxide radicals [51]. Cyclooxygenase 17 (Cox17) delivers Cu(I) into mitochondria, where it is inserted into the integral membrane enzyme cytochrome c oxidase (CcO). Antioxidant-1 (Atox1) traffics Cu(I) to the ATPase Cu transporters ATP7A and ATP7B. ATP7A transfers Cu from the portal blood into the liver’s circulation to deliver the metal to the liver, the primary storage location for Cu. ATP7B plays a crucial role in the liver by moving Cu from secretory vesicles into the bile to prevent Cu buildup [51,52]. Inherited disorders related to Cu metabolism, specifically Wilson disease (WD) and Menkes disease (MD), are caused by mutations in ATP7B and ATP7A, respectively. These disorders are known to result in severe neuropathological deficits, emphasizing the significance of Cu homeostasis in their manifestation.



Cu and Fe have an interrelatedness that is closely linked to the presence of MCF enzymes. CP, a Cu transporter, functions as a ferroxidase in serum. The liberation of Fe from storage in ferritin in response to a drop in the optimal level of Fe in the body requires the presence of CP for release into circulation. Studies have shown that a decrease in Cu levels has a direct correlation with a reduction in holoceruloplasmin production and an alteration in ferroxidase activity. When there is a decrease in the release of Fe in the tissues, it results in anemia. The only way to reverse this condition is by supplementing Cu, not Fe [53]. Dietary Fe absorption requires the proper functioning of hephaestin. The protein acts in conjunction with the IREG1 transporter to release Fe(III) from intestinal enterocytes for loading into transferrin [54].




3.2. Cu(II) Chelation/Complexation Can Induce Ferroptosis


Strategies that can control Cu cellular bioavailability may prove useful in treating cancer through ferroptosis (Figure 7). Cu depletion leads to a significant reduction in the activity of SOD1, the main antioxidant defense system of mammals, which can cause excessive accumulation of ROS. MCF deficiency can lead to changes in the iron balance in the body. This imbalance can lead to toxicity and lead to oxidative damage due to the accumulation of iron [48]. Excess Cu, in turn, inhibits the glutathione/oxidized glutathione ratio (GSH/GSSH) and GPX4, leading to excessive production of malondialdehyde (MDA), ROS and free Fe(II)ions, resulting in lipid peroxidation and increased membrane damage [50]. The increase in Cu(II) can also cause a direct degradation of GPX4, generating an accumulation of lipid peroxides, leading to ferroptosis (Figure 7) [55].



Li et al. studied the effect of Cu depletion during ferroptosis. For this study, dermal papilla cells (DPC) were treated with the Cu chelator bathocuproynedisulfonic acid (BCS) (Figure 8A) [50]. A dose-dependent study was performed to determine the lowest amount of BCS that could deplete the intracellular Cu levels, which was determined to be 1000 μM after 72 h. At this concentration, there was a significant decrease in the level of CcO because of rapid degradation from depleted Cu and a subsequent increase in ROS species due to the depolarization of the mitochondrial membrane potential. A significant decrease in the activity of SOD1 resulted in an increase in superoxide radicals [50]. There was also a notable rise in the levels of LPO and MDA. Conversely, there was a significant decrease in the ratio of GSH to GSSH, and also a decrease in GPX4 activity [50]. When the ferroptosis inducer erastin was utilized, the observed cellular changes became even more pronounced. Interestingly, there was no significant increase in the intracellular Fe content, indicating that cell death was caused by Cu depletion, which enabled ferroptosis through the reduction of antioxidant capacities. This was confirmed through the use of the Fer-1 inhibitor, which decreased all the ferroptosis indicators [50].



On the other end of the spectrum, Huang et al. studied Cu(II)-overloading induced by elesclomol (ELC) in colorectal cancer (CRC) [14] and the possible connection with CRC inhibition. As a chemotherapeutic drug, ELC binds Cu(II) extracellularly (Figure 8B) and delivers the metal ion to mitochondria, where it undergoes reduction to Cu(I) and subsequently produces ROS [14]. During a 24 h period, the human colon adenocarcinoma cell lines SW480 and DLD-1 received treatment with either 2 μM CuCl2 or 20 nM ELC, separately or in combination. After this treatment, it was observed that cell viability was decreased by 40% with only ELC, but when combined with a Cu(II) salt, the viability was reduced by 60% [14]. The ROS levels increased 2-fold in DLD-1 cells and 3-fold in SW480 cells. The ELC and Cu(II) combined treatment depleted large amounts of reduced glutathione (GSH), especially within SW480 [14]. ELC also induced a decrease in GPX4 activity [14]. Upon treatment with various cell death inhibitors, ferrostatin-1 was the only one to significantly restore cell viability, indicative of ferroptosis induction.



Given that Cu(II) transportation is dependent on the ATP7A and ATP7B transporters located on the cytoplasmic membrane and mediated by Cu(II) efflux, the effect of ELC on the levels of these proteins was examined. ELC suppressed the level of ATP7A in CRC cell lines but not of ATP7B [14]. In vivo studies were performed in female nude mice with DLD-1 (colorectal adenocarcinoma cells) xenografts. Seven days postinjection, some of the mice received ELC (80 mgkg−1day−1) for 12 days. The mice that received ELC had, on average, half the tumor volume and weight than the vehicle-treated mice. The ELC appeared to serve as an antiproliferative agent, as it suppressed tumor growth. Immunohistochemistry (IHC) staining in the xenografts showed a decrease of about 35% in ATP7A expression in the ELC-treated group versus vehicle treatment, indicating that ELC downregulates ATP7A both in vitro and in vivo. IHC staining also revealed a downregulated protein level of SLC7A11 (transporter responsible for helping produce GSH) by a factor ~2.5 in the ELC-treated mice, characteristic of ferroptosis.



Another Cu(II) chelator pairing examined was that of a Cu(II) disulfiram complex (Figure 8C), Cu(II) diethyldithiocarbamate Cu(DDC)2 [56]. This complex is considered a potent anticancer agent due to its ability to inhibit NF-κB and the ubiquitin–proteasome system and alter intracellular ROS levels [56]. Du et al. investigated the mechanism by which Cu(DDC)2 causes death in hepatocellular carcinoma (HCC) [57]. Human HCC cells Huh7 and SMMC-7721, and normal hepatocytes L02, were treated with different concentrations of Cu(DDC)2 (0–3.0 μM) for 12 and 24 h. At 3.0 μM, a 60% decrease in viability was observed after 12 h and a complete reduction of cancer cells after 24 h. In the noncancer cells, there was only a 50% reduction after 24 h [57]. Cell death inhibitors were screened and the higher cell viabilities of cells treated with Cu(DDC)2 were observed in the presence of ferrostatin-1 and the iron chelator DFO, indicating that the primary cause of death was ferroptosis [57].



Normally, the mitochondrial network in Huh7 and SMMC-7721 cells is elongated. When exposed to elevated concentrations of Cu(DDC)2, the mitochondria of HCC cells fragmented and accumulated around the nucleus, thereby impairing the mitochondrial oxidative phosphorylation process. However, the phosphorylation levels of several components of the MAPK signaling pathway, p38, JNK, and ERK, were not affected and thus were not related to the observed cell death. Significant increases in the γ-H2AX, p53, and p21 levels were observed, indicating the occurrence of DNA double-strand breaks. This means that mitochondrial homeostasis was altered and oxidative stress occurred [57]. Cu(DDC)2 treatment extended the half-life of NRF2 and inhibited its degradation. Overexpression of Keap1 was observed to sensitize Cu(DDC)2-induced ferroptosis with an increase in ferroptotic events, including accelerated superoxide production and lipid peroxidation [57].




3.3. The Zn and Fe Interplay


In contrast to other divalent metals and owing to its redox inertness, Zn(II) does not necessitate oxidation or reduction for transmembrane transportation [22]. The zinc transporter family is composed of two distinct groups. The first is the Zrt-/Irt-like proteins (ZIPs) family, which increases the concentration of cytosolic Zn by absorbing Zn(II) from the intestine and transporting it from the extracellular space to the cytoplasm [58]. The second group is the ZnT proteins, which decrease the concentration of cytosolic Zn(II) by functioning as intracellular Zn(II) exporters. Zinc transporter 1 (ZNT1) is a membrane protein that is situated in the basolateral membrane and is responsible for transferring Zn(II) to the bloodstream [58]. Zn(II) homeostasis in the body is regulated through the excretion of Zn via feces [49].



It has been approximated that 10% of the human proteome consists of proteins that bind with Zn, playing a crucial role in both catalysis and structure [59]. Zn also partakes in important functions in the metabolism of proteins, lipids, nucleic acids and gene transcription [60]. It also serves as an intracellular secondary messenger [61]. Zn influences the modulation of intestinal iron absorption and the mobilization of tissue. Various studies using intestinal cell culture models have shown that Zn(II) has the ability to stimulate the absorption and transcellular transport of iron by promoting the expression of DMT-1 and FPN-1 [49]. During Zn deficiency, Fe accumulates within cells while hemoglobin concentrations are stunted [49]. Thus, the Zn levels in plasma are typically reduced in iron deficiency anemia [62]. Zn deficiency can lead to various adverse effects, such as a weakened immune system, delayed growth, poor wound healing, hair loss, diarrhea and delayed sexual maturity [63]. Zn(II) poisoning can also lead to a variety of health problems. Elevated Zn levels can cause Fe transmetalation in respiratory chain proteins, causing increased oxidative stress. This, in turn, generates large amounts of free Fe, which can lead to ferroptosis toxicity. Zn poisoning is able to activate the mTOR complex 2 (mTORC2) or other kinases that inhibit the functioning of the Xc− system through phosphorylation. Alternatively, Zn may directly inhibit the Xc− system, glutamate biosynthesis, or GPX4 [10].



The solute carrier 30 (SLC30) family of transporters is responsible for regulating the movement of Zn from the cytosol to other parts of the cell. Of these transporters, it was discovered that ZIP7, a member of the SLC39 family, which is responsible for increasing the concentration of Zn in the cytosol, is a vital component in the occurrence of ferroptosis [64]. The overexpression or activation of ZIP7 serves as a reliable biomarker for detecting cancer cells that are receptive to ferroptosis-targeted treatments.




3.4. Modulating the Ability of Zn(II) to Induce Ferroptosis


In its salt form (ZnCl2), Zn(II) displays nonspecific but low potency cell toxicity. Skaar et al. studied the effect of Zn(II) ions on non-small cell lung cancer (NSCLC) cells [10]. A549 cells were treated with 250, 500, and 1000 μM Zn(II) in a time-dependent manner. Following 6 h of all the treatments, there was a change in the ratio of GSH to GSSH. For the 250 μM treatment, the ratio reverted back to the original level after 24 h. However, this was not observed for the 500 and 1000 μM treatments. The Zn(II) was observed to interfere with the mitochondrial regulatory mTORC2/RICTOR signaling pathway, resulting in the phosphorylation of the Xc− system. Collectively, these behaviors induced by Zn(II) resulted in ferroptosis, which could be curtailed by treatment with the iron chelator deferoxamine and antioxidant vitamin E [10].



Zhang et al. explored the possibility of synergizing Zn(II) with the clinical anticancer drug fluorouracil (5-Fu) [65]. More specifically, 5-Fu is an antimetabolite chemodrug that mimics the building blocks of RNA and DNA and thus can disrupt the ability of cells to produce DNA and proteins. It also displays the ability to induce immunogenic cell death (ICD). In vivo, however, the drug exhibits a poor immune response, likely due to low selectivity. Nanoparticle vehicles have been designed to enhance 5-Fu cellular delivery and its immune response, but efforts have less than ideal. Due to the Zn(II)-binding capabilities of 5-Fu, Zhang et al. rationalized that a Zn(II) 5-Fu polymeric-like network could be developed that would combine the cell intrusive properties of both Zn(II) and 5-Fu and also facilitate the 19F-magnetic resonance imaging (MRI) “turn-on” potential due to the high drug payload within cancer cells [65]. A Zn(II)-5-Fu metallodrug network (Zn-Fu MNs; Figure 9) was created through a straightforward process of mixing Zn(NO3)2 and fluorouracil by means of sonication. Through the use of transmission electron microscopy (TEM) and dynamic light scattering (DLS), it was demonstrated that the Zn-Fu MNs had a slender and threadlike structure, with a diameter size of ~100 nm and zeta potential of -6.96 mV, indicative of a negative surface charge. Thermogravimetric analysis (TGA) measurement revealed that the mass percentage of 5-Fu in the Zn-Fu MNs was 40.93%, highlighting the potential for substantial drug-loading capabilities [65]. Drug release was examined under tumor microenvironment (TME) conditions. The combination of a low pH (pH 5.4) and a high ATP concentration (5 mM) resulted in virtually 100% dissociation of Zn(II) and 5-Fu from a 0.4 mg/mL amount in less than 30 min and shrank the diameter of particles to 5 nm. This dissociation was correlated with turning on of 19F-MRI [65].



The Zn-Fu MNs were analyzed in vitro in a murine colorectal carcinoma cell line (CT26) [65]. Zn-Fu MN (50 μg/mL, containing 20 μg/mL 5-Fu and 10 μg/mL Zn(II)) was added to the CT26 cells [65]. Using DCFH-DA as a probe, an increase in the ROS levels was observed in the Zn-Fu MN-treated cancer cells compared to treatment with PBS buffer control and 5-Fu alone. The ROS level increase exceeded that of the 10 μg/mL Zn(II) alone treatment. After treatment with the complex, the intracellular GSH concentration in the cancer cells decreased by 25%, more so than observed for Zn(II) alone. When the concentration of Zn-Fu MN was raised from 50 to 150 μg/mL, it was observed via Western blot that the signal intensity of the GPX4 protein gradually diminished, indicating the impact of the concentration on the protein [65]. At 50 μg/mL Zn-Fu MN, an approximate 52.95% escalation in the lipid peroxide levels was observed compared to 48.48% for Zn(II) alone as well as an amplification in the formation of MDA and γ-H2AX species. All these results indicate ferroptosis-induced cell death [65].



In order to achieve effective anti-tumor immunity, it is important to augment the initial activation of T cells and their infiltration into the tumor. After administering Zn-Fu MN to CT26 cells, there was a significant increase in the infiltration of CD8+ T cells and CD4+ helper T cells with cytotoxic properties in the tumors compared to the control groups [65]. This clearly demonstrates a heightened immune response. CT26-tumor-bearing BALB/c mice were utilized for the immunized treatment via subcutaneous injections of PBS, 5-Fu (100 μg/mouse, 20 μL), Zn(NO3)2 (50 μg/mouse, 20 μL), or Zn-Fu MN (250 μg/mouse, 20 μL, contains 50 μg Zn(II) and 100 μg of 5-Fu) on days 0, 2, and 4. The tumor growth curves were observed for 16 days, and it was discovered that Fu and Zn(II) were able to partially impede tumor growth in comparison to the PBS group. Remarkably, the tumors in the Zn-Fu MN groups were completely eradicated. Additionally, there was no significant weight loss among the mice in all the treatment groups during the treatment for cancer [65].




3.5. Considering the Cu(II) and Zn(II) Coordination of Triapine and Derivatives


Given the biochemical relationship of Fe with Cu and Zn, it is important to consider the Cu(II) and Zn(II) complexes of 3-AP and 3-AP analogues and their relevant anticancer potential. At a physiologically relevant pH 7.4, 3-AP type ligands form 1:1 metal:ligand Cu(II) and complexes in a distorted square planar geometry in which aqua/hydroxo ligands bind at the fourth site (Figure 4, form B) [42,66,67,68]. Zn(II) forms a mixture of the 1:1 metal:ligand and 1:2 metal:ligand species (Figure 4, forms A and B) [67]. The log β of the Cu(II)(3-AP) 1:1 species is 17.57 [68] and the Zn(II)(3-AP) 1:1 and 1:2 species is 8.78 and 16.26, respectively [67]. Moreover, 3-AP has very poor affinity for Cu(I) at pH 7.4, as indicated by the irreversible reduction of Cu(II)(3-AP) (Ec = −320 mV vs. NHE) [42].



Popović-Bijelić et al. compared the cytotoxic capability of triapine with that of its Fe(III), Ga(III) (an Fe(III) mimic), Cu(II), and Zn(II) complexes [69]. For this study, the human 41M (ovarian carcinoma) cell line was selected. Triapine exhibited an IC50 value of 0.45 μM, whereas the Zn:3-AP 1:1 complex and Ga:3-AP 1:2 complex exhibited respective values of 0.52 and 0.25 μM. These values of the metal–complexes seem to reflect a ligand-only activity, as they are virtually identical to metal free triapine based on the ligand concentration. These results indicate dissociation of the metal ions at the submicromolar concentrations and no effect of the free metal ions at these concentrations. The Cu:3-AP 1:1 and Fe:3-AP 1:2 complexes exhibited the same IC50 value of 1.5 μM, inferior to the free ligand by a respective factor of ~3 and ~6 when comparing to the concentration of the ligand. By already being Cu(II)- or Fe(III)-bound, the ligand can display redox activity but has a suppressed capacity to bind and diminish the intracellular LIP, which is dominantly Fe(II)-based.



Arion et al. prepared Fe(III) and Cu(II) complexes of the pyridinemidrazone and S-methylisothiosemicarbazone ligands analogues of 3-AP [66]. The speciation of the compounds were as expected: 1:1 Cu(II) ligand and 1:2 Fe(III) ligand. The cytotoxic properties of the compounds were examined in A2780 ovarian cancer cells and the cisplatin-resistant variation (A2780cis) and HEK293 non-cancerous cells. All the metal compounds were more potent than the free ligands but were virtually equally cytotoxic to the cancer and non-cancerous cells. The Fe(III) S-methylisothiosemicarbazone compound displayed the capacity to redox cycle and presumably would operate like Fe(II)(triapine)2 in terms of its mechanism of cell death. The Cu(II) complexes display irreversible reduction to Cu(I). In the presence of 12.0 mM GSH and 100 μM Cu(II) complexes, Cu(II) is quickly reduced to Cu(I), resulting in free ligands, as observed using UV-Vis spectroscopy [66]. It was observed via inductively coupled plasma mass spectrometry (ICP-MS) analysis that A2780 cells treated with 2.5 μM Cu(II) S-methylisothiosemicarbazone compound and 20 μM Cu(II) pyridinemidrazone compound resulted in the same amount of cellular Cu (~1 nmol Cu/mg of protein). This finding indicated that the improved cytotoxicity of the S-methylisothiosemicarbazone compound (IC50 of 1.5 μM; 10 times lower than the other compound) may be due to a more efficient intracellular delivery or less efficient cellular efflux of Cu(II) [66]. This influx of Cu(II) could potentially trigger ferroptosis via two possible mechanisms. It has previously been shown that Cu(II) can catalyze the oxidation of GSH, forming GSSG and resulting in the consumption of GSH [70], and can degrade GPX4 [55].



Extensive modifications of the triapine structural template have been achieved in which the chelators induce Cu-centered [71] and Zn-centered [72] cell death. While interesting, these chelators fall outside the scope of our study.



From these collective examples of chelators facilitating Cu- and Zn-centered influence on ferroptosis, it is obvious that the great benefit of the ligands lies in finetuning the bioactivity of the metals. That said, many of the chelators do not have a structural moiety that would facilitate specificity for targeting cancer cells and thus are likely to operate in a similar capacity within noncancer cells. In the next section, we explore how nanoparticles can help facilitate the cancer cell targeting of the Cu and Zn ferroptotic systems.




3.6. Ferroptotic Capacity of Zn and Cu Nanoparticles (NPs)


The Zn-Fu MN example spotlights the value of nano-sized systems for delivering a high metal payload into cells to trigger ferroptosis. In general, nanoparticles (NPs) are widely studied as anticancer drug delivery vehicles because of their enhanced permeation and retention effect (EPR) [73]. NPs offer the advantage of targeting tumors because the vasculature surrounding the tumor cells are very porous compared with healthy cells and particles of a diameter size between 10 nm and 400 nm can accumulate in the cytoplasm of tumor cells after cellular uptake. Diffusion back into the bloodstream is slow, resulting in a higher retention of the NPs within cells [74]. NPs made with ferroptotic metals would function in the dual role of drug and drug delivery agent. Several types of Fe-based NPs, some with surface functionalization for cell membrane receptor uptake, have been evaluated for their ferroptosis-inducing capability. They are believed to operate principally through pH-induced release of Fe into the cytosol, presumably via lysosomal degradation. For information on Fe-based NPs we refer you to review articles [75,76]. Zn- and Cu-based NPs are also being designed for ferroptosis, which takes advantage of the distinct chemistry of the metal centers.



ZnO-NPs may be engineered to be used in various types of cancers. In a study examining the potential of Fe-free NPs to generate ferroptosis toxicity not necessarily specific to cancer, ZnO-NPs were assessed because of their use in nanomaterials for human cosmetic wear, nutritional intake, and biomedical applications [77]. Song et al. labeled commercially available ZnO-NPs with fluorescein isothiocyanate (FITC) for ease of tracking the NPs. The F-ZnO-NPs possessed the respective hydrodynamic size and zeta potential of 380 ± 5.6 nm and -18.6 ± 0.1 mV [77]. Upon entry into human umbilical vein endothelial (HUVEC) cells, a vast majority of the ZnO-NPs (~60%) underwent prompt degradation, due to the lysosome and transformed into Zn(II) ions, which, as noted previously have ferroptosis-inducing capability (Figure 10). The NPs produced a dose-dependent decrease in cell viability and perturbed the Fe homeostasis in the cells. The levels of TFR1, DMT-1, and FPN-1 were significantly increased [77]. A reduction in the GSH levels and an increase in the accumulation of ROS was observed [77]. This, in turn, led to a decrease in the GPX4 levels, causing the formation of lipid peroxides and MDA to increase. The voltage-gated anion channel (VDAC) protein significantly increased after ZnO-NP treatment. This changes the permeability of the outer mitochondrial membrane. Zn(II) overload-induced mitochondrial lesions can exacerbate the dysregulation of dynamic metal stores, resulting in elevated intracellular iron and, ultimately, ferroptosis [77]. While this particular study centered on the use of noncancer cells for assessing the general toxicity of ZnO-NPs, it provides insight into its potential for anticancer ferroptosis-based strategies.



Cervical cancer is one of the most prevalent forms of cancer and results in a significant number of deaths. It is thought to arise from stem cells [78]. Playing a crucial role in tumorigenesis, metastasis, and even the resistance to cancer therapies, CSCs are a subset of small cells. These cells have the ability to form tumor spheroids, which are utilized in measuring the percentage of CSCs that exist within the tumor population and in studying the cells’ regenerative capabilities [79]. Sheng Lei et al. studied the effect of ZnO-NPs on cervical cancer CSCs and the capacity to induce ferroptosis [80]. They focused on identifying the mechanistic link between the cluster of differentiation 164 (CD164) and ferroptotic cell death via nanoparticle treatment [80]. CD164 is a signaling receptor that regulates proliferation, adhesion and migration in hematopoietic stem and progenitor cells. It is also thought to be an oncogene [81]. ZnO-NPs were synthesized via refluxing the precursor zinc acetate dihydrate (0.1 M) in 1,2-ethanediol and triethylene glycol at 220 °C in the presence of sodium acetate (0.01 M) for 3 h. The ZnO-NPs had an average particle size of 38 nm, a zeta potential of -20 mV and conductivity of 0.1 mS/cm [80]. The ZnO-NPs were administered to Hela and C33A cervical cancer cells. The C33A and Hela cell viabilities were inhibited by ~50% after 4 days [80]. In both cell lines, a decrease in the GSH levels and in GPX4 expression and a concomitant increase in ROS and MDA were observed, in addition to an increase in the intracellular Fe levels. These behaviors were reversed through cellular treatment with Fer-1, indicative of ferroptosis cell death. It was observed that ZnO-NPs inhibits the expression of CD164 by promoting microRNA-506-3p tumor suppressor genes in cervical cancer cells. The addition of CD164 reversed ferroptosis, increased GSH, and decreased the iron levels as well as ROS and MDA lipids [80].



In vivo analysis of BALB/C mice was performed with three groups (control, ZnO-NPs, ZnO-NPs + OE CD164) [80]. C33A and HeLa cells were transplanted into the mice. The tumor size and body weight of the mice were measured every 5 days for 30 days. The ZnO-NPs inhibited cervical cancer cell growth by targeting CD164. The tumor weight in the mice treated with ZnO-NPs was ~2.5 times less than in the vehicle-treated mice. However, in the mice overexpressing CD164, the effects were reversed [80].



NPs based on Cu take advantage of the metal’s redox activity and ferroptosis-inducing capability [82]. A particularly interesting example is the liposomal Cu(ll) pectin NP (CuCP Lipo NP) [83], designed to operate in a multimodal localized fashion by incorporating components for photothermal therapy (PTT) and catalytic therapy. PTT converts absorbed light energy into heat energy to produce thermal burns locally at the tumor site. Although PTT is quite effective, it can cause severe cell necrosis from excessive heating and thus have a nonspecific effect within the body. To control for this potential detrimental effect, it is beneficial to couple this technique with a complementary/synergistic approach that can maintain the heating exposure time and intensity at lower levels. To this extent, catalytic therapy may prove useful. This strategy involves the generation of toxic free radicals mediated by enzymatic reactions in the TME. This has been shown to have an additive effect on PTT [84]. The emergence of peroxidase (POD) nanozymes has facilitated the catalyzation of H2O2 in the TME to create hydroxyl radicals (•OH), which exhibit high cytotoxicity. These radicals have the potential to induce varied death pathways within cancer cells.



Yuan et al. designed nanoenzymatic nanoparticles that contained Cu(II) [83]. Cu(II) 5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine was dissolved in THF and then DPPC, DSPE:PEG-2000-Mal, and cholesterol with an optimized weight ratio 3:1:1 were added in sequence. The solution was sonicated and then dropped into deionized water. CuCP Lipo NPs were formed after removing the THF by means of rotovap. Using TEM, the NPs were observed to exhibit homogeneous quasisphere structures. They have a diameter of 107 nm and a zeta potential of −27 mV [83]. The CuCP molecules were encapsulated with a maximum efficiency of approximately 80%. Additionally, the UV-Vis-NIR absorption spectra analysis of the NPs revealed a prominent absorption peak in the 800–900 nm range [83]. The NPs exhibit good photothermal capability by converting NIR irradiation into heat energy. They also catalyze H2O2 production of •OH via the Fenton reaction facilitated by the Cu(II) centers being reduced to Cu(I), consuming GSH to produce GSSG in cells. CT26 colon cancer cells and MKN45 gastric cells exhibited a decrease of 80% and 90%, respectively, in their GSH levels after being treated with 50.0 ug/mL CuCP Lipo NPs for 24 h and exposed to NIR irradiation (10 min, 0.8 W cm−2). Fluorescence imaging showed that the catalytic activity of CuCP Lipo NPs increases the ROS levels in both cell lines. When subjected to low concentrations in this study (6.12 to 12.5 ug/mL) of NPs plus NIR irradiation (808 nm, 0.8 W cm−2), the viability of MKN45 and CT26 cells showed a decrease of 60% compared to those not irradiated. However, at large concentrations (50.0 ug/mL), the NPs exhibit general toxicity without the need to use irradiation [83].



In addition to reducing the intracellular GSH levels, a reduction in the intracellular expression of GPX4 was observed in both cancer cells. Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) were increased, reflecting increased intracellular lipid peroxidation levels [83]. The collective results provide conclusive evidence that the use of CuCP-Lipo-NPs can induce ferroptosis in tumors cells and that the addition of near-infrared radiation can enhance the effects of ferroptosis. Annexin V and propidium iodide staining detected apoptotic cells caused by the NIR irradiation and confirmed to be the cause of the ROS stress that led to apoptosis. Moreover, through proteomics analysis, the pathways of apoptosis, ferroptosis and ROS synthesis were identified [83]. The p53 upregulation as an indicator of apoptosis and ferroptosis, transferrin receptor protein 1 upregulation regarding ferroptosis, and downregulation of glutathione S-transferase (GST) proteins suggested ROS synthesis. These findings together validate the successful development of a CuCP Lipo NP that can demonstrate biocompatibility, catalytic activity, photothermal activity, in vitro cytotoxicity, antitumor activity, and the ability to synergistically trigger the ferroptotic and apoptotic pathways [83].



An in vivo study was conducted on Balb/c nude mice subcutaneously inoculated with CT26 cells. Cyanine 5 (Cy5) fluorescent labeled CuCP Lipo NPs were intravenously injected (tumor size of ~200 mm3) [83]. The mice were separated into four groups: blank, NIR laser only, CuCP Lipo NPs only, and CuCP Lipo NPs plus NIR irradiation. The mice from the NIR laser only and CuCP Lipo NPs plus NIR irradiation groups were exposed to an 808 nm laser 12 h postinjection. Irradiation was performed on day 2 and 4 and the tumor size was recorded each day. It was observed that the CuCP Lipo NP alone suppressed tumor growth by a factor of two compared to the vehicle-treated mice. The NIR only group had insignificant tumor shrinkage. However, the combination of CuCP Lipo NP with NIR resulted in total tumor shrinkage [83]. The NIR only group had insignificant tumor shrinkage.





4. Metal Complexes That Induce Ferroptosis for Anticancer Application


The induction of ferroptosis through small molecule metal complexes is an emerging anti-cancer strategy. Metallodrugs possess distinctive characteristics because of their metal and ligand composition. Different metal centers can showcase varying coordination geometries and redox capabilities, whereas ligands may also demonstrate diverse biological activities. Furthermore, biothiols have a strong attraction to metal ions, and this interaction can potentially disrupt the cellular redox balance and impair protein and enzyme function. Light exposure sensitizes certain metal complexes, leading to the creation of ROS and singlet O2. This is due to the spin–orbital coupling, which heightens the probability of intersystem crossing. As a result, metal complexes have the potential to disrupt the balance of redox reactions and build up lipid peroxidation, ultimately leading to the occurrence of ferroptosis. In this section, we will explore some classical drugs that have recently been discovered to induce ferroptosis and also survey a selection of the newer metal compounds with varying chemical capabilities that can trigger ferroptosis. We will highlight the particularities of the cellular conditions that enable ferroptosis to be possible by some of these compounds in certain cell lines and not in others.



4.1. Cisplatin and Oxaliplatin


Following the FDA approval of cis-diammine dichloroplatinum(II) (cisplatin) in 1978, platinum(II) compounds have been lead chemotherapy drugs. The second-generation drug carboplatin and third-generation drug oxaliplatin are approved worldwide and are used in up to 50% of cancer treatment regimens. The long-term use of Pt(II) drugs in cancer treatment in many patients is limited due to their lack of selectivity to cancer cells causing nephrotoxicity, myelotoxicity and ototoxicity. Between 40 and 80% of patients have experienced permanent hearing loss due to cisplatin. Pt(II) operates as an anticancer agent principally by forming guanine crosslinks with DNA and also monoadducts with guanine [85], resulting in DNA breaks that ultimately trigger apoptosis. Pt(II) also forms other biomolecular adducts in a non-selective manner in both cancer and noncancer cells, which is a major source of systemic toxicity. Another major limitation of cisplatin is the acquired cellular resistance of cancer cells. Multi-drug resistance proteins are overexpressed to efflux the metal. In this vein, glutathione binds to Pt(II) via its cysteine thiol group and removes the metal through the multidrug resistance protein MRP2. Furthermore, cells activate a number of repair mechanisms, such as the nucleotide excision repair (NER), which repairs DNA and inhibits apoptosis [85].



Due to an interest in tapping into molecular mechanisms that could trigger ferroptosis in cancer, Guo et al. examined the ferroptosis-inducing capability of traditional chemotherapy drugs in six different cancer cells [9]. They observed that cisplatin could induce ferroptosis as well as apoptosis in A549 non-small cell lung cancer (NSCLC) and HCT116 human colorectal cancer cells [9]. It was found that in these cells, Pt(II) significantly decreases the reduced form of glutathione (GSH) via direct coordination to the molecule (Figure 11). It is known that when cisplatin enters the cell, 60% of it binds to glutathione in the cytoplasm [86,87]. Typically, as already described, this complexation serves to decrease its cytotoxicity by effluxing the metal, but in these cell lines, the counter effect of ferroptosis appears to outcompete.



Oxaliplatin (Figure 12) was advanced to the drug market because of its improved safety profile compared to cisplatin and its lack of cross-resistance to cisplatin and carboplatin. The final cytotoxic metabolite of the drug retains the nonhydrolyzable diaminocyclohexane carrier ligand. Similar to cisplatin, oxaliplatin targets DNA by generating guanine cross-links [88]. Oxaliplatin is a first-line chemo drug for colorectal cancer (CCR). Liu et al. studied the effect of oxaliplatin in HT29 colorectal cancer cells to determine whether it could induce ferroptosis and oxidative stress for insight into new strategies for this highly aggressive cancer [89]. They found that oxaliplatin triggers ferroptosis by blocking the Nrf2 signaling pathway, resulting in the increase of MDA [89]. Very importantly, they observed that oxaliplatin enhances the ferroptosis-inducing effect of erastin on CRC cells [89].



A recent finding regarding Pt(II) drug blood speciation may also be attributed to the ferroptosis capability of these compounds [90]. Adult patients receive a standard 90 mg m−2 dosage of cisplatin. Blood isolated from adults following a round of chemotherapy was found to contain Pt NPs with an average diameter of 6–8 nm and a serum albumin corona of 30 nm in thickness. When the Pt NPs enter into K562 cells, the presence of the mM amount of cytosolic glutathione is capable of dismantling the protein corona, leaving behind the bare Pt NPs [90]. In this form, the Pt NPs serve as a GSH sponge as the thiol group anchors onto the Pt surface. This GSH anchoring seemingly prevents the GSH-induced efflux of the Pt while also making the GSH biounavailable (Figure 11).



Currently, efforts are directed at incorporating Pt(II) compounds into different types of anticancer strategies that aim to improve the cancer specificity of the Pt(II). Some strategies include those directed at the development of species that can easily be activated by light and lead to cell death; transition metals being particularly of interest in this area as different types of electronic transitions can be exploited, resulting in longer-term effects and more potent cytotoxicity. Chen et al. developed a degradable NP incorporating a biodegradable Fe(III)-polydopamine (FeP) core with photothermal capability and a hyaluronic acid (HA) crosslinked cisplatin (PtH) shell to achieve a synergistic multifunctional anticancer agent that operates by amplifying intracellular oxidative stress [91]. PtH@FeP NPs had a ratio of Pt:Fe ranging from 4:3 to 5:3, possibly due to the lack of a reproducible composition. The FeP core facilitated endosomal escape because of the “proton-sponge effect” [92]. The polydopamines are weakly basic and absorb free protons in the endosome, preventing them from escaping the endosome through diffusion and thus no longer contributing to the internal pH of the endosome. As the absorbed protons accumulate, they cause the membrane potential to increase past the equilibrium level, which results in an influx of chloride and an increase in osmotic pressure. The endosome swells until a critical point at which the lipid bilayer membrane ruptures and releases the endosome contents into the cell. The HA-coated shell enabled the NPs to actively target cancer cells which overexpress the HA receptor. The spherically shaped and negatively charged PtH@FeP NPs were 230 nm in diameter. They enlarge to 602.6 ± 15.2 nm at pH 6.5 attributed to the gelatinous HA shell, which is believed to facilitate long-term drug retention in tumor sites. UV-Vis and IR spectra exhibited the NIR light absorbance of the PtH@FeP NPs. Pt/Fe release from the NPs was investigated under conditions that replicate the extracellular matrix (pH 6.5) and intracellular-reducing environment (10 mM GSH pH 7.4) at 37 °C. Negligible release was observed at pH 6.5. More significant but slow release was observed after treatment with GSH. PtH@FeP showed Pt and Fe cumulative release of 61.43% and 30.21% after 72 h [91]. The metal release is postulated to be due to the GSH coordination of the Fe(III). It is expected that the PtH@FeP NPs facilitate cytotoxicity through PTT activation at 808 nm laser exposure followed by endosomal release of the NPs. GSH-triggered degradation of the NPs then leads to the released cisplatin attacking DNA and the released labile Fe undergoing Fenton reactivity and ferroptosis onset.



PtH@FeP NP cytotoxicity was examined against 4T1 (murine mammary carcinoma) and HepG2 (hepatocellular carcinoma) cells [91]. In the case of 4T1, treatment with the NP containing 40 μM Pt and 30 μM Fe and laser application resulted in the almost complete loss of viability after 24 h. In contrast, HepG2 exhibited a nearly 75% viability reduction. Additional characterizations were performed with the 4T1 cell line. Biomarker studies of the NP treatment of the cells showed signature ferroptosis and caspase-dependent apoptosis cell death characteristics. In vivo studies were performed with female Balb/c mice containing 4T1 tumors. The mice were separated into five groups and administered different treatments: PBS, cisplatin, PtH (Pt at 5 mg/kg), PtH@FeP with or without laser (Pt at 3 mg/kg and Fe at 1.8 mg/kg). After 24 h, the tumors were exposed to laser excitation at 808 nm (1 W) for 1 min. Throughout the experiment, the mice’s body weight and tumor volume were closely monitored for 21 days. Cisplatin treatment inhibited tumor growth and even caused a decrease in tumor size with respect to the buffer control, but none of the mice survived after 10 days due to the compound’s toxicity. PtH did not lower the relative tumor volume to the same extent as free cisplatin but it did significantly reduce the compound’s toxicity. There was no significant difference in relative tumor volume between the PtH and PtH@FeP treatment. However, upon irradiation of PtH@FeP, complete suppression of the tumor was observed owing to the synergism of the PTT effect, without any mice’s demise [91]. Organ histopathology analysis was performed using hematoxylin and eosin (H&E) staining and no organ damage was observed, indicative of the cancer specificity of the system.




4.2. Auranofin


Auranofin (AF) was first designed as a therapy for rheumatoid arthritis (RA) and was FDA-approved for this purpose in 1985 [93,94]. Interest in the compound as an anticancer agent stemmed from the decline in cancer progression in certain RA patients being treated with AF. It is a linear Au(I) compound, in which the Au(I) is coordinated to a trialkylphosphine and an S-glycosyl group (2,3,4,6-tetra-O-acetyl-1-thio-β-d-glucopyranose). The compound is believed to operate as a prodrug like cisplatin [95] and is capable of inducing cell death in cisplatin-resistant cells [96]. The sugar group dissociates rapidly and the Au-PEt3+ complex enters into the cytosol [97]. Unlike Pt(II) from the Pt(II) drugs, DNA is not the primary target of Au(I). The antiproliferative behavior is believed to be due to the inhibition of thioredoxin (Trx) and thioredoxin reductase (TrxR), which are responsible for regulating redox processes and helping to maintain cellular iron homeostasis [98]. Au(I) inhibition of the Trx/TrxR system results from binding to their active site thiol and seleno residues [99,100]. This interaction results in a change in the redox regulation within cells, leading to the excess production of ROS [99,100]. High ROS levels disturb the activity of cytosolic peroxiredoxin enzymes (Prxs) and activate p38 MAP Kinase (MAPK), which then leads to the initiator caspase triggering the onset of apoptosis. The disturbance of Prxs results in mitochondrial damage and permeability and the release of cytochrome c, turning on its apoptotic function [100].



The peptide hormone hepcidin, like the Trx/TrxR system, participates in maintaining cellular iron/redox homeostasis [98]. Hepcidin deficiency can induce iron overload diseases such as hereditary hemochromatosis and anemia. Yang et al. sought to study iron modulation by screening for hepcidin agonists in human hepatic Huh7 cells using a library of over 640 FDA-approved drugs [11]. They found that AF activates IL-6 signaling, which is responsible for upregulating hepcidin expression. The activation was through the NF-κB pathway. They validated these results in C57BL/6J mice and a mouse model of hemochromatosis (Hfe−/− mice). Acute treatment of C57BL/6J mice with 5 mg/kg AF decreased the serum Fe by way of activated hepcidin signaling, while chronic treatment of Hfe−/− mice with 5 mg/kg AF decreased the systemic iron overload in male mice but less so in female mice. Contrary to this beneficial effect, Yang et al. observed that AF is able to induce ferroptosis by way of the inhibition of TrxR activity. Several biomarkers of ferroptosis were detected, including lipid peroxidation. The use of the ferroptosis inhibitor Fer-1 could inhibit the appearance of these biomarkers. In C57BL/6J mice, the role of TrxR inhibition with respect to ferroptosis was revealed through the administration of TRi-1 (25 mg/kg), a specific TrxR inhibitor. Decreased TrxR activity resulted in an accumulation of hepatic lipid peroxidation. By attenuating the ferroptosis capability of AF via the use of Fer-1, AF could exhibit the capacity to decrease the systemic Fe levels. This work reveals how Au(I) activity can be finetuned to turn on and off its ferroptosis induction. For an Fe-based anticancer strategy, turning on Au(I) ferroptosis induction would be very useful (Figure 13).



Deben et al. sought a deeper understanding of the anticancer mechanism of action of AF and, in particular, its potential application against NSCLC [101]. This cancer type has a significant elevation of TrxR activity in vitro and in vivo [102]. Interestingly, high levels of TrxR are associated with chemotherapy resistance, including cisplatin [103]. Mutant forms of the tumor suppressor protein p53 were found to be sensitizers of AF treatment. Mutant p53 has the potential to alter the cellular redox balance by preventing activation and NF-E2-related factor 2 (NRF2) function. As the main regulator of antioxidant transcription, its inhibition generates an excess of ROS within cancer cells [104]. Deben et al. worked with NCI-H1299 (p53 null) and its two isogenic derivatives with the accumulation of mutant p53 R175H or R273H. They found that the main mechanism of AF, at both cytostatic (1 μM) and cytotoxic (5 μM) concentrations, is the inhibition of TrxR. The method of cell death induced by AF is dependent on the p53 mutant type. AF sensitized mutant p53 R175H NSCLC cells to caspase-3/7-dependent apoptosis, whereas p53 R273H cells were more vulnerable to ferroptosis [101]. Regardless of the method of cell death, at a 5 μM concentration, AF depletes GSH. In a study with eight NSCLC and pancreatic ductal adenocarcinoma (PDAC) cell lines with differing p53 status, AF more effectively killed mutant p53 cells with higher p53 protein levels [101].




4.3. Photochemotherapeutic Metallodrugs


The practical application of therapeutic treatments for hypoxic and refractory solid tumors has been hindered by their limited efficacy. Photodynamic therapy (PDT) is a treatment option that utilizes a photosensitizing agent and light source to eradicate cancer cells. The utilization of ROS and precise photoirradiation has shown great potential in the struggle against hard-to-treat tumors, resulting in minimal resistance and limited invasiveness. Although ROS cause imprecise damage, the precise photoirradiation allows for a targeted approach. Additionally, PDT offers a diverse range of cell death mechanisms [105,106].



Hao et al. synthesized two Ir(ⅠⅠⅠ) complexes with a coordination number 6, containing two 1-benzo[b]thien-2-yl-isoquinoline (btiq) ligands and an imidazophenanthroline (ipt) auxiliary ligand; IrL1 and MitoIrL2 (Figure 14) to examine their use as PDT agents for hypoxic cells [107]. Both complexes exhibit intensive absorption bands at ~488 nm due to a metal-to-ligand charge transfer (MLCT). The complexes display a near-IR emission at ~685 nm, with a shoulder at 740 nm. The emission intensity decreases in the presence of ambient O2, indicative of excited forms of the compounds possibly being able to undergo intersystem crossing (ISC) to react with O2 and produce ROS. Given these physicochemical properties, the complexes were studied as photodynamic therapy (PDT) agents. They analyzed the ROS species formed in Michigan Cancer Foundation-7 (MCF-7) breast cancer cells in two different biological environments. These are normoxia (an environment with normal levels of oxygen) and hypoxia (an environment with a reduction in oxygen) because they expected that these compounds would be able to overcome the resistance of cells in a hypoxic environment. The IrL1 and MitoIrL2 complexes at 5 μM were photoirradiated at 450 nm (30 Jcm−2). In a normoxia environment, they produce singlet oxygen (1O2), but not in the hypoxic environment. An increase in the ROS species O2− and ·OH were observed under both conditions, but MitoIrL2 produced a greater amount [107]. At a concentration of 1 μM of both complexes, the GPX4 levels decreased and lipid peroxide accumulated [107].



The mechanism of cell death was determined by incorporating the inhibitors of apoptosis (z-VADfmk), necrosis (necrostatin-1, Nec-1), autophagy (3-methyladenine, 3-MA) and ferroptosis (Fer-1) under hypoxic conditions in a cell viability assay [107]. Fer-1 addition produced an increase in cell viability in treatments with both complexes, indicating that both induce ferroptosis. The z-VADfmk inhibitor increased the cell viability in treatment with MitoIrL2, suggesting that the compound also induces apoptosis. For this compound, apoptosis is the dominant cell death mechanism. According to flow cytometry, IrL1 caused apoptotic cell death in 9.5% of the total dead cells, whereas MitoIrL2 caused 43.1%. Western blot assays were carried out to assess apoptosis biomarkers. MitoIrL2 increased the p53 and Bax levels, while the Bcl-xl levels decreased, leading to a rise in caspase-9 [107]. The compound was observed to inhibit ATP production and cause mitochondrial structural changes. This study elucidates how the finetuning of the physicochemical properties of a PDT agent can increase the cytotoxic potency of a metal compound and facilitate dual cell death mechanisms.



Another metal that has been studied for its ability to trigger ferroptosis via photodynamic therapy (PDT) is osmium. Zhang et al. investigated a way to treat hypoxic cancer cells using a pentagonal bipyramidal complex of Os (Os2) containing pentalyne and peroxo ligands in the equatorial plane and two triphenylphosphine ligands in the axial position [108]. Using photoirradiation under light illumination (465 nm, 13 mW/cm2), Os2 releases its peroxo ligand and converts it into Os1 (Figure 15) and the superoxide (O2−) ROS. An ROS detection experiment was performed with HeLa cervical cancer cells treated with Os2 under hypoxic conditions and light irradiation. The generation of O2− was observed as well as OH and 1O2. Under normal oxygen conditions, exposure to Os2 and Os1 results in considerable cell death following irradiation, with the viability of HeLa cells dropping below 20%. Similar results are observed in hypoxia, although the degree of cell death is reduced at lower concentrations, both before and after irradiation, compared to normoxia. After administering Os2 treatment, the GSH percentage in cells was examined and the results showed that the GSH levels in the irradiated group were significantly lower than those in the non-irradiated group. The relative expression levels of GPX4 were lower post-irradiation, and in fact, were at the similar level as HeLa cell treatment with the ferroptosis inducer RSL3. The photocatalytic oxidation of NADH into NAD+ was observed by Os2 under light irradiation, which is characteristic of ferroptosis induction.



An in vivo study was conducted by treating Balb/c mice implanted with HeLa tumors [108]. Following 7 days after cell injection, mice with a desired tumor volume (~100 mm3) were selected for further study. The mice were separated into four groups: control dark group with only PBS injection, control light irradiation group, Os2-dark group, and Os2-light irradiation group. The irradiation (465 nm with an intensity of 13 mW/cm2 for a duration of 60 min) was performed on day zero and the tumor size was recorded every two days. It was observed that the Os2-light irradiation group had the lowest growth in tumor size, roughly 2.33 times less growth than the control dark group. Biosafety analysis of the Os compound was performed by injecting healthy mice with three times the therapeutic dose and performing H&E staining of thin slices of various organs. No tissue damage was observed. Toxicity was also examined in zebrafish and no blood vessel damage was detected. These results attest to the cancer specificity and low toxicity of the Os2 system.





5. Conclusions


This assessment of various anticancer strategies that induce ferroptosis reveals key features for drug design to effectively disrupt the Fe balance and the corresponding regulation of lipid peroxidation. Metal chelators can contribute to offsetting this balance in different ways. Triapine and analogues, for instance, demonstrate how high affinity Fe(II/III) chelation can deplete the bioavailability of Fe within cells and transform the metal into highly toxic agents through redox cycling. Other chelators perturb the Fe balance by serving as ionophores of Cu and Zn, resulting in excessive levels of these metals. Cu can be directed to the mitochondria and induce damage due to the redox activity of the metal and the uncontrolled generation of ROS. Zn(II) can replace Fe at important biomolecular sites and attenuate Fe-based functionality due to being redox inert. Thus, excess Cu and Zn levels alter the antioxidant defenses. Cu chelators that deplete intracellular Cu also yield an Fe imbalance by inhibiting the redox regulation that Cu imposes on Fe and that is responsible for the proper biodistribution of Fe. In the same vein, nanoparticles based on Cu(II) and Zn(II) can function to exploit the redox activity of Cu and to deliver a high payload of Zn(II) release into cells, respectively.



Small molecule non-iron metal complexes demonstrate both the importance of the metal center and the physicochemical properties of intact metal–ligand adducts. The classical Pt(II) and Au(I) drugs reveal how soft Lewis acid metal ions can strongly bind to thiol and seleno proteins and ablate redox regulation, leading to ferroptosis. In the case of Au(I), the particularities of the tumor biochemical environment, such as the presence of particular mutant P53 proteins, dictate whether Au(I) is able to turn on ferroptosis [101]. Some metal complexes that are light sensitive demonstrate photosensitizing and photothermal capability to facilitate tumor-localized applications that can be coupled with ferroptosis-inducing agents. Photosensitizing metal complexes demonstrate the utility of PDT to enable the generation of ROS and 1O2 that can synergize with intracellular Fe to produce LPO. PTT agents can be synergized with redox active metals to facilitate more than one type of death.



The use of drug carriers such as nanosystems can enable taking advantage of the EPR effect to target tumors. However, the reality is that only about 5% of an administered NP drug typically ends up in the tumor and thus selectivity is not greatly enhanced [85]. Coating NPs with functional groups that target receptors overexpressed on cancer cells can help to overcome this limitation, as seen in examples included in this study. While NPs allow the shuttling of more than one cancer agent to facilitate combined anticancer strategies, the complex nature of the composition required to bind these agents and also possess receptor targeting functional groups can result in hard to reproduce structures, as highlighted in the case of the PtH@FeP NPs [91].



Collectively, these studies reveal that it is highly unlikely that any drug strategy can purely induce ferroptosis alone, which is not a bad thing. The synergism of approaches to trigger multiple cell death pathways may prove vital for the drug development of far more potent and less cancer-resistant chemotherapy.
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Figure 1. Timeline of ferroptosis-related findings [5,6,7,8,9,10,11,12,13,14] (image created using Biorender.com). 
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Figure 2. Three major routes of ferroptosis onset related to the metabolism of iron, antioxidants, and lipids (image created using Biorender.com). 
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Figure 3. Representative iron coordination within rubredoxin (A), hemoglobin (B), human transferrin (C), and ferrocene (D). 
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Figure 4. Triapine and a selection of its physiologically relevant metal compound species. At a near neutral pH of 7.4, Fe(II/III) forms the (A) modality, Cu(II) forms the (B) modality, and Zn(II) forms a mixture of the (A) and (B) modalities. 
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Figure 5. The Zn(II) binding site within human carbonic anhydrase II, demonstrating a tetrahedral coordination. 
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Figure 6. Human ceruloplasmin type 1 copper coordination. It is important to note that ceruloplasmin has six Cu binding sites, of which three are type 1 [30]. 
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Figure 7. Proposed mechanisms of ferroptosis induction through copper depletion and overload (image created using Biorender.com). 
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Figure 8. Cu(II) complexes of bathocuproynedisulfonic acid (A), elesclomol (B), and diethyldithiocarbamate (C). 
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Figure 9. The Zn(II)-5-Fu metallodrug network (Zn-Fu MN) [65]. 
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Figure 10. Proposed mechanisms of ZnO-NP’s induction of ferroptosis (image created using Biorender.com). 
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Figure 11. Proposed mechanisms of cisplatin’s induction of apoptosis and ferroptosis (image created using Biorender.com). 
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Figure 12. Proposed mechanism of oxaliplatin’s induction of apoptosis and ferroptosis (image created using Biorender.com) [89]. 
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Figure 13. Proposed mechanism of auranofin’s induction of apoptosis and ferroptosis (image created using Biorender.com). 
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Figure 14. Proposed mechanism of IrL1 and MitoIrL2’s induction of apoptosis and ferroptosis (image created using Biorender.com) [107]. 
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Figure 15. Proposed mechanism of Os2’s induction of ferroptosis (image created using Biorender.com) [108]. 
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