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Abstract

:

In this review, we present a timeline that shows the origin of mixed chelate copper (II) complexes, registered as Mark Title Casiopeínas®, as the first copper (II) compounds proposed as anticancer drugs in 1988 and 1992. In the late twentieth century, the use of essential metals as anticancer agents was not even considered, except for their antifungal or antibacterial effects; also, copper, as gold salts, was used for arthritis problems. The use of essential metals as anticancer drugs to diminish the secondary toxic effects of Cisplatin was our driving force: to find less toxic and even more economical compounds under the rational design of metal chelate complexes. Due to their chemical properties, copper compounds were the choice to continue anticancer drug development. In this order of ideas, the rational designs of mixed chelate–copper (II) complexes (Casiopeínas, (Cas) homoleptic or heteroleptic, depending on the nature of the secondary ligand) were synthesized and fully characterized. In the search for new, more effective, and less toxic drugs, Casiopeína® (Cas) emerged as a family of approximately 100 compounds synthesized from coordinated Cu(II) complexes with proven antineoplastic potential through cytotoxic action. The Cas have the general formula [Cu(N–N)(N–O)]NO3 and [Cu(N–N)(O–O)]NO3, where N–N is an aromatic substituted diimine (1,10-phenanthroline or 2,2′-bipyridine), and the oxygen donor (O–O) is acetylacetonate or salicylaldehyde. Lately, some similar compounds have been developed by other research groups considering a similar hypothesis after Casiopeína’s discoveries had been published, as described herein. As an example of translational medicine criteria, we have covered each step of the established normative process for drug development, and consequently, one of the molecules (Casiopeína III ia (CasIIIia)) has reached the clinical phase I. For these copper compounds, other activities, such as antibacterial, antiparasitic and antiviral, have been discovered.
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1. Introduction


Metals such as copper, silver and gold, and even minerals containing those metal ions, have been used since early civilizations. Egyptians, Greeks and Romans used them for curative applications and for purifying water [1,2,3]; however, the use of inorganic compounds for medicinal purposes had not occurred until the beginning of the Twentieth Century, when Paul Ehrlich developed Salvarsan (Arsfenamina, C12H13N2ClO2As2) for the treatment of syphilis, and coined the term chemotherapy [4] for the use of a compound to treat some type of disease [5,6]. Anticancer drugs were mainly derived from organic molecules until some years later, when Barnett Rosenberg discovered the cytotoxic activity of the pure inorganic molecule Cisplatin cis-[Pt(NH3)2Cl2], which was approved by the FDA in 1978 as an anticancer drug [7,8,9,10]. The success of Cisplatin as the pioneering anticancer metallodrug is due to its activity mainly against esophageal, neck, lung, and ovarian cancer [11,12,13]. Due to its secondary toxic effects on the kidneys (ototoxicity), some analogues were developed—carboplatin, oxaliplatin, among others—with the purpose of reducing those toxic effects. Despite being useful in therapies, this compound presents several secondary toxic effects on the kidneys, as well as myelotoxicity and neuropathy [14,15,16,17,18]. Another very serious limitation of using Cisplatin in cancer chemotherapy is drug resistance [19,20]. After Cisplatin was accepted for use in anticancer therapy, the research turned to focus on platinum metal compounds, and several reviews have been dedicated to such compounds [1,2,5,6,7].



To overcome the side effects and drug resistance of Cisplatin and its derivatives, some new approaches have been considered, including the use of elements from the platinum family, such as palladium [21], ruthenium [22], and iridium [23]. A more innovative approach was designing drugs based on endogenous trace metals. Among the first transitional metal species, copper is a trace element involved in a series of fundamental biological processes associated with metalloproteins and -enzymes, as well as several related to mitochondrial metabolism [24,25] and acting towards cellular oxidant species protection [26,27]. Even essential metals, metal compounds, or organic compounds at higher doses can present side effects; therefore, copper is essential in healthy cells, and there are homeostatic natural control processes acting to stabilize the level of copper in organisms, but which at higher concentrations can produce tumor growth, angiogenesis, and metastasis [28,29,30,31]. In accordance with these characteristics of copper, it has been considered as a promising component of metallodrugs used in cancer therapy [32], and in the late 1980′s, new mixed chelates–copper (II) complexes were designed and then patented a few years later [33]. Afterwards, copper complexes were synthesized with ligands containing principally N, O, S and P as donor atoms (phenanthroline, disulfiram, and thiosemicarbazones) [34,35,36]. These complexes have been shown to be multitargeting and multifunctional agents, and their anticancer activity involves several mechanisms. The presence of ligands leads to a minor concentration of the metal, and reduces the growth of malignant cells and angiogenesis. Compounds containing different types of ligands interact with proteasomes, inhibiting their function [37]. The Cu–esclemol complex can interact with the ferredoxin function, producing cuproptosis, a mode of independent cell death that occurs in pathways parallel to apoptosis [38].



The use of essential metals as anticancer agents in the late Twentieth Century was not even considered, except for their antifungal and antibacterial purposes. Also, copper in the form of gold salts was used for arthritis problems [39,40]. In the search for new anticancer drugs with fewer side effects, Casiopeínas®, comprising mixed chelate–copper complexes, was synthesized, reported, and patented [33,41,42]. The use of essential metals as anticancer drugs to diminish the secondary toxic effects of Cisplatin was the driving force of this research, as we sought less toxic and more economical compounds, incorporating the rational design of metal chelate complexes. The chemical properties of copper compounds were favored in continuing anticancer drug development. In this order of ideas, the rational design of mixed chelate–copper (II) complexes, such as Casiopeínas, as either homoleptic or heteroleptic depending on the nature of the secondary ligand, was synthesized and fully characterized. In the search for new, more effective, and less toxic drugs, Casiopeína® (Cas) emerged [43]. A family of approximately 100 compounds has been synthesized from coordinated Cu(II) complexes with antineoplastic potential proven through cytotoxic action [44,45,46] (Figure 1).



Casiopeínas® are well-known copper compounds with proven potent anticancer activity. Due to the solubility of this compound in polar solvents, several X-ray structures have been reported [47,48,49] (Figure 2). Their general formula is [Cu(N–N)(L-L)]n+ (n = 1, 2), where N–N = 4,7-dimethyl-1,10-phenanthroline or 4,4′-dimethyl-2,2′-bipyridine and L-L = different secondary ligands, that is, different bidentate chelate ligands (Table 1). One such ligand (CasIIIia:[Cu(44′dmbipy)(acac)]+) is now being tested in clinical trials.



The second generation of Casiopeínas possess a neutral L-L ligand, such as ethylenediamine and substituted benzimidazoles, as well as 1,2-dianilines, with a general formula [Cu(N–N)(N1–N2)](NO3)2. The third generation of Casiopeínas have a formula of [Cu(N–N)(O1–O1)]NO3, where the secondary ligand is a more hydrophilic mono-charged molecule, and they have been previously used as commercial drugs, such as indometacinate and several curcuminates [48,50]. The fourth generation was conceived using tetra- and tridentated Shiff bases derived from salen ligand types. Tetradentate Shiff bases coordinated towards metal (II) ions produce neutral compounds that are generally insoluble in polar solvents such as water. Therefore, some tridentated ligands have been designed, synthesized and fully characterized. The mixed chelate compounds have the formula [Cu(NNO)(N–N)]+, where NNO corresponds to asymmetric salen ligands (E)-2-((2-(methylamino)(ethylimino)methyl)phenolate (L1) and (E)-3-((2-(methylamino)ethylimino)methyl)naphthalenolate (LN1). The fifth generation contain hydrogenated derivatives 2-((2-(methylamino)ethylamino)methyl)phenolate (LH1) and 3-((2-(methylamino)ethylamino)methyl)naphthalenolate (LNH1); N–N corresponds to 4,4′-dimethyl-2,2′-bipiridyne (dmbpy) or 1,10-phenanthroline (phen). The insertion of this type of secondary ligand may modulate and increase the anticancer activity, as well as the anti-inflammatory activity, leading to an enhanced antitumor activity. However, the main mechanism of action of the first generation of Casiopeínas would not be different in the third generation, because of their main weak oxidant properties, and their ROS generation and apoptosis induction are similarly enacted through the reduction of Cu(II) to Cu(I). The mechanism of action has been studied in more than 20 compounds, and ROS generation has been identified, leading towards the induction of apoptosis and interaction with DNA, as well as nuclease action [51,52]. These compounds represent a viable, attractive, and available alternative for cancer treatment, including lung, cervix, and breast cancer. Additionally, Casiopeínas® show low toxicity against normal cells, which suggests high selectivity [53]. It has also been demonstrated that Casiopeínas® possess a multitarget cytotoxicity mechanism that converges in cellular apoptosis induction [54,55]. In addition, in silico studies suggest that all three generations of Casiopeínas® can act as antiviral agents via the inhibition of the main protease of SARS-CoV-2 [56].
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Figure 2. Structures of Casiopeínas and the generation to which they belong. X-ray structure of (A) CasIIIia, (B) CasIIgly, (D) [Cu(4,7dmphen)(dmethoxcur)]NO3 and (E) [Cu(4,4′dmbpy)(L1)]NO3, and the optimized M06/LanL2DZ structure of (C) [Cu(4,7dmphen)(ambz)]2+ and (F) [Cu(4,4′dmbpy)(LH1)]+ (Adapted from data from [47,48,49,53,56]). 
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2. Historical Timeline of Anticancer Drugs: Casiopeínas®


The use of metals in healthcare is an activity that has been described since ancient civilizations, who used metals such as copper, gold, or silver to disinfect water, food, or wounds [24,57,58].



In 1786, Thomas Fowler proposed a solution of As2O3 with potassium bicarbonate for treating periodic fever [59]. In subsequent years, arsenic trioxide was used to treat diseases such as psoriasis, malaria, asthma, and rheumatism [60]. However, because of its adverse effects and the emergence of new treatments, its use in treating these diseases has been avoided. Nonetheless, arsenic trioxide remains relevant, as in 2000, the FDA approved [61] this compound for use in the treatment of acute promyelocytic leukemia [34,62]. Paul Ehrlich, who is the “father of chemotherapy”, having introduced the concepts of specific targets when developing new drugs, introduced Salvarsan in 1910 as an effective treatment for syphilis [35]. Salvarsan is an organic compound containing arsenic, which has led to the development of modern medicinal inorganic chemistry.



During the 1970s, the understanding of the molecular biology of cancer was limited, thus consequently constraining the identification of specific molecular targets when designing novel drugs [36,37]. Investigations of the mechanism of action of certain antitumor agents have piqued the interest in studying the characteristics of DNA when developing new anticancer molecules [38]. In 1978, the FDA approved Cisplatin, which was the first inorganic agent available for the treatment of cancer [11]. This spurred inorganic chemists to devise novel oncological medicines. As a result, some research groups involved in coordination chemistry have primarily focused on catalysis, and have shifted their focus to coordination compounds of the platinum metal group, which exhibit promising anticancer activities [2,41].



In the 1980s, Dr. Lena Ruiz Azuara, driven by the pursuit of novel cancer treatments, proposed a family of inorganic compounds with endogenous metals based on the following overarching criteria:




	
Given DNA’s status as a cancer target at the time, the synthesis of compounds that induce DNA damage was sought. Thus, molecules were designed with ligands situated in the equatorial plane of the metal’s center to facilitate intercalation interactions with DNA;



	
Molecules were devised to incorporate a copper atom, which, being an endogenous metal, was expected to mitigate compound toxicity. In addition, we explored whether the redox properties of the metal could be relevant in tumor cells;



	
Small cationic molecules were proposed to enhance solubility in biological environments.








The research working group focused on the synthesis and characterization of the first copper ternary compounds to be designed, which were tested in 1986, whereby their potential anticancer activity was reported. With the patenting of the molecules in the early 1990s, the name Casiopeínas emerged, and preclinical studies of these compounds were initiated.



After more than 30 years since the design of Casiopeínas, there is solid evidence regarding the mechanism of action of these compounds. They are characterized as multitarget molecules that can be used for cancer treatment, inducing mitochondrial damage, increasing reactive oxygen species, and causing DNA damage. This cooperative action reinforces their effects on tumor cells. Their polypharmacological profiles ensure that the design of these molecules remains up to date as an alternative in the treatment of diseases like cancer. The relevance of polypharmaceutical activities of compounds, determined either by the nature of their ligands [63] or their oncological biomarkers, was later indicated [64].



The research group’s expertise and preclinical results led to the selection of Casiopeína III ia (CasIIIia) for submission to the Mexican regulatory agency (COFEPRIS), marking the initiation of the first Phase I clinical trial of a copper-based anticancer compound in México. Recently, these molecules have garnered significant interest within the scientific community, due to their chemical characteristics and biological activities.




3. Activity and Properties


The anticancer activity of these compounds (Casiopeínas) depends mainly on the three descriptors obtained by QSAR study (Figure 3). Halfwave potential (E1/2) is important in oxidant agents; aromaticity refers to the number of aromatic conjugated rings, and has a minor influence on the lopP of mono-charged cationic copper (II) complexes [42], as corroborated by analyses of the properties of the other compounds derived in the other generations [48,50], except for the second generation of Casiopeínas, wherein the mixed chelate complexes are bi-charged cationic complexes. These findings suggest that greater hydrophilicity in the cation complex decreases the membrane crossing efficiency in cancer cells. Structure–activity correlation analyses have been performed, and in vitro assays of IC50 have shown lower values against, mainly, E1/2 and LogD [42,48,49,50,65].



Casiopeinas and acetylacetonate analogues have been synthesized and studied by EPR and ENDOR spectroscopy. It has been found that small variations towards a square planar geometry can be detected by advanced EPR techniques [46,66].



It is important to mention that Casiopeínas of the first generation contain essential amino acids (aa); a large number of aa are used as secondary ligands, indicating that the amino acids produce very small variations in the activity compared with a change in the diimine; therefore, glycine was chosen to continue the studies [67].



Regarding the in vivo assays, the xenografting of several human cell lines into nu/nu mice models diminished the tumor volume, and even achieved an important increase in the activity towards the control drug Cisplatin. For example, when compared with the IC50 of cisplatin over HCT-15, CasIIIia has greater value, however, the in vivo value for the delay of specific growth as a function of the doses applied, the activity of CasIIIia is more effective than cisplatin [42,68] (Table 2, Figure 4).



The tetramethylated phenanthroline analogues CasVIIIgly [Cu(3,4,7,8tm-phen)(gly)]NO3 and CasIIIJa, [Cu(3,4,7,8tm-phen)(acac)]NO3 were tested in an in vivo assay; when the HCT-15 (human colon adenocarcinoma) cell line was xenografted onto nu/nu mice, the acac analogue was more active than the IIgly one, which coheres with the prediction from the QSAR study. Then, the secondary ligand plays an important role in distribution in vivo. It is because of the above that there is a balance between two pharmacological properties—the tumor response of the drug and the access to the tumor—and this gives Casiopeínas its effect as a potent antitumor drug.



A lower cytotoxicity against non-cancer cell Lymphocytes, or stem cells, has been reported, and shows the safety of these compounds compared with commercial platinum drugs [69].



Pharmacological interactions between Casiopeínas analogues and Cisplatin were evaluated in HeLa cells (human cervical adenocarcinoma). An isobolographic analysis revealed that one of the combinations increased the antiproliferative activity from 50 to 77% when the cells were exposed to 4.59 and 9.70 µM of CasIIIia and Cisplatin, respectively. The results indicate that those compound analogous to tetraphenanthroline and Cisplatin had a synergistic effect with CasIIIia. The synergistic combinations assessed may be useful in future in vivo analyses with the aim of reducing the toxicity of Casiopeínas containing phenanthroline in their structure [70]. CasIIgly in combination with the 17 first-line antineoplastic drugs used at the National Institute of Cancer of México induces a synergistic response in HeLa cells (human cervical adenocarcinoma). The drugs combined with CasIIgly diminish the viability and proliferation rates at nanomolar doses, without any apparent effect on the normal proliferation of cells [71].




4. Toxicity


Lethal dose response was evaluated in twenty mongrel dogs. CasIIIia and CasIIgly were infused intravenously for 30 min. The reported LD99 was 10 mg/kg (200 mg/m2) for CasIIIia and 8 mg/kg (160 mg/m2) for CasIIgly. The therapeutic safety margin (TSM) and true therapeutic safety margin (TTSM) are observed in Figure 5. The authors recommend doses of 33.3 mg/m2 for CasIIIia and 26.6 mg/m2 for CasIIgly. At DL99, the Casiopeínas caused acute dog death by pulmonary edema after a latency time of 30 to 50 min. Death due to pulmonary edema in dogs was confirmed by histopathological studies. In addition, it was found that the heart did not suffer direct cardiac toxicity; however, transmission electron microscopy studies revealed mitochondrial damage in myocardial cells [72]. CasIIgly and IIIEa were two and seven times more potent as inhibitors, respectively, than CasIIIia on respiratory activity. This security range was considered when proposing CasIIIia for use in clinical trial. Also, the effects of CasIIIia, CasIIgly, and CasIIIEa treatments on cardiac mitochondria-isolated cardiomyocytes were evaluated. It is proposed that phenanthroline, present in the structure of CasIIIEa and CasIIgly, may act as a transporter in the cellular uptake of copper compounds, meaning Casiopeínas provoke a loss of membrane potential, which increases the opening of the mitochondrial permeability transition pore (mPTP), and this could be associated with cardiotoxicity [73,74,75].



Hematoxicity


Hematoxicity assays of Casiopeínas were carried out in Wistar rats, via IV in singular doses. The results show that CasIIIia (3 mg/kg), CasIIgly (5 mg/kg), and CasIIIEa (4 mg/kg) caused hemolytic anemia at 24, 12, and 48 h, respectively. The restoration of hematic parameters was observed after 21 days (CasIIIia) and 15 days (CasIIgly). It seems that the evaluated Casiopeínas produce an early hematological effect with no delayed or permanent toxic effect. For CasIIIia and CasIIgly, hemolytic anemia was presented without any effect on biochemical parameters, but this was not the case for CasIIIEa, wherein alterations were observed in the concentrations of urea, bilirubin, albumin, and total proteins; however, recovery was observed at 96 h after the biochemical parameters were measured, whereat reversible renal damage was shown [76,77].





5. Pharmacokinetics


To determine the half-life (t1/2) and distribution of Casiopeínas in a preclinical in vivo model, pharmacokinetic studies were carried out in species such as rats, dogs, and rabbits. A pharmacokinetic study was performed on CasIIgly in dog blood at two doses (1.5 and 3 mg/kg, n = 2 for each dose) given via intravenous infusion. The results obtained indicate that CasIIgly has a high elimination rate and a wide distribution for both tested doses. The reported half-life in dogs is slightly higher than that reported in male Wistar rats (8 mg/kg, n = 10). The results in dogs and rats suggest that CasIIgly is eliminated in a short time in animals [78]. Regarding CasIIIia, pharmacokinetic studies have been carried out in rats and rabbits. The volume of distribution and the half-life are both greater in rats than in rabbits, and the clearance is slower in rats than in rabbits. In addition, the half-life (3.9 h) and plasma concentration profile suggest that CasIIIia is distributed in several organs, with an apparent half-life of 13.4 µg/mL (administration dose was 4.5 mg/kg) [79].



Isomeric Casiopeínas have been synthesized. In order to study the differences in half-life, pharmacokinetic studies of CasIIILa (1 mg/kg) and CasIIIEa (4 mg/kg) in male Wistar rats (n = 6) were performed. The elimination of CasIIIEa was observed to be slower than that of CasIIILa. This compound had a greater distribution, even in organs with low blood perfusion. The differences found with respect to the elimination and distribution of both isomeric compounds are suggested to be related to the way they interact with cell membranes. When observing the structures of both isomeric compounds, it is possible to see that when the lipophilic character of the substituents increases, a decrease in the distribution and elimination rate of these compounds is also observed [69].



Plasma protein binding studies of CasIIIia have shown that the percentage of binding to plasma proteins is approximately 80% at the concentrations of 12.25 and 50 (μg/mL), which leads to the inference that CasIIIia is found in greater proportions within the blood circulation, which thus acts as a deposit at the concentrations tested. Correia et al. evaluated the binding of CasIIIia, CasIIgly, and CasIIIEa to human serum albumin (HSA). According to their results, the transport of Casiopeínas may occur through HSA, because they form 1:1 adducts within the physiological range of concentrations. The values were determined by circular dichroism, and the fluorescence emission spectra indicate that this binding takes place close to the Trp214 residue [80].



The data obtained from each study indicate that there is great interspecies variation, which is related to body weight and the physiological processes of each species. Therefore, further studies are required in these species in order to allow allometric scaling. Knowing the pharmacokinetic parameters in different animal species will help us in the future when designing dosing intervals, as well as in making an appropriate selection of dose levels for pharmacokinetic studies in future clinical stages.




6. Mechanism of Action


The biological activities of Casiopeínas have been evaluated both in vitro and in vivo, and they have demonstrated antiproliferative, cytotoxic and genotoxic effects, which has led to the clinical evaluation of several members of this family [68,80]. Research has focused on three main derivatives: CasIIgly, CasIIIia and CasIIIEa [53,54]. Various studies have been carried out on Casiopeínas in a wide variety of human and animal models, highlighting the antiproliferative influence in cell cultures of breast cancer [51], cervical cancer [81,82], lung cancer [83], rat C6 glioma [84], medulloblastoma and neuroblastoma [85]. On the other hand, non-tumor cells with accelerated growth, such as 3T3-L1 (healthy mice fibroblasts) treated with CasIIgly and CasIIIEa, presented low toxicity. As Casiopeínas have been shown to induce damage in healthy human peripheral lymphocytes, it is necessary to apply a higher mean inhibitory concentration (IC50) (1 mM) with respect to CHP-212 neuroblastoma tumor cells (31.5 μΜ, 47.5 μΜ and 18.6 μΜ of CasIIgly, CasIIIia, and CasIIIEa, respectively) [53].



These experiments elucidate the tumor selectivity of Casiopeínas, as well as their low toxicity in healthy systems compared to most standard treatments used for different neoplasias.



In vivo, CasIIgly reduced tumor volume, mitosis, and cell proliferation, as well as promoting increased apoptosis in a model of C6 glioma cells xenografted in Wistar rats (doses of 0.4 and 0.8 mg/kg, injected intraperitoneally). The antineoplastic effect of CasIIgly occurred without leukopenia [86] or toxicity in the hepatobiliary or renal system, and furthermore, it did not induce animal mortality [84].



At high concentrations, CasIIIia underwent binding to proteins, specifically to the alpha-acid glycoprotein, thus intervening in binding to red blood cells [87]. On the other hand, the distribution of the whole blood assayed in Wistar rats showed a Cblood/Cplasma ratio > 2 (where C = concentration), which implies the binding of CasIIIia to erythrocytes. All the tests indicate a pattern in the mechanism of action of Casiopeínas based on the overproduction of reactive oxygen species (ROS) and their coupling to DNA, as well as the alteration of energy metabolism, thus promoting the induction of mitochondrial apoptosis [54,81,82,83,84,85].



From the energetic point of view, Casiopeínas can intervene in different levels of cellular respiration. Glycolysis is the main source of ATP in solid tumors, before even oxidative phosphorylation (OxPhos), known as the Warburg effect [88]. The protein responsible for initiating glycolysis is hexokinase (HK) [89], and so selective HK inhibitors such as 3-bromopyruvate (3-BrPyr) are important chemotherapeutic candidates [90,91]. The influence of CasIIgly on glycolysis was determined, whereby the inhibition of HK activity to a degree 1.3 to 21 times greater than that achieved with 3BrPy causes a drop in ATP production [92]. In a study in cardiac cells, it was determined that CasIIgy, CasIIIia, and CasIIIEa induce the loss of mitochondrial membrane potential (Δψm) due to increased ROS. In addition, the inhibition of the opening of the mitochondrial permeability transition pore (mPTP) by cyclosporin-A (CsA) prevents the depolarization of cells when treated with Casiopeínas, thus protecting cells from apoptosis [93], which suggests that the PTPm participates in the mechanism of action of Casiopeínas [73] (Figure 6).



In cancer cells, it has been reported that there is a high oxidative environment, which makes them susceptible to increased ROS [94]. In order to understand the participation of copper in oxidative stress processes, studies have described the oxidation of cysteine-containing peptides in the presence of copper [95]. Particularly, the redox pairs GSSG/GSH and Cystine/Cysteine have very similar oxidation-reduction potentials (−263 and 220 mV vs. NHE), and CasIIIia and CasIIgly show potentials of 62 mV and 90 mV vs. NHE, respectively. Therefore, the oxidation of cysteine and glutathione may be favored by the presence of Casiopeínas [83,96].



Cancer cells can adapt to these oxidant species by increasing concentrations of antioxidants, such as glutathione (GSH). Ref. [97] demonstrated that CasIIgly induced ROS overproduction by catalyzing the Fenton-type reaction and using GSH as an electron source in lung cancer cell lines (H157 and A549), inducing cell cytotoxicity via a rapid drop in GSH levels due to the delay in the cells’ ability to initially control the levels of ROS. The hypothesis suggests that glutathione reacts with CasIIgly, which leads to the reduction of Cu(II) to Cu(I) and the formation of the glutaryl radical (GS•), which can react with another GS• product via the same reaction or via the superoxide (•-O2)-mediated oxidation of GSH, which in turn causes GS• and •-O2 to form oxidized glutathione (GSSG). GSSG is a compound composed of two glutathione molecules linked by a disulfide (S-S) bond. SOD (superoxide dismutase) catalyzes O2 to form H2O2, which in turn reacts with Cu(I) to return to its oxidized Cu(II) state and produces the •OH radical, which initiates mitochondrial DNA damage. This impairment promotes a drop in the expression of complex I proteins from the mitochondrial respiratory chain, causing their uncoupling, which is associated with the formation of O2. The regression to oxidized CasIIgly restarts the GHS oxidation cycle, and consequently the subsequent reactions [83].



On the other hand, bioinformatic analysis has shown that Casiopeínas have the characteristics required to intercalate between A and T bases, which redirects the bases towards the major groove of DNA. Experimental studies of the interaction of the same 21 Casiopeínas with pBR322 plasmid DNA via three different analytical techniques (circular dichroism, UV-Vis, and gel electrophoresis) have shown that, depending on the main diamine and the secondary ligand, Casiopeínas can be classified as intercalators with minor groove interaction, as well as with Ct-DNA/Cas and associated contents of the order of Kb (M−1) 105 [54].



In a complete transcriptome mapping study by Espinal-Enríquez et al. in 2016, it was determined that Casiopeínas block the cell cycle during the transition from the G1 to the S phase. Thus, in cervical cancer (HeLa) and neuroblastoma (CHP-212) cells treated with CasIIgly, the expressions of different apoptotic molecules (at 6 h and 2 h, respectively) were observed. The overexpression of the BAX, CIT-C (cytochrome-C), CAS9 (caspase-9), and CAS3 (caspase-3) genes, and the under-expression of the CAS8 (caspase-8) and BCL2 genes, identified the mitochondrial pathway as the preferred pathway by which Casiopeínas act. In turn, a high concentration of ROS was observed. Apoptosis was potentiated by the interruption of the cell cycle, which increased the expression of BAX, TP53, and P21 genes [82]




7. Metabolomics: CasIIgly and Its Effect on Triple-Negative Breast Cancer (TNBC) Metabolism


Metabolomics is an important tool that measures metabolic biology in response to systemic changes [98]. In cancer research, metabolomics provides information on complex changes in the molecular phenotype during malignant progression, whereby, in addition, the concentration of the metabolites can be associated with cancer state, and thus be used to complement other omics studies (genomic, proteomic, and transcriptomic). Thanks to this, the development of new treatments and patient stratification is possible [99,100,101].



The metabolomic studies that have been undertaken using coordination compounds are very few in number; therefore, they could be considered an emergent area. Until now, metabolomic studies in cancer have focused on Cisplatin, as well as some of its derivatives and coordination compounds, mainly ruthenium and palladium [102,103,104]. However, no reports have been found on this type of study using copper-based coordination compounds—except for the one on Casiopeínas®, wherein a triple-negative breast cancer (TNBC) cell line was used, which is a difficult type of cancer to treat [105].



TNBC represents 12 to 17% of all breast cancer cases, and it is characterized by its aggressiveness, poor prognosis, high incidence, and mortality [6,106]. A particular characteristic of TNBC is the absence of hormone receptors (progesterone and estrogen) and human epidermal growth factor receptor 2 (HER2); consequently, the available treatments are not very effective [6,107], and so it is necessary to explore new pharmacological targets and treatment alternatives for TNBC.



Cancer cell metabolism is of interest for TNBC treatment since it is modified in cancer cells to cover their nutrient and energy demands, thereby ensuring the cell’s survival. Furthermore, this type of metabolic reprogramming is involved in metastatic and carcinogenesis processes [108,109,110].



Cisplatin is a chemotherapeutic commonly used agent many types of cancer, and its effect has been reported against TNBC metabolism when employing the MDA-MB-231 cell line. The principal pathways affected by Cisplatin treatment are phosphatidylcholine, phosphatidylethanolamine, phospholipid biosynthesis, and methionine metabolism [51]; besides this, it reduces the phosphocholine and betaine contents [111]. These processes are important for cancer cell growth and membrane cellular constitution; because MDA-MB-231 cells have a high concentration of lipids, this helps in the development of metastasis [112,113]. However, chemoresistance may occur when using Cisplatin in TNBC treatment, which could limit its use [114,115,116].



On the other hand, CasIIgly has a promising effect on TNBC metabolism, as it affects important biochemical pathways related to cancer cells within short treatment times (20 to 120 min), among which are included the Warburg effect, pyruvate metabolism, gluconeogenesis, glycolysis, the electron transport chain, β-oxidation, and the pentoses pathway [51]; all of these are important metabolic routes in cancer progression because they are related to how cancer cells undergo proliferation, metastasis, invasion and tumor growth [117,118,119,120].



These relevant alterations to the metabolism could cause cancer cells to undergo severe nutrient deprivation and eventually death. Besides this, further metabolomic studies could help us to understand and explore other types of pharmacological activities.




8. Encapsulation


Casiopeína nanoencapsulation has been carried out in colloidal systems (Figure 7). The aim is to increase the concentration in the blood of the drug, and reduce its inherent toxicity, as it is a compound used for cancer treatment [121,122]. It has been used in the encapsulation of CasIIIia within chitosan nanoparticles and niosomes formulations. Miranda in 2012 reported the encapsulation of CasIIIia in chitosan nanoparticles; the results show that the administration of CasIIIia within chitosan nanoparticles increased the survival time of CB6F1/Hsd mice transplanted with B16 melanoma tumor sixfold with respect to the administration of CasIIIia alone. Also, the CasIIIia within nanoparticles inhibited tumor growth more extensively than the free drug [123]. Niosome containing CasIIIia was formed using a Quality by Design tool [124] to ensure the prediction and optimization of a repeatable and reproducible formulation [125]. It was observed that encapsulated CasIIIia showed lower toxicity in female BALB/c mice with cells 4t1 (metastatic breast cancer model), compared with cis-Pt and nonencapsulated CasIIIia. When the weight of mice was evaluated at the end of the treatment, it was observed that only the groups treated with niosome with CasIIIia and niosome without CasIIIia recovered their initial weights [126].



A third-generation compound of Casiopeínas, with the Indomethacin ligand, was synthesized and nanoencapsulated in chitosan–polyacrylamide nanogel nanoparticles. The nanogels were pH-dependent, and subjected to changes in structure, which opens up opportunities for pH-dependent chitosan nanogels to be used to encapsulate metal-based drugs [50]. In addition, a cytotoxic copper–phen aquaporin, inspired by Casiopeína, was synthesized and encapsulated in liposomes. In in vivo studies, male BALB/c mice showed nontoxicity after the parenteral administration of Cuphen liposomes in melanoma models [127] with Hag90. These preclinical in vivo studies show that the toxicity of copper-based compounds is reduced when encapsulated.



Also, a Cu(II) complex containing a b-diketone and phenanthroline has been synthesized, and the nanoparticles of this complex were prepared and evaluated in for their effects on the proliferation of MKN-45 cells. Cell proliferation was inhibited by all compounds and nanocompounds in a dose-dependent manner, but non-nanoparticle compounds were more active [128].



Although there are limited reports regarding encapsulated copper compounds, researchers have successfully synthesized nanoparticles employing copper as a carrier to augment the activity of these compounds [129]. Furthermore, poly(amidoamine) dendrimers complexed with copper(II) have been synthesized for use in radiotherapy and the treatment of metastatic cancer [130]. Copper chelates have also been formed with compounds possessing antitumor properties, such as disulfiram [131]. In addition, copper complexes with doxorubicin have been encapsulated within liposome [132]. A comprehensive review of metallodrugs used in the realm of cancer nanomedicine was conducted by Peña and collaborators [133]




9. Casiopeínas-like Compounds


Some reviews dedicated to copper(II) anticancer drugs have been published [43], including works related mono-, bis- and tris-chelates, and mainly mixed and non-mixed chelate compounds. Four years later, Santini et al. presented a number of mononuclear and binuclear Cu(II) and Cu(I) systems, describing their structures and later their mechanisms of action. In all cases, the induction of apoptosis was enabled by ROS production and DNA interaction. An interesting table is shown in Santini’s review, which shows the exponential increase in the number of publications each year from 2000 (20) to 2012 (150). From 2014 to 2023, the number of publications increased exponentially; our search before that, from 1986 to 1999, found only 31 publications and four patents [134] (Figure 8).



The principal characteristics of Casiopeina-like compounds include the presence of copper-containing diimines, such as 1,10-phenanthroline (phen) and 2,2-bipyridine (bipy), and eventually their substituted analogues, as well as the presence of secondary ligands to the ternary compounds, also called mixed chelate compounds. As precursors, we can mention the bischelate–phen complexes, which have shown nuclease activity; the strength of this property varies depending on the position and number of methyl substituents, such as Cu(II) or Cu(I) compounds [135,136]. Another approach to developing active metallodrugs is the use of bischelate non-diamine complexes, homoleptic biscurcuminates compounds synthesized with the purpose of improve the solubility of the ligands [137,138,139,140]. Similar examples of bis O–O chelates that are sterically bulky have been studied [141]. Homoleptic compounds are, in general, less active than ternary compounds. Also, some bis-functionalized phenanthroline complexes with carboxylic ligands have been prepared [Cu(RCOO)(1,10-phen)2]+; their in vitro antiproliferative, antifungal, and antibacterial activities have been determined, as have their nuclease activity and albumin interaction [141]. Some bischelates, such as copper(II) square pyramide(sp) compounds with a cationic 2+ charge, [Cu(dmp)2(CH3CN)](ClO4)2, [Cu(phen)2(CH3CN)](ClO4)2, and tetrahedral copper(I) [Cu(dmp)2](ClO4)(th) where dmp = 2,9-dimethyl,1,10-phenantholine, have been studied. Their antiproliferative activities have been determined, and EPR studies have shown the redox process. The relevant conclusion here concerns the distortion of the square planar into a tetrahedral form and its relationship with the ability to modify the redox potential of copper [103].



In the present review, we are focusing on some articles concerning “Casiopeínas-like” that convey an innovative approach. Casiopeínas-like compounds contain Cu and either phen or bipy ligands, and the modification comes in the secondary ligand [66,142,143,144]. Some homoleptic compounds have been synthesized containing terpyridine derivatives such as [Cu(bitpy)2](ClO4)2, and heteroleptic ones such as [Cu(bitpy)(phen)](NO3)2. For the second one, MTT assays revealed a significant oxidant challenge to both NIH3T3 and MG63 cells, which was observed upon treatment with a heteroleptic complex, even at a concentration as low as 5 mM. In support of the previously reported binding of DNA, we have found the following [43]: mixed chelates are more active than bis-chelates. A paper by I Correia et al. presents mixed chelate compounds containing phen and bipy, and tridented salgly or salala anions as the secondary ligand, giving five copper(II) complexes: [Cu(sal-Gly)(bipy)] (1), [Cu(sal-Gly)(phen)] (2), [Cu(sal-L-Ala)(phen)] (3), [Cu(sal-DAla)(phen)] (4), and [Cu(sal-L-Phe)(phen)] (5). MTT assays have been performed on four tumor lines, and DNA binding has been assessed by circular dichroism, as presented in [145]. Kordestani et al. reported a series of Cu(diimine)(X-sal)(NO3) complexes, wherein the diimine is either 2,2′-bipyridine (bpy) or 1,10-phenanthroline (phen), and X-sal is a monoanionic halogenated salicylaldehyde (X = Cl, Br, I, or H). Their viability and antiproliferative activity were tested in vitro [146]. Several homoleptic bis-chelates have been reported with the following ligands: 2-(2-aminophenyl)-1H-benzimidazole (bm); N,N′-bis(salicylidene)ethylenediamine (salenH2); 2-(aminomethyl)pyridine (amp); 4-nitrobenzene-1,2-diamine(nbda), with chloride as the counterion [147]. Tetrahedral neutral copper(I) complexes with 2,9-dmethyl,1,10-phenanthroline = dpm) [Cu(I)(dmp)(MPOH)] and [Cu(I)(dmp)(MPSG)] (MPOH = P(p-OCH3-Ph)2CH2OH and MPSG = P(p-OCH3-Ph)2CH2SarGly)) were prepared and characterized, and have shown cytotoxicity in cancer cell lines. The copper(I) complexes studied by fluorescence spectroscopy and cyclic voltamperometry have been proven to be able to generate reactive oxygen species as a result of redox processes [148]. Other examples containing 2,9dmphen and tridentated dipeptides, with the general formula [Cu(L-dipeptide)(neo)], and crystalline structures of [Cu(glyval)(neo)]·3H2O, [Cu(gly-leu)(neo)]·H2O, [Cu(ala-gly)(neo)]·4H2O, [Cu(val-phe)(neo)]·4.5H2O and [Cu(phephe)(neo)]·3H2O, were determined by single-crystal X-ray diffraction, and their cytotoxicity was tested in several cancer cells (lung and breast) [149]. Bimetallic complexes have been developed with the formula [Cu(N,N′)(AA)]2•(V4O12), where (N,N′) = 1,10-phenanthroline and 2,2′-bipyridine and (AA) = lysine and ornithine, and have shown innovative dodecavanadate counteranions with cytotoxic activity [150]. Compounds with diimines and monodentated ligands have been reported, such as [Cu(N–N))L2], [Cu(N–N)2L], [Cu(N–N))L2] and [Cu2(N–N)2)L4], where L = −4,5-dichloroisothiazole-3-carboxylic acid; they have shown antiproliferative effects, and the enzymes’ cytochrome P450 dependence was studied [55].



The use of an active drug as a ligand, as in the third generation of Casiopeinas [50], has been reported, with the O–O donor plumbagin as a copper bis-chelate or mixed chelates with bipy. Both were tested in a series of cancer cells in vitro [151]. Other examples with O–O donors include mononuclear copper (II)ternary compounds with phen and 2Rsalal or diphosphate [152]. Indolacetate and phen compounds present nuclease activity [153,154].



Tridentated taurine Shiff bases and ONO donors with phen show octahedral geometries with a coordinated water molecule [155].



A review from 2015 has compiled the targets discovered for copper compounds related to their promising anticancer activities and lower toxicity in healthy cells, which are enhanced in the presence of copper [156].



A very recent review of copper’s anticancer activity and its main targets concluded that the most relevant pathway is cancer cell death, such as via DNA oxidative cleavage, DNA intercalation, topoisomerase inhibition and proteasome inhibition [157].




10. Casiopeínas and Other Activities


The bacterial and so-called tropical neglected diseases (TND) are a cause of death in children and the adult population mainly in developing countries. Some results derived for Casiopeínas have been derived through assays using some of these bacteria or parasites. The antibacterial Inhibitory Fraction Index (IFI) values of CasIIIia, CasIIIEa and CasIIgly, combined with INH, RIF, and EMB using a bidimensional checkerboard against susceptible and resistant clinical isolates of M. tuberculosis and M. tuberculosis H37Rv, have reported CasIIIEa/EMB as having a better synergic effect [158]. The cytotoxic effects of eight Cu (II) Casiopeínas against Giardia lamblia trophozoites, human peripheral blood lymphocytes (HPBL), and human peripheral blood macrophages (HPBM) were assessed, and their associated selectivity indexes were determined. The more active casiopeínas, with IC50 values of 36 µM, were the more lipophilic compounds—CasIgly [Cu(diphenyl,1-10-phen)(gly)]NO3 and CasIIIHa [Cu(tm1,10-phen)(acac)]NO3. TEM images showing the morphological changes in G. intestinalis trophozoites caused by 24 h of exposure to the IC50 doses evaluated compounds (Metronizadole, CasIgly, CasIIIia) compared with those without tratment [147].



Another protozoan parasite was evaluated using three Casiopeínas, and the IC50 (μM) values were determined for CasIIgly (3.9 ± 1.5), CaIIIEa (11.3 ± 3.8) and CasIIIia (6.9 ± 3.9). The compounds showed activity against Trypanosoma cruzi (T. cruzi epimastigotes (Dm28c strain)), an etiologic agent of the Chagas disease. The tested complexes showed in vitro anti-T. cruzi activity similar to that of the anti-trypanosomal reference drug Nifurtimox [159].



Halide derivatives [Cu(bipy)(acac)X] and [Cu(bipy)(acac)(H2O)] X were derived, where X = Cl and X = Br, and the microbial activities were inferred [66].



Regarding the COVID-19 pandemic, the interaction between the active site of the SARS-CoV2 protein and Mpro was studied by docking using a DFT calculation and several casiopeínas. The study gave interesting results. The bond energies and bond constants of Casiopeínas/Mpro compared with Remdesivir show that mainly Casiopeínas from the first, second and third generations are the most promising for the treatment of this disease [56].



The several activities presented for these compounds can be explained by the different targets of activation, depending on their versatile ternary conformation and the variations on the descriptor, as derived from their behavior. This statement is supported by a recent review, wherein a mechanism of action approach is presented for mixed Cu(II) phenanthroline-based complexes, using a large number of secondary ligands as mono- or di-nuclear compounds. The authors summarized the overall targets derived from the mechanisms of action studied; those targets are (a) the nucleus (DNA, chromatine, nucleolar functions); (b) the mitochondria; (c) the rough endoplasmic reticulum and the (d) peroxisomas (ROS metabolism) [160].




11. Conclusions


The study of metallodrugs used in cancer therapy has been mainly focused on Cisplatin and its analogs; unfortunately, their secondary effects remain a problem. The search for more selective and less toxic molecules using bio-essential metals was the main goal of this review, aiming at enhancing the properties of copper compounds for pioneering Casiopeínas families and Casiopeínas-like compounds. We have presented a timeline of this development, showing the properties observed in chemical and preclinical models. As a result, we can conclude that copper metal drugs are safe, selective towards cancer cells, and produce low toxicity. Thus, they can be proposed as potent antineoplastic drugs that can be used in antineoplastic therapy. Furthermore, these compounds present a multiple-target mechanism of action, as evidenced by metabolomics and genomic studies; moreover, some of their other activities have been investigated, such as antibacterial, antivirus, and antiparasitic. From these findings, it is possible to infer that in the future, other activities can be investigated.
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Figure 1. Circle of the five generations of Casiopeínas. The structures of the chelate–copper mixes comprise a primary ligand (substituted aromatic diamine) and a secondary ligand. Each generation is defined by the chemical characteristics of the secondary ligand. The first generation contains anionic ligands (e.g., amino acids, peptides, acetylacetonate and substituted salicylaldehydes); the second generation comprises neutral ligands (e.g., 2-aminomethyl benzimidazole, ethylendiamine and 4,5-dimethyl-o-phenanthroline); the third generation includes ligands with biological activity (e.g., indomethacin and Curcumine and its derivatives); the fourth generations includes Schiff’s base ligands and the fifth generation involves the hydrogenation of the Schiff’s base ligands (Adapted from Casiopeínas papers published until now). 
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Figure 3. Plot of predicted vs. observed activity on SiHa (human cervical adenocarcinoma) cells, showing that the cytotoxicity of Casiopeínas may be successfully described by QSARs constructed with experimental values: IN–N, E1/2 and LogD (adapted from data from [42]). 
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Figure 4. (A) Specific delay in growing under several treatment schemes of HCT-15 (human colon cancer) in a nu/nu model. (B) Left mouse treated with CasIII-ia 6 mg/kg (every 4 days for 6 ip doses), right mouse is the control mouse (adapted from data from [68]). 
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Figure 5. Therapeutic safety margin of Casiopeínas in mongrel dog study (adapted from data from [72]). 






Figure 5. Therapeutic safety margin of Casiopeínas in mongrel dog study (adapted from data from [72]).



[image: Inorganics 11 00394 g005]







[image: Inorganics 11 00394 g006] 





Figure 6. Joint theory on the mechanism of action of Casiopeínas. Casiopeína–Cu2+ (Cas-Cu(II)), Casiopeína–Cu1+ (Cas-Cu(I)), hydroxyl radical (•OH), hexokinase (HK), voltage-gated anion channel (VDAC), adenine nucleotide translocator (ANT), cyclophilin D (CyD), glutathione (GS), superoxide dismutase (SOD), reactive oxygen species (ROS) cytochrome c (Cyt c), apoptosis protease-activating factor-1 (Apaf-1), caspase-9 (cas-9) and caspase-3 (cas-3) (adapted from data from [53,54,73,82,83,92]). 
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Figure 7. Copper-based drug encapsulation (adapted from data from [50,123,126]). 
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Figure 8. (A) Timeline of Casiopeínas development and (B) number of articles in Web of Science on the topic “copper and anticancer” from 1986 to 2023. 
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Table 1. Common name of some Casiopeínas of the first generation and Cisplatin.
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	Common Name
	Formula
	Short Common Name





	Casiopeína I gly
	[Cu(4,7-diphenyl-1,10-phenanthroline)(glycinate)]NO3
	CasIgly



	Casiopeína II gly
	[Cu(4,7-dimethyl-1,10-phenanthroline)(glycinate)]NO3
	CasIIgly



	Casiopeína III ia
	[Cu(4,4′ Dimethyl 2,2′ dipyridyl)(acac)]NO3
	CasIIIia



	Casiopeína III Ja
	[Cu(3,4,7,8-Tetramethyl-1,10-phenanthroline)(acac)]NO3
	CasIIIJa



	Casiopeína III Ea
	[Cu(4,7-dimethyl-1,10-phenanthroline)(acac)]NO3
	CasIIIEa



	Casiopeína III La
	[Cu(5,6-dimethyl-1,10-phenanthroline)(acac)]NO3
	CasIIILa



	Casiopeína IV gly
	[Cu(4,4′ Dimethyl 2,2′ dipyridyl)(glycinate)]NO3
	CasIVgly



	Casiopeína VIII gly
	[Cu(3,4,7,8-Tetramethyl-1,10-phenanthroline)(glycinate)]NO3
	CasVIIIgly



	Cisplatin
	cis-[Pt(NH3)2Cl2]
	CDDP










 





Table 2. In vitro and in vivo metallodrugs’ activities.
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	Compound
	In Vitro IC50 (µM) HCT-15
	In Vivo Specific 