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In this review we compare and discuss results of compounds already reported as anticancer agents based on isatin-derivatives, metalated as well as non-metallated. Isatin compounds can be obtained from plants, marine animals, and is also found in human fluids as a metabolite of amino acids. Its derivatives include imines, hydrazones, thiosemicarbazones, among others, already focused on numerous anticancer studies. Some of them have entered in pre-clinical and clinical tests as antiangiogenic compounds or inhibitors of crucial proteins. As free ligands or coordinated to metal ions, such isatin derivatives showed promising antiproliferative properties against different cancer cells, targeting different biomolecules or organelles. Binding to metal ions usually improves its biological properties, indicating a modulation by the metal and by the ligand in a synergistic process. They also reveal diverse mechanisms of action, being able of binding DNA, generating reactive species that cause oxidative damage, and inhibiting selected proteins. Strategies used to improve the efficiency and selectivity of these compounds comprise structural modification of the ligands, metalation with different ions, syntheses of mononuclear and dinuclear species, and use of inserted or anchored compounds in selected drug delivery systems.
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INTRODUCTION AND SCOPE OF THIS WORK
Isatin (1H-indol-2,3-dione) is a natural alkaloid extracted as a red-orange powder from plants of the Isatis genus (Figure 1), found around the world in Isatis tinctoria (Europe and China) (Zhou and Qu, 2011), Couroupita guianensis Aubl (Central America and Amazon region) (Bergman et al., 1985), Melochia tomentosa (United States, Mexico) and Boronia koniamboensis (New Caledonia) species (Da Silva et al., 2001; Bayly et al., 2015). Those plants contain indolic compounds that have shown medicinal properties, being already used as anti-inflammatory, and antineoplastic agents. Isatin is also found in secretions of the Bufo frog (Europe, North Africa, and Asia), and in the Australian mollusc Dicathais orbita (Esmaeelian et al., 2014). Additionally, it is an endogenous compound in humans, being detected as a metabolite of tryptophan or epinephrine, and largely disseminated in the central nervous system (CNS) (Kerzarea and Khedekar, 2016).
[image: Figure 1]FIGURE 1 | A vibrant dark red flower of Couroupita guianensis (Abricó-de-macaco) tree, photographed at the Rio de Janeiro Botanical Garden (Pacheco de Oliveira, 2011).
As a versatile molecule, isatin is the precursor of a huge number of derivatives, containing the oxindole moiety and presenting a wide range of biological and pharmacological properties. Numerous reviews on its synthesis (Silva, 2013; Vine et al., 2013) and possible applications have been reported in the literature (Pandeya et al., 2005; Varun et al., 2019; Nath et al., 2020). Isatin-derivatives have been developed as anticonvulsant (Cheke et al., 2018; Saini et al., 2016; Shridar et al., 2002), anti-stress and anxiogenic, (Medvedev et al., 2005), antiviral (Zhang et al., 2015), antimicrobial (Bharathi Dileepan et al., 2018) antitubercular (Vintonyak et al., 2010; Xu et al., 2017), antimalarial (Raj et al., 2014), antifungal (Rodríguez-Argüelles et al., 2009), antibacterial (Guo, 2019) and particularly as antitumor agents (Harris, 2007), among a wide range of activities, with a peculiar comprehensive∼diversity in their structures. Some derivatives were designed and already tested in clinical trials against cancer, and a few others have been approved as anticancer drugs (Izzedine et al., 2007; Prakash et al., 2012). Others were reported more recently as possibly active in metabolic diseases (diabetes) (Rahim et al., 2015) and as inhibitors of cholinesterase and β-amyloid aggregation (Marques et al., 2020).
Herein, we intend to report a broad spectrum of biological and medicinal properties of isatin-based compounds, with emphasis in their anticancer activities. Many isatin derivatives have been synthesized on the purpose of achieving effective and selective medicinal agents, with different substituents at any site of its core structure. A diversity of substituents at N1, C3 and any C in the benzene ring provided a modulation in their properties, and positions at C3 (substituents A) and C5, C6 or C7 (substituents D) in the aromatic ring seems to be the most encouraging ones (see Figure 2).
[image: Figure 2]FIGURE 2 | A structure-reactivity scheme of isatin-derivatives, identifying the substituents that favor specific activities (based on Vine et al., 2013).
Therefore, imines, hydrazones, thiosemicarbazones, oximes, spiro-oxindoles, among other compounds were prepared, characterized, and had their biological properties evaluated along the last decades. Many reviews have been published, exploring different aspects of the chemistry of such group of compounds, especially those related to pharmacological and medicinal aspects. Nevertheless, the field remains extensively explored, with many advances achieved in recent years.
A recent search on SciFinder, performed by us in September 2020, pointed to more than ten thousand articles and reviews published since 1951 containing the keyword “isatin”. The pie chart shown in Figure 3A shows the entries found by combining “isatin” with “type of biological application.” (example: anticoagulant, or biosensor). The bar chart (Figure 3B) highlights the main types of cancer studied, using the keywords “isatin,” “anticancer” and “type of cancer” (example: lung, or breast). In Figure 3B, 9% of all the publications dealing with anticancer investigations explore kinases as an important target for this class of compounds.
[image: Figure 3]FIGURE 3 | (A) Distribution of biological applications of isatin-derivatives reported in the literature (using keywords: isatin-type of biological application). (B) Further details on the Anticancer group shown in (A), highlighting the types of cancer targeted by isatin-derivatives, in percentage (keywords: isatin-cancer-type of cancer). All publication data was obtained from SciFinder, covering the period from 1951 until September 2020.
Despite the predominance of biological applications, other areas also deserved high interest, as catalysis, dye compounds, nanocomposites, polymers, sensor (not considered in this work). The wide range of applications of isatin derivatives is certainly related to its underlying versatility that allows the construction of diverse structures suitable for a specific reactivity or a chemical property of interest.
Among the biological investigations, anticancer and antimicrobial compounds were the most extensively explored. However, the range of beneficial properties described for this class of compounds also includes antiviral, anti-inflammatory, and antioxidant as the major applications. Breast (21%), lung (17%) and leukemia (14%) tumor cells are the most studied since they correspond to the more recurrent types of cancer according to the World Health Organization (WHO).
Based on this search, we discuss herein some of the studies developed exploring mostly the possible modes of action of isatin-derivatives toward cancer, and some strategies used in the literature and in our laboratory to improve their antitumoral properties.
OXINDOLES AS A CLASS OF COMPOUNDS OF PHARMACOLOGICAL INTEREST
Isatin has emerged as a promising scaffold for the design and development of new medicinal agents. However, oxindoles as a class of compounds containing a bicyclic core structure with a benzene ring fused to a pyrrole ring and having a carbonyl group at second position, are natural products ubiquitously found in plants, bacteria, invertebrates, and mammals. Further, naturally occurring oxindole alkaloids inspired a plethora of new synthesized derivatives motivated by their pharmacological activities (Kaur et al., 2016; Marchese et al., 2020). Particularly, 2-oxindole which are spiro-fused to other cyclic frameworks (Singh and Desta, 2012) merited a large interest of researchers because of their occurrence in varied natural products and high diversity of bioactivity, especially as antiviral agents (Ye et al., 2016). Also, they constitute a challenge for synthetic organic chemists, demanding specific strategies and asymmetric methods to achieve peculiar structures (Rios, 2012). In Section Isatin-Derivatives as Anticancer Agents, some relevant examples of oxindole structures are discussed. Additionally, introduction of imine, amine, hydrazone or thiosemicarbazone moieties at A position (see Figure 2) leads to metal binding sites, providing additional possibilities of structural changes.
This class of compounds exhibit in solution a characteristic tautomeric equilibrium, as exemplified for isatin (Figure 4), which is dependent on the temperature and polarity of the solvent. For the synthesis of derivatives, these factors, in addition to the control of pH, can be explored to obtain preferentially one of these tautomers.
[image: Figure 4]FIGURE 4 | Tautomeric equilibrium for free isatin.
The incorporation of good coordinating groups around the isatin ring allowed the metal complex formation of such molecules, which led to very stable transition metal complexes, also obtained as keto- as well as enol-species. Consequently cationic, or neutral metal complexes species were designed and prepared, and had its properties evaluated in comparison to the corresponding free ligand compounds.
STRATEGIES TO IMPROVE EFFICIENCY OR SELECTIVITY OF ISATIN-DERIVATIVES
Structural Changes
Usually, structural changes in organic compounds with the insertion of electron accepting or electron donating substituents, more lipophilic or hydrophilic groups, delocalization of electron density, can improve its properties for selected purposes. According to our search, a diversity of coordinating groups was introduced in the oxindole core, at different points of it, modulating the reactivity of isatin-derivatives as antiproliferative agents. Particularly, N donor groups (imines, amines, hydrazines, hydrazones, oximes, thiosemicarbazones) inserted in the isatin ring core were valuable and endorsed further studies, as discussed in Section Isatin-Derivatives as Anticancer Agents.
Recently, hybridization of isatin with other anticancer pharmacophores as imines, azoles, quinolines, quinazolines, sulfonamides, coumarins, was reviewed, as another approach of providing attractive scaffolds for new anticancer agents, more efficient and less toxic (Ding et al., 2020).
Also, the use of prodrugs at the aim of reducing side effects of therapeutics has been recently reported (Karnthaler-Benbakka et al., 2019). A conjugate of a cleavable dipeptide with an approved drug, Sunitinib, showed slightly reduced antiproliferative results against different tumors cells. However, the hydrolytic lability of the prodrug was pointed out as a shortcoming.
Metal Complex Formation
Another common approach to get better activity of organic compounds is to bind them to metal ions, introducing charges, providing a more rigid conformation around the metal centre, and therefore influencing their interactions with biomolecules. On the other hand, an adequate ligand can improve the metal uptake by cells and organelles, in a synergistic process that facilitates interactions and possible damage to biomolecules. Further, ligands can remarkably modify the reduction potential of metals, with consequent enhancement or inhibition of their activity. In this way, modification of ligand structural features, with the introduction of additional coordinating groups in appropriate sites of the molecule can be extremely helpful. Design of bi-, tri- or polydentate ligands, depending on the chosen metal ion and corresponding biological target, can be crucial to achieve more efficient and selective compounds. A substantial number of metal complexes containing isatin-based ligands has been described as antitumor compounds, especially manganese(II), cobalt(II), nickel(II), and copper(II) complexes, with different coordination geometries and reactivities, that are discussed in Section Anticancer Metal Complexes with Isatin-Containing Ligands.
Drug Delivery Systems
Additionally, another useful strategy to improve the biological activity of these derivatives is to combine the most active compounds with suitable drug delivery systems that can protect them from off-site metabolic degradation. These systems can act as carriers of the compounds into the cell, and to selected organelles, acting as adjuvant in antiproliferative processes, in reactive intermediates generation in situ, and enhancement of selectivity. Besides, the matrices also provide a modified delivery of the drugs in fluids or inside the cells, helping to maintain an adequate concentration of the active compounds along the time.
Free isatin-derivatives, especially those already approved as antitumor drug, and few metal complexes of isatin-containing ligands have been combined with drug delivery systems for antitumoral applications. These systems introduced higher reactivity and/or selectivity, in addition to a better control of its delivery, as discussed in Section Carriers for Modified Delivery of Isatin-Derivatives.
ISATIN-DERIVATIVES AS ANTICANCER AGENTS
Among the many pharmacological or medicinal uses of isatin and isatin-derivatives, their antiproliferative and antitumor properties deserve special attention. The facility in derivatizing the isatin ring in different points (see Figure 2), inserting a variety of functions including coordinating groups lead to a huge number of studies with prevalence of anticancer investigations, as shown in Figure 3. Consequently, some isatin-derivatives entered in clinical tests (in different phases) and a few ones became approved anticancer drugs (see discussion and references cited in Section Hydrazines and Hydrazones).
Diversity of New Organic Isatin-Derivatives Investigated
Isatin and correlated compounds have been described in the literature since the 50’ and 60.’ Nevertheless, in the last two decades an increased interest was observed probably motivated by their possible applications in different areas. Diverse compounds containing the oxindole moiety have been investigated by pharmaceutical industries or research groups, being the most cited imines, hydrazones, oximes, thiosemicarbazones, spiro-compounds, as discussed below in Sections Imines to Miscellaneous Functionalization. Those studies comprehended natural compounds, from plants and animals, as well as synthetic compounds, and strongly promoted a developing knowledge of the chemistry and the biology of this kind of compounds.
Imines
Imines, as an ubiquitous moiety in biological medium and a versatile pharmacophore already tested, have been extensively investigated as antitumor compounds, especially di-imines or Schiff bases (Kajal et al., 2013; Tadele and Tsega, 2019). Aromatic imines usually interact with DNA by π stacking between base pairs, causing severe disturbance in the helixes, and inducing apoptosis.
Imines containing the isatin scaffold were less investigated as metal-free ligands than the corresponding metal complexes (see also Section Anticancer Metal Complexes with Isatin-Containing Ligands) (Cerchiaro and Ferreira, 2006; Tadele and Tsega, 2019). However, many investigations indicated also good properties of the non-metallated compounds against proliferation of tumor cells (Vine et al., 2013; Varun et al, 2019).
A recent study reported one-pot, multicomponent syntheses of a series of isatin-based imidazole compounds, active toward inflammation and cancer (Kumar et al., 2020). These compounds were able to inhibit in vitro the enzymes cyclooxygenase-2 (COX-2), an enzyme responsible for inflammation, and phosphoinositide-3 kinase (PI3K), a crucial enzyme in breast cancer. Experimental data were supported by molecular docking and structure-activity relationship (SAR), that helped to screen the most effective imidazole derivatives.
Isatin-based hybrids incorporating different anticancer pharmacophores, as coumarin, quinoline, quinazoline, azole, and imines have been reviewed recently (Ding et al., 2020). Imine fragments are usually inserted at point A in the isatin ring (see Figure 2), providing a good site for coordination of metal ions, and exhibiting antiproliferative activity against different cancer cells (HepG2, HCT-116, CACO, and MCF-7), with IC50 values in the range <10–100 µM comparable or better than 5-fluorouracil, but not superior to that of doxorubicin (IC50 = 4.56–8.29 μM). The introduction of benzyl group into N-1 position of isatin moiety seems to lead to more active derivatives, as attested by SAR studies (Farooq et al., 2018). Also, incorporation of halogen atoms into C-5, C-6 or C-7 position of isatin core probably improve its activity. Brominated isatin- or indirubin-derivatives extracted from marine organisms, as molluscs and gastropods, have been investigated, exhibiting good activity against tumor cells (Esmaeelian et al., 2014). Some of them were verified to be inhibitors of kinases, particularly cyclin dependent kinase CDK2, a key target for this kind of compounds (Choi et al., 2010).
In another study, it has been demonstrated that oxindolimines can stabilize the tumor suppressor gene p53, in human bone osteosarcoma epithelial U2OS-pLV cell line (Davidovich et al., 2015).
Multiple compounds can be defined as imine derivatives, containing multiple functional groups. Among them, hydrazones and thiosemicarbazones containing the C=N bond conjugated to different groups, which gives each them intrinsic and varied properties (Yousef et al., 2020).
Hydrazines and Hydrazones
Hydrazines and hydrazones play an important role in chemical and biological environment due to their structural versatility and reactivity. They have been also used as synthetic intermediates to produce a wide number of molecular hybrids, not only applied as potential pharmaceuticals, but also as industrial agents (Scott et al., 2010; Elder et al., 2011).
A set of hybrids of isatin with hydrazines and hydrazones moieties have been extensively described in the literature, comprehending natural products (Le Goff and Ouazzani, 2014) and synthetic derivatives (El-Faham et al., 2015) due to their biological and, especially, their anticancer properties. These studies include different derivatives, as coumarins (Nasr et al., 2014), triazines (Hamama et al., 2018), pyrazole-based heterocycles (Ismail and El-sayed, 2019), exhibiting good activity versus diverse tumor cells (colon, leukemia, breast, kidney). Some of these hydrazine- and hydrazone derivatives of isatin are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Some examples of isatin hydrazines or isatin thiosemicarbazones reported as antitumor agents.
Particularly, hydrazine moieties were used as a linker to provide the construction of bis-isatin compounds with wide structural variety, and biological activities (Ibrahim et al., 2016). In an interesting study, a series of symmetrical bis-Schiff base derivatives were obtained by condensation of isatins, natural or synthetic, with hydrazine (Liang et al., 2014) (I, Figure 5). Evaluation of their in vitro antitumor activities indicated significant results, against various cancer cell lines (A549, lung adenocarcinoma epithelial cell; Hela, epithelial carcinoma cell; HepG2, liver hepatocellular cell; U251, glioma cell; SGC-7901, human gastric carcinoma cells). For the most active compound (3,3′-(hydrazine-1,2-diylidene)bis(5-methylindolin-2-one), IC50 values in the range 4–13 µM were determined, and further in vivo studies indicated a substantial inhibition of tumor growth in mice.
Several isatin-hydrazine hybrid structures presented good antitumor activities against cancer cell lines such as breast, lung and leukemia (Abdel-Aziz et al., 2012; Azizian et al., 2012; Dweedar et al., 2014; Eldehna et al., 2015; Prakash et al., 2018). Derivatives of [(3-indolylmethylene)hydrazono]indolin-2-one (II, Figure 5), for example, were tested against breast cell lines (MCF-7, MDA-MB-231). They induce a G2/M arrest and activate the caspase 3 and caspase 9 pathways in response to the production of reactive oxygen species (ROS). They also suppress the expression of the anti-apoptotic protein Bcl-2 and increase the expression of the pro-apoptotic protein BAX (Fares et al., 2015; Eldehna et al., 2017; Eldehna et al., 2018).
Isatin-hydrazones (Lawrence et al., 2008; Scott et al., 2010; Nicholas et al., 2015) were evaluated comparatively to the analogue oxindole NSC 117199, known inhibitor of the protein tyrosine phosphatase Shp2 (IC50 = 47 μM). These molecules, including compound III in Figure 5 have shown to be promising inhibitors of Shp2 and Shp1 (IC50 = 0.8 μM against Shp2).
Some isatin-quinazoline hydrazones derivatives and analogues (IV, Figure 5) were also tested comparatively to CFM-1, (Z)-5(5-bromo-7-methyl-2-oxoindolin-3-ylidene)-2-thioxothiazolidin4-one, known as CARP-1 Functional Mimetic (CFMs) and perinuclear phosphoprotein, CARP-1/CCAR1 inhibitor (Puliyappadamba et al., 2011). These compounds display good inhibition activity against several types of cancer cell lines (Alafeefy et al., 2015).
Isatin-triazole hydrazones (V, Figure 5), were also described as anticancer agents as well as potent inhibitors of Microtubule affinity-regulating kinase 4 (MARK4), known to induce proliferation and migration of cells in breast cancer, also associated with hepatocellular cancer (Naz et al., 2013). In both cases, apoptotic process is induced by the generation of ROS (Aneja et al., 2019).
These compounds were also tested in the inhibition of selected proteins and enzymes implicated in cancer. The ability of hydrazino-isatin-based benzenesulfonamides in the inhibition of cyclin-dependent kinase 2 (CDK2) were previously reported, exhibiting antiproliferative activity against different cancer cell lines HT29, MDAMB468, RKO and SW620. These studies were supported by molecular modeling and crystallography that helped to understand the interaction between the tested compounds and the CDK2 protein (Bramson et al., 2001). Recently, these compounds were also reported as inhibitors of human carbonic anhydrase isoenzyme IX (hCA IX), exhibiting a better activity than the standard CA inhibitor acetazolamide (AAZ) used as reference (Hamama et al., 2018).
Thiosemicarbazones
Thiosemicarbazones are compounds characterized by component RC = NNC = SNR’ which distinguishes them from the synthetic point of view as versatile structures. Besides, these compounds have substantial scientific interest due their biological properties as anticancer agents.
A library of Isatin-β-thiosemicarbazones derivatives (VI, Figure 5) was synthesized and it was found that these compounds can block P-gp (P-glycoprotein) expression from cervical adenocarcinoma cell lines (KB-V1), and present good cytotoxicity against parental Hela from cervical cancer cell line (KB-3-1). In this study, the prediction of selectivity for multi-drug-resistant (MDR1) genes and its cytotoxicity was supported by quantitative structure-activity relationships 3D-QSAR analysis (Hall et al., 2009; Hall et al., 2011).
The treatment of C57BL/6 female mice with another class of isatin-thiosemicarbazones (VII, Figure 5), led to a reduction in tumor size inoculated subcutaneously. Importantly, this class of compounds were also described as multitarget agents against σ2 receptors and capable to interact with P-gp protein (Pati et al., 2015; Pati et al., 2018).
For metal complexes with isatin-thiosemicarbazones ligands, see Section Isatin-Hydrazone, -Thiocarbazine and -Thiosemicarbazone Metal Complexes.
Miscellaneous Functionalization
Not only isatin but also indirubin and related compounds were used as precursor in these studies. In vitro antiproliferation studies of isatin-derivatives, obtained from the condensation of isatin or indirubin with active methylene heterocycles, showed also high cytotoxicity against different cancer cells, as glioma, breast, and especially against some resistant cells to apoptosis as melanoma (SK-MEL-28) and esophageal (OE21) (Evdokimov et al., 2016).
Novel isatin-3-oxime-based hydroxamic acids have been designed and investigated for the inhibition of histone-H3 and histone-H4 deacetylation, since histone deacetylases (HDACs) inhibitors were described as promising agent for cancer treatment (Nam et al., 2013). Those derivatives, with an oxime group at A, and a halogen substituent at D position in isatin ring, besides a hydroxamic acid chain at C, exhibited strong cytotoxicity, with low IC50 values (<10 µM) toward different tumor cells (SW620, colon cancer; MCF-7, breast cancer; PC3, prostate cancer; AsPC-1, pancreatic cancer; NCI-H460, lung cancer).
A series of triazole tethered isatin-coumarin hybrids were prepared and tested against diverse human tumor cells. The most active compounds were also evaluated as tubulin polymerization inhibitors, exhibiting IC50 values of a few µM. Molecular modeling studies revealed that their cytotoxicity depends on the isatin-substituents, and the length of carbon-bridge connecting isatin moiety with the triazole ring (Singh et al., 2017).
Additionally, a series of moxifloxacin-isatin hybrids tethered via 1,2,3-triazole at the N1 of isatin core (see Figure 2) were synthesized, and had their in vitro anticancer activities tested against a panel of cancer cell lines, including liver (HepG2), breast (MCF-7), analogous doxorubicin resistant (MCF-7/DOX), prostate (DU-145) and analogous multidrug-resistant (MDR DU-145) cells. The most active hybrid in the series showed IC50 values in the range 32 to 77 μM, more active than Vorinostat (or suberoylanilide hydroxamic acid, SAHA) with IC50 >100 μM, used for comparison (Yang et al., 2020).
Derivatives Clinically Approved or Undergoing Clinical Trials
There is a long way for a compound to become an approved drug. From synthesis to the evaluation of main targets and mechanisms of action, and subsequently a series of clinical tests demand many efforts and a huge financial support. Even with this large selection, some approved drugs still have undesirable side effects for patients (Ansari et al., 2010). In the case of oxindoles, despite of these difficulties, several derivatives entered clinical tests and a few ones were approved as an anticancer drug.
Particularly, the most promising isatin-derivatives, Sunitinib, and Toceranib, have been clinically approved against tumors. Sunitinib inhibits the catalytic activity of kinases in the phosphorylation of other proteins, by reversible binding to the ATP binding site of these target proteins (Roskoski, 2007). Further, this compound showed good oral bioavailability, and demonstrated efficacy in preclinical tumor models. Consequently, Sunitinib was approved by the FDA (US Food and Drug Administration) for the treatment of gastrointestinal stromal tumors and advanced renal cell carcinoma (RCC) in 2006, for a rare type of pancreatic cancer in 2011, and as adjuvant agent for treatment of patients at high risk for recurrent renal carcinoma, in 2017. It is currently being clinically tested in conjunction with new immunotherapeutics (Rizzo and Porta, 2017). Toceranib, a similar compound to Sunitinib, was approved for the treatment of the canine mast cell tumor (MCT) in 2009 by FDA. It acts as a selective inhibitor of some receptor tyrosine kinases (RTKs), presenting antiproliferative activity in endothelial cells, and a potential cell cycle arresting effect inducing tumor cells apoptosis in vivo (London et al., 2003; London et al., 2009).
The studies involving Sunitinib were extremely important for the development of other biologically active isatin derivatives. Until the 2000s, according with data obtained from Scifinder platform, only 32 articles had been published with isatin derivatives with antitumor properties. This number increased by almost 70% (2001–2010) and more than 300% (2011–2020) with the first publications of Sunitinib and its subsequent approval by FDA (see Figure 3).
Recently, it was reported a Cathepsin B-cleavable prodrug of Sunitinib as a strategy aimed at reducing its side effects (Karnthaler-Benbakka et al., 2019). The conjugate with a Phe-Lys cleavable dipeptide, and a self-immolative linker that suffers a 1,6-elimination. Cathepsin B cleavage assay confirmed the desired enzymatic activation of the compound. Despite showing a comparable antiproliferative potency to Sunitinib against diverse cell lines (HCT116, Caki-1 and RU-MH), the conjugate showed undesirable hydrolytic lability.
Some other derivatives, Nintedanib, Semaxinib, and Orantinib, showing interesting structural similarities are currently undergoing clinical tests, for colorectal tumor, ovarian cancer, hepatocellular carcinoma, mesothelioma, prostate cancer, glioblastoma, renal cell carcinoma, endometrial cancer, among others. These compounds have a pyrrole or an imidazole moiety as an A-substituent in the same position in the isatin ring, as shown in Figure 2. Those specific substituents at isatin were reported to inhibit receptor tyrosine kinases (Vine et al., 2009), including platelet-derived growth factor receptors (PDGFRα/PDGFRβ), vascular endothelial growth factor receptor (VEGFR-1/VEGFR-2), stem-cell factor receptor (KIT), and cluster of differentiation antigen (CD135), which are somehow linked to the growth of tumors and angiogenesis (Eisen et al., 2015; McCormack, 2015). Additionally, these drugs showed the ability to reduce or stop tumor growth, by modulation of cell growth, proliferation, survival, and migration (Le Tourneau et al., 2007), as shown in Figure 6 in a simplified way.
[image: Figure 6]FIGURE 6 | (A) Structures of isatin-derived compounds in clinical trials or already approved. (B) Some targets involved in general mechanism of action of these compounds. Abbreviations: VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptors; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptors; KIT, stem cell factor receptor; SCF, stem-cell factor; CD135, cluster of differentiation antigen; FLT3L, FMS-like tyrosine kinase 3 ligand.
A huge number of registered clinical tests were carried out (more than 900 for Sunitinib) toward a diversity of cancers. A few of them completed phase 3 tests and have become approved drugs by FDA; some others are still in clinical trials at different stages. Among these trials, some deserve highlights. Sunitinib entered in phase 3 studies in combination with other anticancer agents, such as Docetaxel, Capecitabine and Paclitaxel (Robert et al., 2011; Crown et al., 2013). More recently, Nintedanib was tested free or combined with Docetaxel, Paclitaxel and Carboplatin (Van Cutsem et al., 2018; Barra et al., 2019). Free Orantinib entered in phase 1 and phase 2 studies, as well as in combination with transcatheter arterial chemoembolisation up to phase 3 (Kanai et al., 2011; Kudo et al., 2018). Free Semaxinib was tested at phase 2, and at phase 3 in combination with 5-Fluorouracil, Leucovorin and Irinotecan in patients with metastatic colorectal cancer (Lockhart et al, 2006).
Table 1 summarizes some relevant clinical studies on the family of Sunitinib and related oxindole-derivatives that are used as anticancer agents, also highlighting the types of cancer treated by each compound (ClinicalTrials.gov database, U.S. National Library of Medicine).
TABLE 1 | Level of investigation on some compounds already approved or under clinical trials, according to ClinicalTrials.gov database (U.S. National Library of Medicine).
[image: Table 1]However, some of these candidates to anticancer drugs exhibited adverse effects, as low effectiveness in some studies, diarrhea, hypertension, vomiting, hand – foot syndrome, and neutropenia (Ansari et al., 2010). An undesirable cardiotoxicity induced by Sunitinib has been detected along its clinical tests, motivating toxicological mechanism studies and cardioprotective therapies (Yang and Bu, 2016). Therefore, further investigations in the development of correlated compounds were needed, and many research groups in addition to pharmaceutical industries embraced this challenge.
ANTICANCER METAL COMPLEXES WITH ISATIN-CONTAINING LIGANDS
As described in numerous investigations in the literature, metal-complexes of isatin derivatives show even better properties than the free ligands regarding their reactivity in biological medium, especially as antiproliferative and pro-apoptotic agents. Many types of ligands were used as scaffold, coordinated to different metal ions, for developing novel and more efficient metallodrugs. Some of them are discussed here.
Coordination Compounds
Isatin-Hydrazone, -Thiocarbazine and -Thiosemicarbazone Metal Complexes
Many hydrazones derived from isatin were used in complex formation reactions and gave rise to stable metal complexes with significant antiproliferative properties, especially complexes of divalent ions such as manganese(II), cobalt(II), nickel(II), copper(II) and zinc(II) (see Figure 7).
[image: Figure 7]FIGURE 7 | Some examples of metal complexes with isatin-derivatives: hydrazone, thiocarbazine or thiosemicarbazone, reported as antitumor agents.
Complexes of a tridentate ligand (L = isatinyl-2-aminobenzoylhydrazone) with Cu(II) or Co(II) exhibited better cytotoxicity toward Ehrlich Ascites Carcinoma cells when compared to the analogous Zn(II) or Ni(II) complexes (I, Figure 7), or the free ligand (Hunoor et al., 2015).
Similar results were described for metal ions coordinated to isatin-hydrazine pyrazine derivatives (II, Figure 7), where Cu(II) and Co(II) complexes showed higher cytotoxicity than the free Lewis bases, toward different tumor cells (HCT116, MCF7, and HeLa (Kandile et al., 2012).
Good cytotoxicity results were also found against several tumor cell lines for complexes of general formula [ML′L(OH)(OH2)], where M = Ni(II), Co(II), or Mn(II); L = isatin; and L′ = 3-(arylhydrazono)acetylacetone derivatives. (III, Figure 7). Further, lower IC50 values determined in the range nM were usually obtained for the metal compounds in comparison to the corresponding non-coordinated ligands (Osman et al., 2014).
Recently, dithiocarbazate ligands based on isatin and coordinated to different square-planar (IV, Figure 7) or octahedral (V, Figure 7) metal ions were reported (Ali et al., 2011; Ali et al., 2012; Yekke-Ghasemi et al., 2020). These compounds IV and V had their structures solved by single crystal X-ray diffraction. The cytotoxicity of each compound, in comparison to the metal-free ligand, was evaluated against a panel of three cell lines (the tumorigenic HeLa and MCF-7, and non-tumorigenic CHO). The ligand itself was highly cytotoxic, and coordination to these divalent cations increased its cytotoxicity in all cases, but for Zn(II). Against the tumorigenic cell lines, the Co(II) (V, Figure 7) emerged as the most cytotoxic.
Nickel(II) bis(isatin thiosemicarbazone) also showed good activities against several cancer cell lines (VI, Figure 7). The results showed that the treatment of myeloma cell lines (IM-9) with this complex induces the apoptosis, the cell cycle arrest in G0/G1 phase and the cleavage of plasmid DNA (Rodríguez-Argüelles et al., 1999; Haribabu et al., 2015; Balachandran et al., 2018).
Copper(II) thiosemicarbazones of isatin and other carbonyl compounds were recently compared, showing better toxicity than the metal-free ligands, toward different tumor cell lines, and inhibition of topoisomerase II (Singh et al., 2020).
Oxindolimines as Ligands for Essential Metals
Our group has extensively explored isatin-containing ligands for the development of antiproliferative metallodrugs based on essential metals. Examples of these compounds are shown in Figure 8. Inspired by oxindole-derivatives that have already entered in pre-clinical and clinical tests (Lane et al., 2001), we designed, isolated, and characterized by spectroscopic techniques a series of oxindolimines. The ligands were obtained by condensation reaction of isatin with appropriate amines or di-imines (Vigato and Tamburini 2004; Vigato et al., 2007), and subsequently were metallated and isolated as corresponding metal complexes (Cerchiaro et al., 2005; Da Silveira et al, 2008), whose properties as antiproliferative agents toward different tumor cells (neuroblastomas, melanomas, sarcomas, cervicals) were determined (Filomeni et al., 2007 and 2009; Dario et al., 2019; Mamian-López et al., 2021). In all our investigations, the metal complex was more active than the corresponding free ligand. In the literature, similar results were verified with other types of ligands, attesting the efficiency of such strategy (Gou et al., 2017; Singh et al., 2020).
[image: Figure 8]FIGURE 8 | (A) Flagship isatin-containing copper(II) complexes developed by our group as potential metallodrugs, and their zinc(II) analogues. (B) Other examples of isatin-containing metallodrugs (of copper, zinc, or vanadium) explored in this review. (C) Keto-enolic and deprotonation equilibria for compound Cu-1 and Cu-2, illustrated as representative compounds in the series.
Similarly to the precursor isatin, all these complexes exhibit keto-enol equilibria that influence their behavior and speciation under physiological conditions (See Figure 8C). Many of them were isolated and characterized in solid state as one of the tautomeric forms, depending on the pH adjusted during the synthesis. In solution, both forms are present and usually characterized by EPR (copper species) or NMR (zinc species) spectroscopies, besides conductometry and mass spectrometry (ESI-MS). As an example, Cu-2 was isolated as a brownish powder with the ligand in the keto form, with a M:L 1:2 ratio at pH 5 (Cerchiaro et al., 2005), and alternately Cu-3 was isolated with the ligand in an enolate form, with a M:L 1:1 ratio, under basic conditions (Da Silveira et al, 2008).
Apoptotic Mechanism and Crucial Targets
The antiproliferative activities of compounds Cu-1 to Cu-6 was first reported on human neuroblastoma (SH-SY5Y) and promonocytic (U937) tumorigenic cell, using the Trypan blue cell counting assay (Cerchiaro et al., 2005). Compounds Cu-1, Cu-2 and Cu-6 significantly decreased viable cells count in both cell lines, while Cu-4 and Cu-5 had no effect even at concentrations as high as 50 µM, after 48 h incubation. Using cell cytometry, compound Cu-2 was shown to induce G2/M arrest in SH-SY5Y cells, while Cu-1 induced G1 phase arrest (Cerchiaro et al., 2005).
The pro-apoptotic activity of the more active compounds Cu-1 and Cu-2 were then evaluated in depth in a follow up study (Filomeni et al., 2007). Both compounds were found to trigger apoptosis in SH-SY5Y cells via the mitochondrial pathway, as determined by Western blots of total protein extracts analyzed for detection of p53 and p21, and by flow cytometry. Western blot was also used to evaluate pro- and active caspase-9, pro-caspase 3 and PARP, and apoptotic activity (sub-G1) was also evaluated in SH-SY5Y cells in a co-incubation experiments with the pancaspase inhibitor zVAD-fmk, with or without Cu-1 and Cu-2. The extent of apoptosis was also found to directly correlate with the kinetics of copper uptake (as determined by atomic absorption). This can be clearly observed for Cu-2, which enters cells more efficiently and specifically damages nuclei and mitochondria. Cu-1 was found to be less permeable to the cell membrane, but induces a widespread oxidative stress as demonstrated by determination of intracellular ROS by flow cytometry. A biological endpoint observed as consequence of ROS production was the oxidation of proteins and lipids, as determined by Western blot of carbonyl groups and a colorimetric assay for lipid peroxidation. Overexpression of Cu,Zn-SOD was identified, as means to partially counteracts cell death. Interestingly, retinoic acid-mediated differentiation was found to completely rescues cells from apoptosis induced by both Cu-1 and Cu-2. The activation of JNK- and Akt-mediated phosphorylation pathways has been found to be not functional for apoptosis induction. Moreover, it was demonstrated that both p53-dependent and -independent apoptotic pathways are responsible for the cytotoxicity of Cu-1 and Cu-2. These results are of great interest because functional p53 is frequently lost in human tumorigenesis.
Importantly, the apoptotic response observed for both Cu-1 and Cu-2 was found to be a copper-mediated event (Filomeni et al., 2007), which is responsible for inducing nuclear and mitochondrial dysfunction. This became clear as apoptosis response diminished significantly when a zinc analogous to Cu-2 was tested, or when, incubation of Cu-2 was carried out in the presence of trien (triethylenetetramine), a good copper chelator (Filomeni et al., 2007). With this observation, this study represented a pioneer contribution to the field addressing the unequivocal role and importance of both the metal center (copper) and the unique chemical characteristics of the isatin-imine ligand (delocalized lipophilic cation) in the apoptotic effect induced by this class of metallodrugs. Copper(II) is capable of catalyzing one-electron redox cycle reactions producing ROS, while isatin-imine acts not only as a carrier for the redox-active metal ion across cellular membranes but also responds to negative transmembrane potentials (relevant for mitochondrial accumulation). Interestingly, these studies also pointed to Cu-1 as a more efficient ROS producer, and Cu-2 as a more toxic and permeating compound (Filomeni et al., 2007).
These intriguing observations stimulated our interest for studying in detail the underlying mechanism of mitochondrial-related toxicity of compound Cu-2 (Filomeni et al., 2009). When looking at isolated mitochondria from mouse liver, it was demonstrated that Cu-2 increases by 60% NADH-dependent oxygen consumption, which is associated with ROS production, in an ADP-independent manner. The zinc(II) analog to Cu-3 had no effect. Therefore, to assess whether Cu-2-mediated NADH oxidation could be responsible for ROS generation, mitochondria were incubated with Cu-2 in experimental buffer containing glutamate/malate and NADH in the presence of 0.5 U catalase. The addition of catalase halved oxygen consumption, indicating that Cu-2 dissipates NADH-deriving reducing equivalents to form O2/H2O2. The uncoupling mitochondrial properties of compound Cu-2 were also determined in vitro, and further confirmed in cell experiments (Filomeni et al., 2009).
Using SH-SY5Y cells treated with Cu-2, it was possible to observe: 1) an early loss of mitochondrial transmembrane potential; 2i) a decrease in the expression levels of respiratory complex components and 3) a significant adenosine triphosphate (ATP) decrease. Overall, data indicated that Cu-2 behaves as delocalized lipophilic cation and induces mitochondrial ROS production. This event results in mitochondrial dysfunction and ATP decrease, which in turn triggers AMPK-dependent apoptosis. In terms of glucose dependency, it was found that: 1) mitochondrial membrane potential drop is tightly associates with a rapid decrease of ATP levels and insensitive to glucose supplementation; 2) glucose addition to culture media prevents or, at least, strongly delays Cu-2-mediated cell death and 3) cervix carcinoma HeLa and gastric adenocarcinoma (AGS) cells, which are known to rely most of their energy production upon mitochondrial oxidative phosphorylation, are much more susceptible toward the toxic effects of Cu-2. Also, these studies reported on AMPK (AMP-activated protein kinase) inhibition as part of a cascade of events triggered by oxidative stress leading to Cu-2-induced apoptosis (Figure 9A), and led to the hypothesis that a molecular link between AMPK and p53 and a functional synergism between them occurs in apoptosis (Filomeni et al., 2009).
[image: Figure 9]FIGURE 9 | Proposed mechanism of action. (A) Schematic representation of the effects of Cu-2 in neuroblastoma (SH-SY5Y) cells. Cu-2 is proposed to react with NADH mainly by means of mitochondrial NADH:quinone oxidoreductases (NQO) at the outer membrane (pathway 2), but also through Complex I (pathway 1). The resulting copper-catalyzed redox cycles lead to ROS generation and consequently to a widespread oxidative damage to proteins. Membrane polarization is lost and ATP decreases, triggering the phospho-activation of AMPK, and finally leading to the mitochondrial pathway of apoptosis (Filomeni et al., 2009). (B) Phospho-AMPK and phospho-p38 MAPK, as well as p53, rapidly increased as soon as 1 h after Cu-2 addition to SH-SY5Y cells (Filomeni et al., 2011).
The understanding of AMPK as part of the apoptosis-inducing mechanism of Cu-2 was further explored (Filomeni et al., 2011). It was found that p38 MAPK (p38 mitogen-activated protein kinase) is the molecular link in the phosphorylation cascade connecting AMPK to p53, thereby delineating an AMPK/p38 MAPK/p53 signaling axis as the principal route controlling Cu-2-induced apoptosis, with AMPK being the upstream sensor, p38 MAPK the mediator and p53 the final executioner of the cell death program (Figure 9B). Energy deficiency was found to be profoundly implicated in Cu-2-mediated toxicity, as fuel supplies (glucose in particular) counteracted Cu-2-induced apoptosis and AMPK/p38MAPK/p53 activation.
Aiming at capitalizing on this mechanism of action, it was evaluated the combination of low doses of Cu-2 with 3-bromopyruvate (3BrPA), a potent glycolytic inhibitor, which was effective and selective in inducing apoptosis in neuroblastoma cells without any significant toxicity towards differentiated primary cortical neurons.
More recently, the cellular damage caused by compounds Cu-3 and Zn-2 in living HeLa cells were monitored by confocal Raman microscopy coupled to multivariate curve resolution with alternate least square method (MCR-ALS) (Mamián-López et al., 2021). With this approach, it was possible to extract the characteristic spectral pattern of each intracellular component and assess their distribution in the untreated and treated cells. Four principal components (PC) could explain at least 90% of the Raman data variance. A non-treated control, corresponding to untreated HeLa cells was analyzed, and it was possible to make spectra assignments corresponding to the nucleus, lipids, cytoplasm, and hydrogen bonding (Figure 10). Upon treatment with Cu-3 (16 µM, 24 h), the nucleus and nucleolus content outflowed to the cytoplasm, followed by the releasing of cytochrome c, a remarkable effect that was not observed upon treatment with Zn-2 (100 µM, 24 h). Cu-2 caused alterations in the cytochrome c response (as part of the lipids components), which is not observed for Zn-2. Finally, the hydrogen bonding network between water molecules and the biomolecules present in the different cellular compartments was probed. For Cu-3-treated cells, an expansive hydrogen bonding network spanning throughout almost the whole cell can be observed. In contrast, this is not observed for Zn-2-treated cells, where the cellular integrity is still holding upon treatment with this compound. A much larger extent of induced damage was verified upon treatment with Cu-3. These data suggest that depending on the metal, different mechanisms can be working. Taken together, this approach corroborates the apoptotic mechanism of cell death by Cu-3 monitored by other techniques, and previously reported (Filomeni et al., 2007).
[image: Figure 10]FIGURE 10 | Raman images of untreated HeLa cells (control) and cells treated with Cu-3 and Zn-2. Intracellular components are assigned based on multivariate curve resolution with alternate least squares method (MCR-ALS). Four profiles are assigned in each case: nucleus, lipids, cytoplasm, and hydrogen bonding networks. Adapted from Mamián-López et al., 2021. Reproduced with permission from Elsevier.
Proteins as Potential Biological Targets
Besides DNA and mitochondria, it was also demonstrated that the isatin-based coordination compounds have other important targets. Some of them were identified and discussed below. In addition, it was found that these compounds act as multifunctional agents, and their intracellular speciation can be vital to understand their modes of action.
Human Topoisomerase IB
Human topoisomerases, proteins involved in DNA replication, transcription, recombination, and chromatin remodeling, by introducing temporary single- or double-strand breaks in the DNA, are also targets in diverse anticancer investigations (Champoux, 2001). Topoisomerase IB (topo IB) is the target of a vast number of drugs that depending on their action are divided as poisons and inhibitors. Topotecan and irinotecan, camptothecin analogs and topoisomerase IB-targeting molecules have entered the clinical practice for the treatment of many human cancers (Pommier, 2006; Thomas and Pommier, 2019).
The effect of compound Cu-1 and its Zn(II) analog on Topo IB was verified by plasmid relaxation assays, indicating that both compounds inhibit the relaxation activity of this enzyme (Figure 11A). This effect is enhanced to the point of total cleavage inhibition when the enzyme is pre-incubated with the metal complex before substrate addition (Figure 11B). At 50 µM, Cu-1 fully inhibits the relaxation of topoisomerase IB, while the analogous zinc compound shows a similar effect, although at a much higher concentration (300 µM). Such differences in inhibition potencies are most likely related to the geometries of the compounds, as verified in docking simulations. Cu-1 has an almost square planar geometry, based on EPR data, which allows for easy access to residues Glu492 and Asp463 (Figure 11D) forming a stable octahedral adduct with the enzyme. This binding hinders the interaction of the enzyme to DNA (Figure 11C, docking simulation shown in Figure 11E), in the case of Cu-1, but not for the Zn(II) analog, that adopts a distorted tetrahedral coordination.
[image: Figure 11]FIGURE 11 | (A) Relaxation of negative supercoiled plasmid DNA by topoisomerase IB in the presence of increasing concentration of Cu-1 (lanes 1–8) and its Zn(II) analog (lanes 10–18). The reaction products were resolved in an agarose gel and visualized with ethidium bromide. Lane 9, no protein added. Lane 19, control reaction with DNA and DMSO without Cu-1 and its Zn(II) analog. NC, nicked circular plasmid DNA. SC, supercoiled plasmid DNA. (B) Relaxation of negative supercoiled plasmid DNA in a time course experiment with DMSO (lanes 2–5), in the presence of 25 μM Cu-1 (lanes 6–9), after pre-incubation of 25 μM Cu-1 with the enzyme for 5 minutes at 37°C (lanes 10–13). Lane 1, no protein added. (C) Electrophoretic mobility shift assay of the [γ−32P] radiolabeled substrate CL25/CP25 alone (lane 1), in the presence of inactive mutant Y723F enzyme (lane 2), in the presence of the mutant and 50 μM Cu-1 (lane 3), in the presence of the mutant and 300 μM of the Zn(II) analog to Cu-1 (lane 4). (D) Representative structure of the most populated cluster for the Cu-1-topoisomerase IB docking. The Glu492 and Asp563 residues located on lip1 and coordinating the Cu-1 are labeled and represented as sticks. (E) Representative structure of the most populated cluster for the docking of Cu-1 on the binary (topoisomerase I + DNA) covalent complex docking. Cu-1 is labeled and represented as orange sticks. The protein and the DNA backbone are represented as ribbons. Catalytic Tyr723 of topoisomerase I is labeled and represented as sticks. Reproduced from Katkar et al., 2014 with permission from The Royal Society of Chemistry.
Additional studies with Cu-3 and Zn-2 (isaepy-containing compounds) pointed to different mechanisms of inhibition in the relaxation step catalyzed by topo IB (Castelli et al., 2018). Cu-3 was found to be a more potent relaxation inhibitor than Zn-2. Pre-incubation experiments demonstrated an increased inhibitory activity only for Cu-3, indicating a reversible binding of this compound to the enzyme. The same trend was observed when studying the cleavage reaction. Finally, both compounds were not inhibitors of religation step. The compound Cu-3 also inhibited the formation of a non-covalent topoisomerase-DNA adduct, contrasting to what was observed for Zn-2.
In further studies, a vanadyl analog was investigated as potential inhibitor of topo IB (compound V-1, Figure 8) (Dario et al., 2019). V-1 was a potent cytotoxic agent against the human colon HCT-116 cell line (IC50 = 7.98 ± 1.30 µM) and human breast MDA-MB-231 cell line (IC50 = 6.58 ± 7.68 µM), while being non-toxic (IC50 > 100 µM) against the non-tumorigenic fibroblast P4. When targeting Topo IB, V-1 was shown to preferentially bind to the enzyme (vs. DNA), inhibiting the cleavage step, but not the religation step, similarly to what was observed with the other metal compounds, Cu-3 and Zn-2. CT-DNA melting temperature (Tm) assays further confirmed that V-1 does not interact significantly with DNA. The Topo 1 inhibitory activity of V-1 appears between the highly inhibitory Cu-1 and the less inhibitory Zn-1 analogue (Dario et al., 2019). Differences in the inhibitory potencies observed for these compounds toward Topo IB are related to their distribution among the preferential binding sites in the enzyme, as indicated by computational studies (molecular docking). Three main protein regions were identified for the interaction of these compounds in the core subdomain III of the Topo IB: the 1) “external region;” 2) lips and 3) center channel. The most active compound interacts predominantly at this “external region”, next to the catalytic Tyr723, causing more efficient distortion of the protein environment and consequently reduction of the protein catalytic activity.
Kinases as Targets
The activity of oxindolimine-metal complexes was also monitored in vitro over cyclin-dependent kinase (CDK1), responsible for the phosphorylation of other proteins in cells (Miguel et al., 2015). Results using histone H1 as substrate indicated a concentration dependence. In general copper(II) compounds have a more prominent inhibition of CDK1 kinase activity than the zinc(II) analogs or the free ligand. At 5 µM Zn-2, [Zn(isaepy)]2, caused 10 % inhibition of the kinase activity like that of the Zn-free ligand, whereas at 50 µM > 90 % inhibition was achieved. On the other hand, at 5 µM Cu-3, [Cu(isaepy)], caused 65 % inhibition of CDK1 activity, whereas at 50 µM once again >90% inhibition was observed. Another series of compounds, bearing the isapn ligand, was also studied. At 50 µM, the free isapn inhibited CDK1 activity by 20%, while at 50 µM Zn-1, [Zn(isapn)], led to a 30 % inhibition. Cu-1, at the same concentration of 50 µM led to 80% inhibition. These differences can be assigned to a combination of geometric factors [tetragonal /square planar coordination sphere of Cu(II) vs. mainly tetrahedral for Zn(II)], and a higher cellular uptake of the isaepy-containing compounds when compared to the isapn-containing ones. This study points CDK-1 (and kinases as a family) probably as a crucial biological target of these compounds.
Complementary, to determine whether the activity of the compounds is specific only to the phosphorylation reaction, it was also investigated the effect of the compounds on the dephosphorylation activity of alkaline phosphatase on the histone H1. However, the whole series of compounds studied here had little to no effect in the dephosphorylation reaction (Miguel et al., 2015).
Galectin-3
The cytotoxic effect of Cu-2 against melanoma cells was evaluated using a model of vertical growth melanoma (TM1), in which galectin-3 (GAL3) expression is lost during tumor progression (Borges et al., 2013). The results demonstrated that de novo galectin-3 expression impairs the cellular antioxidant system and renders TM1G3 cells more susceptible than GAL3-null TM1MNG3 cells to Cu-2 treatment. This compound, in contrast with the redox inactive Zn-2, leads to an increased intracellular ROS accumulation, increased carbonyl stress, increased mitochondrial depolarization, decreased cell adhesion, increased p38 activation, and induced apoptosis in TM1G3 cells. Cu-2 was found to target mitochondria, as previously observed with neuroblastomas, and generate intracellular hydrogen peroxide-derived species, favored by the presence of galectin-3 in these organelles. Apoptosis here is also related to p38 MAPK activation.
Heterobimetallic Oxindolimine Compounds of Cu(II) and Pt(II)
The mononuclear copper(II) compounds Cu-4 and Cu-5 and the analogous heterobimetallic Cu-6 and Cu-7, shown in Figure 12, were designed and prepared to study the possible advantages of combining a “cisplatin-like” DNA-cross linking motif with the copper(II)-oxindolimine motif developed in our lab (Aranda et al., 2016). Similar investigations of dinuclear metal compounds involving imine or amine ligands (but not the oxindole moiety) have been reported in the literature (De Hoog et al., 2007; Zhu et al., 2009).
[image: Figure 12]FIGURE 12 | Cu(II)/Pt(II) heterobimetallic compounds (Cu-6 and Cu-7) with isatin-derivatives as ligands, isolated as enolate forms, and corresponding copper-only precursors (Cu-4 and Cu-5), obtained as keto forms.
EPR spectroscopy indicated a square pyramidal geometry for Cu-4 and Cu-5, while a more tetragonal geometry was observed around the copper(II) centers in the heterobimetallic analogues. CD spectroscopy indicated that Cu-6 and Cu-7 indeed lead to more prominent changes in the secondary structure of calf thymus DNA (CT-DNA) in comparison to Cu-4 and Cu-5.
In terms of cytotoxicity, all compounds showed remarkable activity against the highly invasive B16F10 melanoma cell line. Combination with platinum(II) led to lower IC50 values in all cases, with Cu-6 being the most potent cytotoxic agent in the series with IC50 = 0.63 ± 0.25 µM, compared to IC50 of ∼2 µM, for Cu-4 and Cu-5. A similar behavior was observed against the human sarcoma MS-SA and MES-SA/Dox5 (resistant) cell lines. The overall higher cytotoxicity observed for Cu-6 can be related to the O, N, N chelating motif but also with the higher lipophilicity introduced by the longer alkylamine chain, when compared to Cu-7.
This series of compounds was further evaluated in terms of DNA binding, as well as kinase and phosphatase inhibition properties (Aranda et al., 2020). Fluorescence assays showed that mononuclear compounds Cu-4 and Cu-5 have no effect on ethidium displacement from calf thymus DNA (CT-DNA). On the other hand, the Pt(II) conjugates Cu-6, and Cu-7 are capable of competing for ethidium binding sites. The effect was most prominent for Cu-6, comparable to cisplatin. The oxidative cleavage of the plasmid pBluescript II in the presence of H2O2, at 6 µM and 60 min incubation, shows significant differences between the two mononuclear copper compounds. Cu-4 leads to a double cleavage, with the open circular form prominent (with much supercoiled plasmid still present). On the other hand, Cu-5 leads primarily to the nicked form, but with a complete cleavage of the supercoiled form. Among the heterobimetallic compounds, a combination of effects typical to copper(II) and platinum(II) compounds could be observed. Under the same conditions, Cu-6 incubation stabilizes the supercoiled form of the plasmid, while for Cu-7 a single oxidative cleavage is observed (owing to copper), but accompanied by a significant smear of the nicked DNA band (which is typical of platinum(II) binding). When targeting histone H1 phosphorylation by CDK1, the mononuclear compounds Cu-4 and Cu-5 were the most active in the series with significant inhibition observed at 50 µM. The heterobimetallic compounds, on the other hand, had little to no inhibitory effect. Regarding the dephosphorylation step, evaluated using the alkaline phosphate assay, all the complexes had minor effects on the alkaline phosphatase activity (Aranda et al., 2020). These results are indicative that cyclin-dependent kinases are crucial targets for that class of compounds, in contrast to alkaline phosphatase proteins.
Metallocenes Containing Isatin-Related Motifs
Besides traditional coordination compounds, organometallic examples containing isatin-derivatives were also investigated as anticancer agents.
A series of metallocene compounds functionalized with 2-oxindole [(E) A-C and (Z) A-C, Figure 13], inspired by the structures of Sunitinib and Semaxanib, were reported in the literature (Spencer et al., 2011a; Spencer et al., 2011b). The oxindole group was introduced as a kinase inhibiting motif aiming at improving the anticancer potency of the compounds. These compounds were obtained as a mixture of E- and Z-isomers, that were readily separated by chromatography. The antiproliferative activity of each isomer was evaluated against K592 leukemia cells. The metal center and the identity of ligand were found to be more important for the cytotoxicity observed experimentally than the E,Z-isomerism. In this series, the iron compounds bearing the cyclopentadienyl (Cp) ligand were the most cytotoxic (E-A and Z-A).
[image: Figure 13]FIGURE 13 | Some 2-oxindole-functionalized metallocene compounds developed by Spencer et al., 2011a; Spencer et al., 2011b, as kinase inhibitors.
When targeting kinases, the inhibitory activity of the compounds was first evaluated against kinases p21-activated kinase-1 (PAK1), which contains an ATP binding domain and can accommodate octahedral metal complexes. At 10-30 μM, none of the compounds exhibited appreciable inhibitor activity against PAK1. On the other hand, the compounds E-A and Z-A were active against DYRK3 and DYRK4 (Spencer et al., 2011a). In a larger screening against a panel of 50 kinases (Spencer et al., 2011a; Spencer et al., 2011b), E-A and Z-A had almost no cross-inhibition. The authors highlight as notable inhibition of DYRK4 by both E-A and Z-A; while Z-A inhibits DYRK3 with an IC50 value of 390 nM, as opposed to the lack of appreciable inhibition observed for E-A (see Supplementary Table S1).
This series was further explored by the introduction of different substituents, with crystal structures solved for most of the compounds (Amin et al., 2013). These compounds were screened against VEGFR-2 and four isoforms of kinase DYRK, and the results obtained by the authors are summarized in Supplementary Table S1, in comparison to Sunitinib. Complexes E-E and Z-E, containing two ferrocenes, were poor VEGFR-2 inhibitors but potent inhibitors of DYRK isoforms 3 and 4. Z-G, on the other hand, displays inhibition of VEGFR2 in nM range, and single-digit µmolar inhibition of DYRK isoforms 2−4.
CARRIERS FOR MODIFIED DELIVERY OF ISATIN-DERIVATIVES
Several drug delivery systems have been developed as an alternative to improve the performance of compounds with recognized antitumor activity. This improvement in performance has been designed by the possibility of increasing efficiency, greater stability through the formation of hybrid compounds or greater selectivity. As a representative example of a clinically approved isatin-related compound, systems reported in the literature for sunitinib (Figures 14A,B), are presented in Section Sunitinib Delivery Systems.
[image: Figure 14]FIGURE 14 | (A) Schematic diagram of SU-MNC self-assembled from SU and PEG-EGCG. Reprinted with permission from Yongvongsoontorn et al., 2019 (Copyright, American Chemical Society). (B) PTX and Sunitinib co-loaded micelle (PTX-Sunit-psMC). Reproduced from He et al., 2019 with permission from The Royal Society of Chemistry; (C) Scheme of immobilization of isatin-based complexes into unmodified and modified silica carrier (MCM-41), based on Vieira et al., 2019.
However, only few works in the literature reported the loading of isatin-based metal complexes for antitumoral applications (Figure 14C). This topic is further explored in Section Oxindolimine-Metal Complexes Supported in Functionalized Silica.
Sunitinib Delivery Systems
Loading organic drugs into several nanometric drug delivery systems has been reported as an interesting alternative for increasing the efficiency and minimizing the toxicity of a drug, prolonging the exposure time to lower doses, increasing selectivity and decreasing side effects in patients (Patra et al., 2018; Singh et al., 2019). To paint a better picture on the effect of drug delivery systems on oxindole-containing compounds, we explore here some examples of delivery systems for the clinically approved drug Sunitinib as a case study.
One of the main problems that decrease the efficiency and increase the toxicity in drug delivery in the treatment of cancer is the low percentage of drug loaded, which usually leads to the need to apply a larger dose of the drug. A counterpoint alternative may arise when the carrier itself presents cytotoxicity and there is a synergism between drug and carrier, leading to an enhancement in activity. Sunitinib (SU) a therapeutic drug already approved for the treatment of cancer, was encapsulated in micelles containing epigallocatechin-3-O-gallate (EGCG) (see Figure 14A), a component of green tea with antitumor properties. The complex formed (SU-MNC) exhibited a better activity and reduced toxicity in comparison to the conventional treatment with Sunitinib (Yongvongsoontorn et al., 2019). High antiproliferative effects with similar concentrations of SU and SU-MNC were observed toward human umbilical vein endothelial cells (HUVECs) in normal and VEGF-induced growth conditions, a determining factor in angiogenesis and tumor growth. In addition, SU-MNC showed a significant reduction in toxicity towards human renal proximal tubule epithelial cells (HRPTECs) compared to SU. In vivo studies of SU, SU-MNC and SU + empty MNC (physical mixture) in tumor-xenografted mice indicated more significant effects at high doses of SU and SU-MNC, demonstrating a synergism between the drug and the carrier. Further, SU-MNC showed a most significant proliferation reduction, increased apoptosis, and lower tumor microvascular density values in tumor cells.
The proliferation of human umbilical vein endothelial cells (HUVECs) in normal and VEGF-induced growth conditions was verified in the presence of SU and SU-MNC. Both showed higher antiproliferative effects with similar concentrations in VEGF-induced conditions, what is expected when these pathways are active, which is a determining factor in the angiogenesis and tumor growth. Next step, the effect of SU, SU-MNC and SU + empty MNC (physical mixture) in tumor-xenografted mice was investigated. The treatment showed that the effect is more significant at high doses of SU and SU-MNC demonstrating the synergism between the drug and the carrier. In addition, SU-MNC shows the most significant reduction in tumor cell proliferation, increased apoptosis in tumor cells and lower tumor microvascular density values.
Another positive aspect observed, was the selectivity of the SU-MNC, which presents a higher concentration in tumor compared to SU, and lower concentrations in other organs such as skin, muscle, lung, and stomach in ACHN / A498-xenografted mice until 8 h post-injection. In comparison, another conventional nanocarrier (SU-PM), SU-MNC showed an increase in tumor growth inhibition and Sunitinib concentrations in tumors in athymic nude mice.
In addition, a new tumor microenvironment (TME) responsive polymeric micelle loaded with SU was developed (He et al., 2019) to obtain a programmed delivery specific to the site of angiostatin (see Figure 14B). In this study, polymeric micelles conjugated to β-cyclodextrin molecules can release sunitinib to target endothelial cells in the tumor extracellular matrix, and paclitaxel (PTX) into cancer cells. Therefore, the efficient anti-angiogenesis effect of SU and PTX to tumor cells was obtained due to a great synergism between both drugs, resulting in an extremely effective tumor treatment. According to the authors, the release of the anti-angiogenesis SU occurs because the matrix metalloproteinase 2 (MMP-2) overexpressed cleaves the peptide/β-CD linker, causing an effective vascular shutdown (He et al., 2019).
Oxindolimine-Metal Complexes Supported in Functionalized Silica
In our studies of antitumor properties of oxindolimines, all different strategies considered in item 3 were tested, and permitted some improvements in the reactivity of such compounds. To the best of our knowledge, our group is the first to report the preparation of two oxindolimine-metal complexes Cu-1 and Zn-1, in keto-enol form, and its loading into two distinct biocompatible materials, such as unmodified and modified silica MCM-41 for delivery of the active compounds, as shown in Figure 14C (Vieira et al., 2019).
The free and loaded materials were tested against two different melanoma cells lines, SK-MEL-147 (wild type) and SK-MEL-05 (B-Raf mutated gene expression), in addition to the cervical HeLa cells, in comparison to non-tumor cells line, P4 Fibroblast. The free complexes did not present significant activity up to 100 µM, except for Cu-1 against HeLa cells, with IC50 = 80 ± 6 µM, after 24 or 48 h treatment (Vieira et al., 2019). Furthermore, the antiproliferative assays for loaded materials, Cu-1@MCM, Zn-1@MCM, Cu-1@MCM-atzac, Zn-1@MCM-atzac, showed a high selectivity toward SK-MEL-147 cells for both unmodified and modified MCM-41. The selectivity index indicated at least twice more cytotoxicity to the tumor cells SKMEL-147, at both incubation times. Taking into account the percentage (mass/mass) of loaded complexes into the matrices and 100 % release, the IC50 values were determined, being much lower compared to those of the free complexes, (70.8 ± 2.4 µM) and (9.3 ± 0.3 µM) for Cu-1 inserted into unmodified and modified MCM-41, respectively. Further, the zinc analog shows to be much more cytotoxic, (55.8 ± 5.9 µM) and (4.4 ± 1.2 µM) for Zn-1 loaded into both matrices. Complementing these results, optical images in CytoViva assays with the SK-MEL-147 cells treated with loaded materials (24 h incubation) showed nanoparticles both in the cytoplasm and in the nucleus, as well as the appearance of apoptotic bodies in cells, as shown in Figure 15 (Vieira et al., 2019).
[image: Figure 15]FIGURE 15 | Optical images of SK-MEL-147 cells (registered with a CytoViva instrument), incubated for 24 h with different materials. (A) Control, (B) Cu-1@MCM, (C) Zn-1@MCM, (D) Cu-1@MCM-atzac, and (E) Zn-1@MCM-atzac nanoparticles. Arrows indicate the localization of metal-loaded NPs (bright points) or apoptotic bodies (dark circles). Reproduced from Vieira et al., 2019 with permission from The Royal Society of Chemistry.
DNA damage was monitored by the alkaline comet assay, using the untreated cells as control, in addition to those treated with aqueous copper(II) salt (Vieira et al., 2019). These controls showed no or tiny DNA damage, while the pure matrix (MCM-41) causes twice as much DNA damage in comparison. These data show an increase in DNA damage in the presence of matrix-complex materials compared to the free matrix, indicating that the matrix is probably stimulating the transport of the complex into the cell, since the free complexes have no measurable activity against SK-MEL-147. Therefore, a synergism occurs between the matrices and the metal complexes, increasing the cytotoxicity of these complexes.
CONCLUSION AND PERSPECTIVES
Oxindoles, and particularly isatin, are promising scaffold for pharmacological and medicinal compounds, according to the vast range of different biological properties this kind of compounds exhibit. Beyond the diversity of their activities, it is remarkable the relationship observed between their structural features, with possibilities of straightforward structural changes, and the improvement achieved in their reactivities in more recent investigations. Introduction of imine, hydrazone, thiosemicarbazone moieties seems to ameliorate their antiproliferative properties, through the better recognition of such compounds by crucial biomolecules (DNA and proteins). Particularly, the reactivity of non-metallated, as well as of metal-containing derivatives, were explained, or previewed in many simulation studies (DFT studies, docking, molecular dynamics), supporting experimental data.
Metal complex formation is a more noticeable strategy in the direction of reactivity enhancement, including traditional coordination compounds as well as organometallics. Different metal complexes containing the oxindole moiety were isolated as keto- and enolate-species, allowing to verify differences in its biological activities, although at physiological pH an equilibrium between both forms is usually observed. Metal ions introduce charge, provide a more rigid geometry to the ligands, and additional binding sites to the biomolecules, facilitating interactions.
Finally, the accomplishment of adequate carrier systems for an effective modified delivery of such compounds can be of great efficacy, in a synergistic process where the matrices act as adjuvants, facilitating the metal uptake by the cells and allowing an efficient modulation of their release inside the cell.
Although a huge number of studies have been published on the subject, not all the investigations explore the molecular bases or modes of action, aiming to explain the antitumor activity of such compounds. Studies focusing DNA damage are recurrent both with non-metalated and metalated isatin-derivative compounds. Among the proteins inhibited by these compounds, several types of kinases appear as relevant and preferential targets. Additional targeted proteins include topoisomerases I and II, and phosphatases.
In our studies of antitumor properties of oxindolimines, all these strategies were tested, and permitted a rational development of new compounds with diverse mechanisms of action, as well as some improvement in their reactivity. Also, diverse targets were investigated (DNA, mitochondria, CDKs, topoisomerase IB, alkaline phosphatase), inducing cell death by apoptosis. In our investigations, as well as in similar results with different ligands reported in the literature, the metal complex was more active than the corresponding free ligand, attesting that metalation is an efficient strategy.
Despite the continuous efforts already described in elucidating their chemical and biological properties, further rational investigations on isatin-derivatives in its different forms, metal-free, corresponding metal complexes or supported species, can lead to more efficient drugs presenting lower toxicity, and to better elucidation of their multiple mechanisms of action.
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Level of investigation

Approved for gastrointestinal stromal tumors and advanced renal cell carcinoma in 2006, by FDA.

Approved for a rare type of pancreatic cancer in 2011, by FDA

Approved as adjuvant agent for treatment of patients at high risk for recurrent renal carcinoma in 2017, by FDA.

Phase 3 completed tested in patients with breast cancer in combination with Docetaxel, Capecitabine, and Pacitaxel.

Approved for the treatment of the canine mast cell tumor in 2009, by FDA

Phase 3 completed tested in patients with refractory metastatic colorectal cancer in 2018.

Phase 3 completed tested in combination with Pacltaxel and Carboplatin in first ine treatment of ovarian cancer in 2018.

Phase 3 completed tested in combination with Docetaxel in 2nd line non-small cell lung cancer in 2018.

Phase 1/2 completed study for advanced hepatocellular carcinoma in 2011.

Phase 3 study combined with transcatheter arterial chemoembolization in patients with unresectable hepatocellular carcinoma in 2017.
Phase 3 completed study in combination with 5-Fluorouracil, Leucovorin, and rinotecan for metastatic colorectal cancer in 2004.
Phase 2 completed study in patients with persistent or recurrent cervical cancer in 2003.

Phase 2 completed study in patients with advanced or recurrent head and neck cancer in 2009,





