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A New Gallium Complex inhibits Tumor Cell Invasion and Matrix Metalloproteinase MMP-14 expression and activity
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Synthesis and biochemical study on the effect of a novel gallium complex

Deux complexes de gallium solubles dans l'eau de formule [Ga(III)LCl], où L est la forme déprotonée de dérivés d'acide N-2hydroxybenzyl-aspartique ont été synthétisés et caractérisés par RMN 1 H et 13 C, FT-IR, spectrométrie de masse et analyse élémentaire. Les données analytiques obtenues sont cohérentes avec une structure mononucléaire dans laquelle le cation gallium (III) est ligandé par l'un des deux groupes acide carboxylique, l'oxygène phénolique et l'atome d'azote du groupe 2-hydroxybenzylamino. Dans une telle structure, le ligand tridendate assure la liaison de l'ion métallique tandis que l'appendice carboxylique fournit la solubilité dans l'eau. La cytotoxicité du complexe gallium de l'acide (R)-2-(5-chloro-2hydroxybenzylamino)succinique (GS2) a été évaluée contre les lignées cellulaires du cancer du sein humain MDA-MB231 et de fibrosarcome HT-1080. Nous avons établi que GS2 est plus cytotoxique que le dérivé dépourvu de chlore aromatique et que le chlorure de gallium. GS2 est capable d'induire l'apoptose par la régulation négative de la phosphorylation de l'AKT, un arrêt du cycle cellulaire en G2M via l'activation de la voie des caspases 3/7. Bien que de nombreux effets moléculaires et cellulaires du Ga aient été décrits, y compris l'inhibition du protéasome et les activités ostéoclastiques, le complexe GS2 apparaît comme le premier complexe de gallium capable de réduire la phosphorylation d'AKT dans les cellules cancéreuses. L'activité de GS2 sur l'invasion cellulaire et sur l'expression et l'activité des métalloprotéinases matricielles (MMP) a été étudiée en utilisant une chambre de Boyden revêtue de collagène de type I. Nous avons analysé l'activité sur les MMPs par zymographie et dosage enzymatique en utilisant des substrats fluorogènes à haute affinité. Une inhibition sélective de MMP-14 a été observée pour bloquer la migration et l'invasion de cellules tumorales. L'expression de l'ARNm des MMP a été analysée par qRT-PCR. GS2 induit une diminution de l'invasion cellulaire. Un effet d'inhibition dosedépendante a été observé sur les activités de MMP-2, MMP-9 et MMP-14. Une diminution de l'expression de l'ARNm de MMP-14 a été observée dans les deux lignées cellulaires, tandis que l'expression des ARNm de MMP-2 et de MMP-9 ne décroit que dans les cellules tumorales MDA-MB231. Les données obtenues sur l'expression de l'ARNm de MMP-14 ont été confirmées par analyse Western Blot. GS2 semble être une molécule capable de réduire l'activité de MMP-14 dans des maladies métastatiques cancéreuses présentant un niveau élevé d'expression et d'activité de MMP-14. En conclusion, ces données montrent que le complexe GS2, en combinaison avec une chimiothérapie cytotoxique, est un composé prometteur pour la thérapie anti-invasive et anticancéreuse. complexes with formula [Ga(III)LCl], where L stands for the deprotonated form of N-2hydroxybenzyl aspartic acid derivatives were synthesized and characterized by 1 H NMR, 13 C NMR, FT-IR, mass spectrometry and elemental analysis. The analytical data are consistent with a mononuclear structure in which the gallium (III) cation is liganded by one of the two carboxylic acid groups, the phenol oxygen and the nitrogen atom of the 2hydroxybenzylamino group. In such a structure, the tridendate ligand secures the binding of the metal ion whereas the carboxylic appendage provides the water solubility. The cytotoxicity of the gallium complex of (R)-2-(5-chloro-2-hydroxybenzylamino) succinic acid (GS2) was evaluated against human breast carcinoma MDA-MB231 and fibrosarcoma HT-1080 cell lines. The 5-chloro derivative GS2 was found to be more cytotoxic than the unsubstituted derivative and GaCl 3 . GS2 induces apoptosis through down-regulation of AKT phosphorylation, G2M arrest in cell cycle via activation of the caspase3/7 pathway. Although, many molecular and cell effects of Ga have been described, including proteasome inhibition and osteoclastic activities, GS2 appears as the first gallium compound able to decrease AKT phosphorylation in cancer cells. The activity of GS2 on cell invasion and on the expression and activity of Matrix Metalloproteinases (MMPs) have been investigated using modified Boyden chamber coated with type I collagen. We analyzed the activity on MMPs by zymography and enzymatic assay using high affinity fluorogenic substrates. A selective inhibition of MMP-14 has been reported to blocks tumor cell migration and invasion. The expression of MMPs mRNA was analyzed by qRT-PCR. GS2 induces a decrease in cell invasion. A dose dependent inhibition effect was observed on MMP-2, MMP-9 and MMP-14 activities. A decrease in MMP-14 mRNA expression was observed in both cell lines, whereas MMP-2 and MMP-9 mRNA expression was decreased only in MDA-MB231 cells. Thus, we propose that GS2 compound may be a potential candidate to decrease the MMP-14 activity in cancer metastatic diseases presenting high level of MMP-14 expression and activity. Taken together, these data show that GS2, in combination with cytotoxic chemotherapy a is a promising compound for anti-invasive and anticancer therapy. 

I. Introduction I.1. What is cancer?

Cancer is one of the most leading causes of death in the industrial countries. It is characterized by uncontrolled growth and spread of abnormal cells in the body. Cancer is considered as one of the most complicated diseases that faced the humanity. The complication of the treatment for this disease came from the great matching between cancer and normal cells except for their highest rate of replication. Healthy tissue contains normal cells that constantly received signals indicating whether the cell should divide, differentiate into another cells or on the contrary push the cells to die in case of severe damage. Cancer cells developed autonomy from these replication signals leading to uncontrolled growth and proliferation.

This uncontrolled cell proliferation if it is not stopped will spread to other organs according to a process called metastasis that generally leads to a fatal issue [1]. Initiation and progression of cancer depends on environmental factors such as chemicals, radiations and infectious agents abut also of internal factors (inherited mutations, hormones, immune conditions and mutations that occur from metabolism). These factors can act together or in sequence, resulting in abnormal cell behavior and excessive proliferation, however, these DNA mutations take months and years to accumulate before the tumor becomes clinically detectable [2].

Cancer is a multi-step disease originating from a single normal cell. This single normal cell suffers a change into its genetic code (mutation) which leads to uncontrolled proliferation.

This induces a second wave of mutations leading to the mildly aberrant stage. Many rounds of replications of these mutated cells form an invaded eroded tumor mass in the surrounding tissue area. From this original tumor, the process of metastasis occurs according to a sequence of events starting with the invasion of the tumor into the peripheral tissue leading to intravasation of cancer cells into blood or lymphatic vessels and their entry into the circulation. Some of these disseminated tumor cells will extravasate from the circulation at distant sites to seed and colonize distant organs to form secondary metastatic tumors. The cancer cells have the ability to secret different types of proteases called matrix metalloproteinase enzymes (MMPs). MMPs are known to contribute to tissue invasion both during developmental processes as well as during tumor progression in a variety of ways.

MMPs degrade the extracellular matrix which is composed of interlocking mesh of fibrous proteins and glycosaminoglycans (GAGs). The fibrous proteins contain mainly collagen of different types and other fibrous proteins such as elastin which gives elasticity to tissues, allowing them to stretch when needed, fibronectins which connect cells with collagen fibers through integrines proteins located at the cell surface in the extracellular matrix (ECM), allowing cells to move through the ECM and finally laminins which are found mainly into the basal lamina and form networks of web-like structures that resist tensile forces in the basal lamina. This complex protein structure can be easily destroyed and penetrated by highly MMPs secreting cancer cells. Thus, some cancer cells are able to squeeze through the blood vessels homing into a different tissue and building a new cancer colony [3].

I.2. Cancer Treatment modes

Patient recovery is considered the oncologists first aim. If this primary goal cannot be accomplished, the treatment shifts to palliation, the amelioration of symptoms, and preservation of quality of life while striving to extend life. Cancer treatments are divided into four main types: Surgery, radiation therapy (including photodynamic therapy), chemotherapy (including hormonal therapy and molecularly targeted therapy), and biological therapy (immunotherapy and gene therapy). These treatments are often used in combination to achieve the best result while reducing side effects.

I.2.1 Surgery

Surgical therapy is the removal of the tumor and surrounding tissue during an operation.

Surgery is the oldest type of cancer therapy and remains an effective treatment for many types of cancer today. The goal of surgery may differ according to the type of cancer, it is often used to remove all or some of the cancerous tissue after diagnosis or it can also be used to diagnose cancer, find out the tumor locations, whether it has spread, and whether it is affecting the functions of other organs in the body [4].

I.2.2 Radiation therapy

Radiation therapy consists in using high-energy radiation to destroy tumors and kill cancer cells. X-rays, gamma rays, and charged particles are the most common radiation used for cancer treatment. The radiation treatment can be performed using external-beam radiation therapy, or it may come from radioactive material placed in the body near the tumor (Internal radiation therapy, also called brachytherapy). Systemic radiation therapy using radioactive substances that circulate in the blood can also be performed, for example to treat thyroid cancer with radioactive iodine. Most of the cancer patients will receive radiation therapy in the course of their treatment. Radiation therapy can either damage DNA directly or create highly reactive free radicals within the cells that can in turn damage the DNA. Cancer cells whose DNA is damaged beyond repair, stop dividing and/or die. When the damaged cells die, they are broken down and eliminated by the body's natural processes [5].

I.2.3. Chemotherapy

Chemotherapy use chemical drugs to destroy cancer cells. Chemotherapy targets the highly dividing cancer cells pushing them to die. However, healthy cells normally dividing are also affected by the chemotherapeutic agents inducing undesired side effects, such as nausea, fatigue, pain of muscle and stomach, alopecia, mucositis resulting of damages to cells inside the mouth and throat causing painful sores, etc. In some cases there are some advanced side effects such as nephrotoxicity and cardiotoxicity. Most often, side effects are temporary and disappear once the chemotherapy is discontinued. Sometimes, chemotherapy is used as the only mode of cancer treatment, but mostly, chemotherapy is combined with other mode of treatments such as surgery, radiation therapy, or biological therapy. Some cancer treatment regimens start with a chemotherapeutic treatment to reduce and surround the tumor mass then surgery and /or radiation comes to remove and sterilize the remaining cancer cells, this mode of treatment is called neo-adjuvant chemotherapy. In contrast adjuvant chemotherapy is used to destroy the cancer cells that may remain after surgery or radiation therapy [6].

All the anticancer drugs belong to a small number of therapeutic classes. A quick overview of the various types of drugs is described below including a brief rational of their mechanism of action.

I.2.3.1 Alkylating agents

The nitrogen mustards initially developed as chemical warfare were the first alkylating agents used medically, as well as the first modern cancer chemotherapies. Goodman et al. start to study nitrogen mustards such as -chloroethylamines at Yale University in 1942, in experimental tumors in mice. These agents were rapidly tested in Human but it was not until 1946 that the results of these trials were published [7]. The use of methyl bis (2-chloroethyl) methylamine hydrochloride name also chlormethine, mechlorethamine or mustine, for alkaloids are extensively used for cancer treatment and are considered to be one of the most efficient anticancer drugs [9]. Nowadays there are four major vinca alkaloids in clinical used: vinblastine, vinorelbine, vincristine, and vindesine. Vincristine is used to treat many types of cancer including Hodgkin's disease, leukemia, non-Hodgkin's lymphoma, neuroblastoma (brain cancer) or rhabdomyosarcoma. On the other hand, vimblastine have been approved for use in the treatment of breast cancer, testicular cancer, Hodgkin's disease, non-Hodgkin's lymphoma, and sarcoma. Vindesine is used extensively in chemotherapy protocols for acute lymphocytic leukemia, with the same side-effects that other vinca alkaloids such as myelosuppression and peripheral neuropathies.

Vinca alkaloids block mitosis in metaphase by binding tubulin and inhibiting the assembly of microtubules and consequently the ability of cancer cells to replicate and divide [10].

Microtubules are key constituents of the fiber systems of the cell cytoskeleton (spindle fibers).

They are essential for cell motility, transport, cell shape and polarity and mitosis [11]. Vinca alkaloids like any chemotherapeutic agents induce side effects such as neurotoxicity, blurred or double vision, gastrointestinal toxicities, swelling of foot or lower legs and weakness [12] (Figure 2). Taxoids: Paclitaxel is a natural occurring diterpene alkaloid originally isolated from the bark of the Pacific yew tree (Taxus brevifolia). It is now considered as one of the most important chemotherapeutic agents for clinical treatment of lung, ovarian and breast cancers and Kaposi's sarcoma [13]. Its hemisynthetic analogue Docetaxel, which is still more potent, is used to treat breast and prostate cancers, non-small cell lung cancer, stomach and head and neck cancers [14] (Figure 3). Both compounds enhance the polymerization of tubulin to stable microtubules and interact directly with microtubules, stabilizing them against depolymerization according to a mechanism opposite to vinca alkaloids. Paclitaxel blocks cells in the G2/M phase of the cell cycle inhibiting them to form a normal mitotic apparatus [15]. Taxoids suffer from very poor water solubility, leading to a formulation with toxic surfactants. To address this issue, Abraxan®, paclitaxel loaded human serum albumin nanoparticles were approved for the treatment of metastatic breast cancer in patients with first-line treatment failure [16] 

I.2.3.3 Anthracyclines

Anthracyclines were isolated from fermentation broths of Streptomyces and their antitumor activities were discovered in the 1960s. Structurally there are constituted of an aglycone aromatic polyketide bound to a sugar residue [17]. Daunorubicin, doxorubicin, epirubicin, idarubicin and valrubicin are the more prominent anthracyclines (Figure 4). Daunorubicin is mainly used in the treatment of acute myeloid leukemia. Main indication of doxorubicine is the acute lymphoblastic and myeloblastic leukemia, breast carcinoma, ovarian carcinoma, transitional cell bladder carcinoma, thyroid carcinoma, gastric carcinoma, Hodgkin's disease, malignant lymphoma and bronchogenic carcinoma in which the small cell histologic type is the most responsive compared to other cell types [18]. Epirubicin is the epimeric isomer of doxorubicin on the C-4 center of the sugar. The main indication is breast cancer.

Kiyomiya et al have demonstrated that doxorubicin once entered the cells, binds with high affinity proteasome in the cytoplasm. The drug-proteasome complex is then translocated into the cell nucleus. Once the anthracyclines reach the nucleus they dissociate from the proteasome and bind DNA due to its higher affinity for DNA [19]. The planar aromatic system intercalates between two base pairs of the DNA, while the sugar sits in the minor groove and interacts with flanking base pairs immediately adjacent to the intercalation site [20]. Such insertion of the anthraquinone ring can also induce histone eviction from transcriptionally active chromatin [21]. This inhibits the progression of the topoisomerase II which relaxes supercoils in DNA for transcription [22]. Moreover, binding of anthracyclines to proteasomes also inhibits the protease activity leading to inhibition of degradation of proteins involved in cell growth and metabolism and thus inducing apoptosis of these cells. In attempts to increase the therapeutic index of these compounds reducing the strong cardiocytotoxicity [23] various liposomal formulations such as Doxil®, Myocet® and Caelyx® have been marketed recently [24]. 

I.2.3.5 Aromatase Inhibitors

Aromatase inhibitors are a class of drugs used to treat postmenopausal women for breast cancer. Furthermore ongoing clinical trials for treatment of ovarian cancer gave promising results. Aromatase which is over expressed in breast cancer cells is localized into the endoplasmic reticulum and catalyzed the last steps of estrogen biosynthesis from androgens through a process called aromatization. Estrogen plays an important role in cancer development since lower estrogen levels result in a lower growth rate of cancers [26]. The reduction of estrogen level is effective to treat breast cancer in post-menopausal women because most of the estrogen is produced in fatty tissues, such as the breast. So, the estrogen level is lowered specifically at the site of the cancer [27]. The three aromatase inhibitors currently approved by the U.S. Food and Drug Administration are anastrozole (Arimidex®), exemestane (Aromasin®), and letrozole (Femara®) (Figure 6). 

I.2.3.6 Topoisomerase Inhibitors

During DNA replication the double helical strand is overwound preventing the DNA polymerase to start the duplication process. It is therefore crucial to unwound the DNA strand before the strand duplication process. Topoisomerase I and topoisomerase II play a major role in the uncoiling and recoiling processes. Both enzymes have the ability to unwound DNA helix by cutting and reforming the phosphate backbone of the DNA. They also play a significant role to repair DNA damages that occur as a result of exposure to harmful chemicals or radiations. Topoisomerase I cuts a single strand of the DNA double helix while topoisomerase II cuts both strands, using ATP for fuel. The rest of the process by which the two enzymes work is very similar. The process first entails the relaxation of the coil of the two DNA strands, and then after the cuts were made, and replication or repair is completed, the topoisomerases religate the cleaved strands to reestablish intact duplex DNA [28].

Topoisomerase inhibitors block the DNA ligation step, generating single and double stranded breaks that harm the integrity of the genome. These breaks subsequently lead to apoptosis and cell death. Therefore inhibitors of the topoisomerase enzymes have the ability to kill all cells undergoing DNA replication, reading of the DNA for protein production or experiencing repair of DNA damage. Since cancer cells divide much more rapidly than normal cells, the cancer cells will preferentially be killed by the topoisomerase inhibitors, though some normal cells will also be affected [29].

The main inhibitor of topoisomerase I are derivatives of camptothecin such as topotecan which is approved for the treatment of ovarian and lung cancers and irinotecan (CPT11) approved for the treatment of colon cancer [30] (Figure 7). In order to address the limitation of the first generation of topoisomerase inhibitors several non-camptothecin drug are in clinical trial. Etoposide is the main topoisomerase II inhibitor used in clinic. Etoposide is approved for treatment of Kaposi'sarcoma, Ewing's sarcoma, lung and testicular cancers, lymphoma, leukemia, etc. It is usually given in combination with other drugs [31,32] Several inhibitors including genistein that targets the N-terminal ATPase domain of topoisomerase II and prevent it from turning over are known. 

I.2.3.7 Kinase Inhibitors

Protein kinases are enzymes that phosphorylate proteins by adding a phosphate group to modulate their function. Most kinases act on serine and threonine, whereas the tyrosine kinases act on tyrosine and a number act on all three amino acids (dual-specificity kinases).

Phosphorylation regulates many biological processes such as cell replication and survival or cell death. Protein kinase inhibitors can be used to treat cancer due to hyperactive protein kinases (including mutant or overexpressed kinases in cancer) which are responsible for cell proliferation and survival [33]. Tyrosine kinase inhibitors (TKIs) are a class of chemotherapy medications that inhibit, or block tyrosine kinases. They are working through different mechanisms. Usually TKIs compete with adenosine triphosphate (ATP) for protein phosphorylation reaction. Recently TKIs have been shown to deprive tyrosine kinases of access to the Cdc37-Hsp90 molecular chaperone system on which they depend for their cellular stability, leading to their ubiquitylation and degradation [34]. One of the most important KI is Imatinib. Imatinib marketed as Gleevec® by Novartis is used to treat chronic myelogenous leukemia and gastrointestinal stromal tumors [35]. Sunitinib (Sutent®, Pfizer Inc.) is another orally available multitarget tyrosine kinase inhibitor approved and marketed for the treatment of imatinib-resistant gastrointestinal stromal tumor, metastatic renal cell carcinoma and advanced pancreatic neuroendocrine tumors [36]. Cabozantinib is approved by the U.S. FDA for medullary thyroid cancer and advanced renal cell carcinoma in people who have received prior anti-angiogenic therapy [37] (Figure 8). 

I.2.3.8 Monoclonal antibodies in cancer

The mastering of the synthesis of molecules that the immune system produced naturally allowed the pharmaceutical industry to.propose antibodies as therapeutic drugs for many diseases including cancer. Monoclonal antibodies are proteins naturally produced by the immune system in order to trigger a targeted attack on a foreign molecule potentially dangerous for the host. These antibodies could not only locate the tumor cells by recognizing specific molecules on the surface of the cancer cells, but also block their growth. Today, there are twelve antibodies having.received approval from the FDA for the treatment of a variety of solid tumors and hematological malignancies (Table 1). In addition, there are a large number of additional therapeutic antibodies that are currently being tested in early-and late-stage clinical trials. The use.of therapeutic antibodies to treat patients with solid tumors has been most successful with classes of antibodies targeting the ErbB family (which includes EGFR) and VEGF. It was recently evidenced that patients with colorectal cancer bearing wild-type KRas tumors have improved responses when treated with anti-EGFR antibodies [38]. Conjugated monoclonal antibodies are monoclonal antibodies chemically linked to a chemotherapy drug or to a radioactive particle that appear as promising therapeutic solution.

I.2.3.9 Metal complexes currently marketed

The use of metal-containing drugs started with the dawn of medicine. Nowadays metal complexes are considered useful chemotherapeutic agents because they offer many advantages over conventional carbon-based compounds in the development of new drugs.

These advantages are due to their ability to coordinate ligands in a three dimensional network, thus allowing functionalization of groups that can be tailored to defined molecular targets.

The partially filled d orbital provides the transition metals with electronic properties that play a major role in the design of anticancer agents. The oxidation state of the metal is also an important consideration in the design of coordination compounds since it facilitates the participation into the biological redox system and plays an effective role in optimal dose and bioavailability of the complex administered. Furthermore, the ability of metal complexes to exchange their ligands with biological molecules gives them the opportunity to interact and coordinate to biological molecules, as demonstrated by the widely used platinum-based drugs.

Though, only platinum and arsenic based drugs are today marketed the design of metalcontaining therapeutics is not restricted to endogenous metals but can take advantage of the unique properties of non-naturally occurring (Mg, Zn, etc…) and nonessential metals [39].

Platinum

cis-Dichlorodiammine platinum (cis-[Pt(NH 3 ) 2 (Cl) 2 ]) was first discovered by Peyrone in 1845 but its antiproliferative effect against cancer cells was accidently discovered by B. Rosenberg investigating the effect of electric fields on the bacterial division. The platinum electrodes used for this experiment slightly dissolved and formed platinum ions which subsequently coordinated with ammonia molecules contained in the growth media. Rosenberg observed that bacterial growth was not affected but bacterial replication was highly inhibited. After many experiments Rosenberg discovered that the inhibition of bacterial division was mainly due to the Peyrone's salt. Rosenberg supposed that if this simple platinum complex has the ability to inhibit the bacterial cell division it may have the same effect over the uncontrolled dividing cells [40]. In 1969 Rosenberg published the first paper about the effect of cisplatin over leukemia L1210 in mice and nine years later US Food and Drug Administration confirmed cisplatin as one of the potentially active antineoplastic drugs. cisplatin is still used intensively today for the treatment of testicular cancer, epithelial ovarian cancer, gestational trophoblastic tumors, and small cell lung cancer as well as for ovarian, cervical, esophageal, breast and head and neck cancers [41].

Four distinct steps are considered in the mechanism of action of cisplatin:-(1) Cellular uptake, (2) Activation through replacement of both chlorides by water molecules, (3) DNA platination, (4) DNA lesions and failure in cellular repairing process leading to cell apoptosis [42].

Cisplatin penetrates the cellular membrane through passive diffusion, but many studies revealed active transportation of cisplatin by copper transporters CTR1 and CTR2 [43]. Due to the low chloride ion concentration into the intracellular matrix (3-20 mM) one chloride ion bound to the platinum is easily replaced by water. The positively charged aquated cisplatin reacts with the nucleophilic center on purine bases of DNA, particularly the N7 position of guanosine and adenosine residues to give monofunctional adducts on DNA. In a second step, the remaining chloride ligand is substituted by a second guanine base, forming a cross-link on the DNA. Such cross-links can occur between deoxyguanosines on the same strand or on different strands, giving rise to intrastrand and interstrand DNA cross-links respectively. In any cases, this leads to a distortion of the DNA double helix configuration impairing the RNA polymerase to transcript the DNA. Cells whose DNA has been damaged in this way arrest at the G2/M transition of the cell cycle and attempt to repair this damage. The cell repairing mechanism was initiated to fix these DNA lesions but at a higher degree of DNA damage the cellular repairing machine fails to trigger the programed cell death mechanism (apoptosis) [44].

Cisplatin, is one of the most effective and potent anticancer drugs, nevertheless the collateral effects such as nephrotoxicity [45], hepatotoxicity [46], and cardiotoxicity [47], limit its use.

Additionally, some malignant tumors are inherently resistant to cisplatin chemotherapy or develop resistance after the first cycles of treatment. In search for compounds with fewer drawbacks, many platinum containing compounds were evaluated. Today, three platinumcontaining drugs are approved worldwide for treating cancer in humans, namely, cisplatin, carboplatin, and oxaliplatin. Additionally, nedaplatin, lobaplatin, and heptaplatin are approved for use in specific countries (Figure 9). Carboplatin anticancer mechanism resembles cisplatin as mentioned before but the chelating cyclobutane-dicarboxylate group of carboplatin is exchanged by water much more slowly. Some studies revealed also the crucial role of the dicarboxylate ligand on enhancing its ability to tightly bind DNA molecule. Although carboplatin displays enhanced anticancer activity it is also affected by the drug resistance mechanism [48].
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The cellular response which confers resistance to carboplatin is multifactorial and poorly understood [49,50]. It has been observed that the intracellular mechanisms by which cells become resistant to carboplatin includes increased drug detoxification by thiol groups of metallothionein and glutathione, repair, and improved tolerance to nuclear damage leading to apoptosis and reduced accumulation of intracellular carboplatin. Thus, inducing greater damage to DNA, overcoming the mechanisms of DNA repair, or activating and preventing apoptosis may lead to decreased tumor cell viability and could overcome resistance [51,52].

Oxaliplatin constitutes the third generation of anticancer platinum complexes designed and clinically approved to provide a more manageable toxicity profile. The drug was approved by the FDA in 2004 for colorectal cancer in combination with 5-fluorouracil and leucovorin (Folfox®) [53]. As observed for cisplatin, nephrotoxicity and neurotoxicity were recorded for oxaliplatin but more rapidly reversed and with less severity [54,55]. Oxaliplatin mode of action doesn't differ of that of the first and second generation of platinum complexes.

Nedaplatin (INN, marketed under the tradename Aqupla® in Japan) is a platinum complex derived from ammine ligands as cisplatin and the dianion derived from glycolic acid.

Nedaplatin has been developed to decrease the toxicities induced by cisplatin, such as nephrotoxicity and gastrointestinal toxicity. Several Phase II studies have suggested that nedaplatin might be a useful second analog, especially for patients with non-small cell lung cancer, esophageal cancer, uterine cervical cancer, head and neck cancer, or urothelial cancer [56].

Lobaplatin is a third platinum generation anticancer drug that exhibits improved anticancer effects and reduced kidney toxicity and adverse gastrointestinal effects when compared with cisplatin. Lobaplatin has been proposed in combination therapy with other anticancer drugs for the treatment of various cancers. For example, Lobaplatin combined with docetaxel increases the survival of patients with high-risk lymph node positive nasopharyngeal carcinoma [57].

Heptaplatin is another third-generation platinum antitumor drug developed by SK Pharmaceuticals. Heptaplatin shows equivalent antitumor activity and less toxicity compared to cisplatin [58]. In addition, it is effective against cisplatin-resistant L1210 leukemia cells, probably owing to its unique 2,3-diol ketal 1,4-diaminobutane-ligand [59].

Beside these currently approved drugs, a considerable number of platinum based-compounds are either in clinical trials or in preclinical studies. Phenanthriplatin is a cationic platinum complex 7-40 times more active than cisplatin in an initial screen of human cancer cells from a variety of organs. The structure of phenanthriplatin is based on a cisplatin core in which one chloride is replaced by a sterically hindered phenanthridine ligand oriented perpendicular to the platinum coordination plane, closing the open face of the platinum center. This steric hindrance protects the molecule from deactivation by glutathione and metallothioneins [60].

Pyriplatin is another cationic platinum based complex with a promised anticancer effect in experimental animal models. Pyriplatin binds to DNA by monodentate interaction unlike other bidentate platinum compounds such as ciplatin, carboplatin or oxaliplatin [61].

Picoplatin is a new generation of platinum complex. This drug was designed to address the acquired resistance problem of cisplatin [62] (Figure 10) . To overcome the limited structural design allowed by the square-planar Pt(II) scaffold, Pt(IV) compounds have been designed as prodrugs that release active Pt(II) species with concomitant loss of the two axial ligands following chemical reduction in the reductive environment of cancerous cells [63]. Such Pt(IV) constructs have several advantages: The greater inertness of octahedral Pt(IV) centers limits off-target reactivity and the two additional ligands over square-planar Pt(II) complexes can be used to tune the physical and pharmacokinetic properties of the complex. Therefore there is a renewed interest in developing Pt(IV) carboxylate complexes [64]. Nevertheless no Pt(IV) complex has gained clinical approval up to now [65]. Investigations of Iproplatin® and Tetraplatin® have been abandoned for lack of activity or toxicity [66]. On the other hand, Satraplatin® a Pt(IV) diacetatato complex entered in clinical trial in 2007 as the first oral platinum chemotherapeutic was rejected after phase III clinical trial because it didn't show a convincing benefit in terms of overall survival. Currently satraplatin is in phase I and II clinical trials in combination regimens [67]. Meanwhile LA-12, its adamantylamine analogue has passed phase I clinical trial [68].

One promising method to address the challenge of improving efficiency of anticancer drugs is by harnessing nanotechnology-based strategy. Indeed formulation of small molecule into liposomal or polymeric formulation allows for a significant reduction of adverse side effect while maintaining antitumor efficacy. With suitable surface modification, nanoparticles are able to avoid undesired uptake by the reticulo-endothelial system. The development of cisplatin nanoparticles has been a challenge resulting from its poor solubility both in water or organic solvent. The first liposomal formulations of cisplatin to be evaluated in clinic were SPI-77 and lipoplatin® [START_REF] Xiaopin | Nanoparticle formulations of cisplatin for cancer therapy[END_REF]. SPI-77 is a formulation of sterically stabilized, long circulating phospholipid/cholesterol liposomes encapsulating cisplatin. But despite an improved pharmacokinetic profile SPI-77 did not display enhanced therapeutic efficacy over cisplatin in preclinical experiments [START_REF] Veal | A Phase I Study in paediatric patients to evaluate the safety and pharmacokinetics of SPI-77, a liposome encapsulated formulation of cisplatin[END_REF]. Lipoplatin® is another cisplatin-loaded pegylated liposomal formulation prepared with neutral phosphatidylcholine lipid displaying a higher platinum load than SPI-77 [START_REF] Boulikas | Molecular mechanisms of cisplatin and its liposomally encapsulated form, Lipoplatin™. Lipoplatin™ as a chemotherapy and antiangiogenesis drug[END_REF]. Lipoplatin® has been tested in a number of malignancies in several Phase II and III trials, including pancreatic cancer, breast, gastric, and head and neck cancer with encouraging preliminary results [START_REF] Boulikas | Clinical overview on Lipoplatin: a successful liposomal formulation of cisplatin[END_REF]. Beside cisplatin-loaded liposomes, liposomal formulations of second generation analogues have also been clinically evaluated. Thus Aroplatin®, multilamellar liposomes encapsulating neodecanoato-diaminocyclohexane platinum (II) has reached Phase II trial study of patients with refractory advanced colorectal carcinoma. Although well tolerated, Aroplatin® was found moderately active and no further development was reported [START_REF] Dragovich | A Phase 2 trial of the liposomal DACH platinum L-NDDP in patients with therapyrefractory advanced colorectal cancer[END_REF]. More recently Lipoxal® a liposomal formulation of oxaliplatin was found to dramatically reduce the side effects observed with free oxaliplatin, including myelotoxicity and gastrointestinal tract toxicity, while preserving high antitumor activity [START_REF] Stathopoulos | Liposomal Oxaliplatin in the Treatment of Advanced Cancer: A Phase I Study[END_REF]. Many others platinum delivery platforms which are still in early developments were described. This include lipid-coated cationic aquated cisplatin nanoparticles, aquated cisplatin entrapped in nucleosidic lipids, PEG-coated chondroitin sulfate-binding cationic liposomes loaded with cisplatin, oxaliplatin encapsulated in transferrin-conjugated pegylated liposomes, oxaliplatin-derived hybrid peptide hydrogels, polymer-bound Pt(II) derivative nanoparticles [START_REF] Demin | Application of liposomal technologies for delivery of platinum analogs in oncology[END_REF].

Platinum containing drugs such as cisplatin or carboplatin had an enormous impact on current cancer chemotherapy. However, the spectrum of cancers that can be treated with platinum agents is narrow and treatment efficacy suffers from side effects and resistance phenomena.

These drawbacks in platinum-based anti-cancer therapy have stimulated the exploration of non-platinum-containing metal species as cytostatic agents. Although very few of them are currently on the market, preclinical and clinical investigations showed that the development of new metal agents with modes of action different from platinum complexes is possible. Thus, derivatives of arsenic, titanium, ruthenium, or gallium have already been evaluated in phase I and phase II trials and complexes with iron, cobalt, or gold have shown promising results in preclinical studies [START_REF] Ingo | Non Platinum Metal Complexes as Anti-cancer Drugs[END_REF].

Arsenic

Arsenic containing substances have long been used in traditional medicines for various diseases. Although, mineral arsenical compounds are known human carcinogens, arsenic trioxide has been found as a valuable treatment as a first line chemotherapeutic agent against certain hematopoietic cancers. Arsenic trioxide (As 2 O 3, Trisenox®) is a U.S. Food and Drug Administration approved front-line agent for the treatment of acute promyelocytic leukemia [START_REF] Mayorga | Arsenic trioxide as effective therapy for relapsed acute promyelocytic leukemia[END_REF]. As 2 O 3 is highly cytotoxic by induction of apoptosis to many types of cancer cells including breast, liver, and prostate cancer cells [START_REF] Lu | Targeting thioredoxin reductase is a basis for cancer therapy by arsenic trioxide[END_REF][START_REF] Dilda | Arsenical-based cancer drugs[END_REF]. Moreover, arsenic trioxide can promote the differentiation and it inhibits the migration and reduces the invasion of cancer cells suggesting that arsenic trioxide may have high therapeutic effect with lower risk of recurrence and metastasis than the traditional anticancer drugs [START_REF] Miller | Mechanisms of action of arsenic trioxide[END_REF]. Arsenic trioxide proved to be a potential candidate to treat hepatocellular carcinoma [START_REF] Oketani | Inhibition by arsenic trioxide of human hepatoma cell growth[END_REF], which is one of the most threatening and common cancers with high recurrence.

The mechanism of action of arsenic trioxide is not completely understood. It causes morphological changes and DNA fragmentation characteristic of apoptosis in NB4 human promyelocytic leukemia cells in vitro [START_REF] Chen | In vitro studies on cellular and molecular mechanisms of arsenic trioxide (As 2 O 3 ) in the treatment of acute promyelocytic leukemia: As 2 O 3 induces NB4 cell apoptosis with downregulation of Bcl-2 expression and modulation of PML-RAR/PML proteins[END_REF]. Duyndam suggested that trivalent arsenic cation bind to SH-group of some important signaling proteins whereas Li suggested that apoptotic signal triggered by arsenic trioxide may be activated from the liberation of reactive oxygen species (ROS) [START_REF] Duyndam | Induction of Vascular Endothelial Growth Factor Expression and Hypoxia-inducible Factor 1α Protein by the Oxidative Stressor Arsenite[END_REF].

Although arsenic trioxide initiates apoptosis it enhances the cell proliferation rate at a noncytotoxic dose [START_REF] Shen | Reactive oxygen species and antioxidants in apoptosis of esophageal cancer cells induced by As 2 O 3[END_REF]. Duyndam et al. demonstrated that arsenic trioxide induces the expression of the p38 protein which mediates the induction of VEGF mRNA expression in ovarian carcinoma [START_REF] Duyndam | Evidence for a role of p38 kinase in hypoxiainducible factor 1-independent induction of vascular endothelial growth factor expression by sodium arsenite[END_REF].

As most anticancer agents, arsenic trioxide causes side effects such as cardiotoxicity, and induces hyperleukocytosis and acute promyelocytic leukemia differentiation syndrome which can be managed successfully with careful patient monitoring during treatment. On the other hand arsenic trioxide does not cause hair loss and is not myelosuppressive in patients with acute promyelocytic leukemia [START_REF] Mayorga | Arsenic trioxide as effective therapy for relapsed acute promyelocytic leukemia[END_REF][START_REF] Alamolhodaei | Arsenic cardiotoxicity: An overview[END_REF].

Combination of ascorbic acid with arsenic trioxide was found to be more efficient than when used alone. A possible explanation would be that ascorbic acid causes the depletion of glutathione and consequently enhances the sensitivity of cancer cells toward arsenic trioxide treatment. This regimen doesn't affect the pharmacokinetic of arsenic trioxide and it was found highly effective for the treatment of refractory relapsed myeloma [START_REF] Bahlis | Feasibility and correlates of arsenic trioxide combined with ascorbic acid-mediated depletion of intracellular glutathione for the treatment of relapsed/refractory multiple myeloma[END_REF]. including DNA [START_REF] Piccioli | comparative study of adduct formation between the anticancer ruthenium(III) compound HInd trans-[RuCl 4 (Ind) 2 ] and serum proteins[END_REF]. Whatever its initial oxidation degree, ruthenium is believed to be activated after cell penetration by reduction to ruthenium (II) which is considered the most potent form, because cancer cells have a higher reducing environment than the healthy cells due to their high metabolic rate [START_REF] Clarke | Ruthenium metallopharaceuticals[END_REF][START_REF] Antonarakis | Ruthenium-based chemotherapeutics: Are they ready for prime time?[END_REF]. Two ruthenium (III) compounds underwent phase I clinical evaluation as anticancer drugs -NAMI-A in 2004 and KP1019 in 2006. Although both compounds appear to be structurally similar with four chlorine atoms in square planar geometry and two apical heterocyclic ligands, they showed remarkably different anticancer activity. KP1019 is active against primary cancers (non-metastatic), whereas NAMI-A is active against secondary tumor cells (metastatic tumors) [START_REF] Gransbury | Comparison of KP1019 and NAMI-A in tumourmimetic environments[END_REF]. Currently there are very few treatment options for metastatic cancers, and the prognosis for patients who develop this form of the disease is much worse. However, combination therapy of NAMI-A with gemcitabine gave disappointing results in recent phase II clinical trial on non-small cell lung cancer after first line therapy [START_REF] Rademaker-Lakhai | A Phase I and pharmacological study with imidazolium-trans-DMSO-imidazole-tetrachlororuthenate, a novel ruthenium anticancer agent[END_REF]. KP1019 underwent phase I clinical trial in 2008, however due to difficulties to define a reliable dose the phase II evaluation has been delayed.

Ruthenium compounds are a unique class of anticancer compounds exhibiting original mechanisms of accumulation, uptake, activation and mode of action within the cell. Beside the promising anticancer activities and especially the very limited adverse effects observed so far in clinical phase I trials, KP1019 and NAMI-A present major advantages in comparison to other anticancer metal drugs. Nevertheless a major limitation in ruthenium drug discovery is their unknown mode of action and their undefined in vivo chemistry (Figure 11). active against a wide range of ascites and solid tumors but it was found poorly active in leukemia cells [START_REF] Lord | -diketonate titanium compounds exhibiting high in vitro activity and specific DNA base binding[END_REF]. Nevertheless further clinical developments were precluded by solubility and stability problems. Indeed, the complexes rapidly hydrolyze in water at pH > 5, to yield oligomeric insoluble [Ti(bzac) 2 O] 2 [START_REF] Meléndez | Titanium complexes in cancer treatment[END_REF].

To overcome this problem more hindered ligands were studied. Thus, titanocene dichloride has been identified as a cytostatic agent as early as 1979. It possesses an excellent antitumor activity in vitro against many cell lines [START_REF] Kopf | Titanocene dichloride-the first metallocene with cancerostatic activity[END_REF] and in vivo it displays good activity without nephrotoxicity or myelotoxicity on many cancers such as human adenocarcinomas of the stomach and multidrug-resistant colon cancer [START_REF] Christodoulou | Anti-proliferative activity and mechanism of action of titanocene dichloride[END_REF]. Furthermore, titanocene dichloride displays interesting activity against ovarian carcinoma cells resistant to both doxorubicin and cisplatin [START_REF] Harstrick | Titanocendichloride activity in cisplatin and doxorubicin resistant human ovarian carcinoma cell lines[END_REF]. These encouraging results allowed transfering titanocene to clinical trials in 1999 in patients with metastatic breast cancer but with negative results [100]. The mechanism of action for these titanium complexes is not clear so far but some studies showed that titanocene dichloride inhibits both protein kinase C that is involved in cellular proliferation, and human topoisomerase II an enzyme that plays an important role in the DNA replication 29 [101]. Other studies showed that titanium forms a strong complex with transferrin iron binding protein that plays a major role in the delivery of the titanium (IV) into tumor cells

[102]
The low solubility of titanocene complexes was solved by converting the neutral molecules to ionic ones. The ionic titanocene acetonitrile complex showed comparable activity than titanocene dichloride in colon 38 adenocarcinoma and Lewis lung carcinoma, but was less effective in B16 melanoma. Furthermore, such cationic form was found more active than the neutral species against gastrointestinal and breast carcinomas, as well as in head and neck carcinoma xenografts in mice [START_REF] Meléndez | Titanium complexes in cancer treatment[END_REF]. Some ionic titanocene complexes containing aminoacids and thionucleobases have been prepared and showed good to moderate anti-tumor activity against Ehrlich ascites carcinoma, but were not as active as the parent neutral compound [103]

(Figure 12). (Figure 14) which showed about 40-fold higher cytotoxicity than cisplatin. This compound was found to be more potent against colon and cervical cancers than cisplatin but with a lower impact toward normal healthy cells. As a consequence of the depletion into the intracellular thiol containing proteins the sensitivity towards radiation was enhanced [118]. The nature of the ligand bound to rhodium was found to affect the ability of the rhodium complex to efficiently interact with sulfhydryl containing proteins and enzymes. Lipophilic carboxylates such as butyrate or pentanoate recorded higher antitumor activity probably due to a better cellular uptake. [START_REF] Katsaros | Rhodium and its compounds as potential agents in cancer treatment[END_REF] suggested that the anti-tumour activity of dirhodium(II) carboxylates may be due to binding to adjacent guanines on DNA, in a similar manner to cisplatin [118,119].

Simple Rh(III) salts such as rhodium trichloride itself were found to possess a carcinogenic potential. On the other hand some Rh(III) complexes showed promising antitumor activity.

For example, Katsaros reported the antitumor activity against Ehrlich ascitic tumours and P388 leukemia of some cationic rhodium complexes [L 4 Cl 2 Rh(III)] + Cl -where L is an antimalarial base such as primaquine, mepacrine, amodiaquine, etc [118].

McCully et al, reported in 1987 the antineoplastic activity of the rhodium (III) complex of oxalyl homocysteine thiolactone in mice transplanted with a rhabdomyosarcoma at doses of 50 and 100 mg/kg per day for two weeks. A 50% inhibition of tumor growth was achieved but higher doses caused survival rate decline [120]. Some rhodium (III) complexes with large planar heteroaromatic ligands were synthesized and their photodynamic properties were evaluated. cis-Dichloro(1,10-phenanthroline) ( 

Bismuth

So far only moderate in vivo antitumor activities were reported for bismuth compounds. The first antitumor bismuth complex introduced into the field of cancer was tris(6mercaptopurin)bismuth (III) and its derivatives which showed a promising antitumor activity compared to the platinum analogues in mice with L1210 leukemia [123] (Figure 16). 

Antimony

Most antimony compounds tested so far were found much less active that cisplatin but antimonyl trioxide showed a remarkable antitumor activity against promyelocytic leukemia with a lower toxicity than As 2 O 3 [126]. Antimony(III) compounds with polydentate carboxylic acids, triphenylantimony(V) polyamines and diphenylantimony(III) thiolates showed excellent antitumor activity into mice bearing solid tumors but upon increasing the dose a significant toxicity, including potential mutagenicity, was observed [127]. The antitumor activity of potassium antimonyl tartrate in lymphoid malignancies was evaluated and showed interesting results but a cross-resistance in human ovarian carcinoma and other cell lines was developed and associated with over-expression of the multi-drug resistance associated with drug export pump (MRP1) [128, 129, 130] (Figure 17). 
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Germanium

The electronic structure and configuration of organic germanium enable it to achieve healing properties on the body by elimination and neutralization of toxic substances and free radicals.

Certain medicinal plants contain germanium compounds in high concentration which revealed a significant clinical efficacy. In the past last years, amino-acid salts of germanium have also One of the most promising vanadium antitumor complex is vanadocene dichloride (Figure 18) that showed significant activity in human colon and lung carcinoma xenografted on athymic mice. Cp 2 VCl 2 is supposed to exercise its activity through the inhibition of DNA and RNA 

Iron

Iron is the most important metal involved in the respiration process, energy metabolism, DNA synthesis. It participates into the enzymatic profile that is responsible for cell proliferation and growth. Iron concentration recorded a higher level into cancer tissue than in normal cells because cancer cells over expressed transferrin iron binding protein and its receptor to uptake more iron to achieve a higher rate of respiration and cell replication. Thus, it may be deduce that iron deprivation could be an excellent cancer therapeutic approach. Iron depletion results in decreased mitochondrial oxygen consumption and ATP formation and an increase in 

Rhenium

Though no rhenium-based drugs have reached clinical trial, rhenium appears as a promising candidate for anticancer therapy. Furthermore, 186 Re and 188 Re radioisotopes are currently used for diagnostic and therapy. The rhenium-based drugs will be thoroughly described in the following chapter.

I.3.3. Conclusion

The discovery and development of cisplatin as anticancer drug for the treatment of a broad spectrum of tumors triggered the development of novel metal-containing drugs. The variety of oxidation degrees of metals combined with the large number of possible spatial arrangements of the ligands around the metallic core allow a greater diversity of interaction with biomolecules than classical organic molecules. First of all, many platinum complexes such as oxaliplatine, carboplatine etc were proposed and showed higher anticancer activity with lower side effects. Stimulated by the tremendous success of platinum metallodrugs a huge amount of research has been dedicated to the development of other metal-based anti-cancer drugs with the aim to find more active compounds with less side effects. Promising results were reported in preclinical research for many metal complexes and some compounds have already been investigated in clinical trials such as ruthenium, titanium and gallium complexes.

Ruthenium complexes KP1019 and NAMI-A showed the ability to treat metastatic and nonmetastatic cancers. Arsenic trioxide proved to be a potential candidate to treat hepatocellular carcinoma, which is one of the most threatening and common cancers with high recurrence. Titanium metal complexes have probably a high potential as anticancer drug. Titanocene dichloride reached the Phase II trials for metastatic breast cancer and metastatic renal-cell carcinoma but with tedious results, whereas Budotitane showed potential activity against several transplantable tumors and along with promising effects in an autochthonous colorectal tumor model. Even simple gallium salts such as gallium chloride and gallium nitrate were examined as antitumor agents but reaching the plasma therapeutic doses was one of the big challenges to achieve clinically usefull anticancer activity with less side effects. Many other metals were investigated and some of them show promising results in preclinical studies. It is the case of the vanadium, copper, gold, rhodium etc. In this context it may strange to see that only a handful of them were marketed. Clearly, solubility and stability are main issues with metal complexes. Furthermore many other metals are understudied and are worthy to be explored more deeply. Among them rhenium and gallium are certainly valuable candidates for new researches. Rhenium because rhenium radioisotopes are already used in clinic for diagnostic and gallium because simple gallium salts demonstrated relative efficiency in clinic but with major hurdles that would be ovecome using stabilizing ligands. In the following chapters our work is focused on a complex of rhenium discovered in the Laboratory of Professor Jean d'Angelo in 2009 and on a water soluble gallium complex elaborated during my stay in the same Laboratory in 2014-2015.

II. Antitumor activity of a rhenium (I)diselenoether complex

II.1. Rhenium compounds as metallodrug

Rhenium is in the third row transition metal in group 7 of the periodic table below manganese and has a wide variety of oxidation states ranging from -1 to +7. Rhenium is one of the rarest elements in the earth crust with an estimated average concentration of 1 part per billion.

Rhenium radioisotopes have a great medical importance. For example, 186 Another rhenium complex evaluated in vivo is the tricarbonyl (I)-diselenoether complex proposed by P. Collery and J. d'Angelo in 2010. The synthesis of this complex and its biological evaluation are thoroughly described in the following Section.
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II.2. Diselenoether rhenium (I) tricarbonyl complex II.2.1. Introduction

The The synthesis of this compound is depicted in Scheme 1. The dicarboxylic acid 6 was obtained by ligand exchange of commercially available Re(CO) 5 Cl with the 3,7diselenanonanedioic acid (5). The obtained complex was then treated with sodium bicarbonate to give the corresponding water soluble sodium dicarboxylate 6. The synthesis of the selenium-containing ligand 5 was achieved in four steps involving i: nucleophilic substitution of dibromopropane with sodium selenocyanate, ii: sodium hydroxide cleavage of the cyanide groups and formation of diselenacyclopentane, iii: reductive ring opening of the diselenacyclopentane by NaBH 4 and finally, alkylation of the both selenide groups by bromoacetic acid sodium salt. This process deliver the 3,7-diselenanonanedioic acid (5) in 32.5 % overall yield (Figure 21). The structure of these complexes was thoroughly studied by IR, 1 H and 13 C NMR. However because NMR turned out to be quite complex with these compounds due to the interconversion of stereoisomers occurring via pyramidal inversion at the coordinated seleno-ether ligand, the structure has been secured by a X-ray crystal structure of compound 2 that gave monocrystals suitable for X-ray diffraction.

Evaluated on a small panel of cancer cell lines, the water soluble rhenium(I)-diselenoether complex 4 exhibited a notable cytotoxicity against MCF-7 breast cancer cell lines (4.7 M)

whereas the more lipophilic compounds 1 and 2 turned out to be less efficient ( Following these first results, the intracellular distribution of Re and Se using the water soluble complex 4 was studied by ICP-MS. The uptake and efflux of Re in malignant cells exposed to rhenium (I)-diselenoether complex have been reported, together with evidence of the incorporation of Re into the nucleus. It was showed that the Re was fixed mainly in the nucleus of the tumor cells, furthermore, there was no efflux of Re after a post-exposure period of 48 h in MCF-7 cells. In contrast, there was an efflux in all other cell types (Table 2). Thus, to avoid the consequences of efflux in these cells, it could be important to maintain a continuous exposure of the malignant cells to the Re metal; possibly by an oral daily administration.

Furthermore, tissue distribution of Re and Se after oral administration to mice have been reported It appeared that rhenium concentrated mainly in the blood, liver and kidneys as did selenium , indicating a late disassembling of the rhenium/selenium complex[172] (Table 3). Summary: Rhenium (I)-diselenother (Re-diselenoether) is a water soluble metal-based compound, combining one atom of rhenium and two atoms of selenium. This compound has been reported to exhibit marked activities against several solid tumor cell lines. We now disclose an improved synthesis of this complex. The Re-diselenoether showed a potent inhibitory effect on MDA-MB231 cell division in vitro, which lasted when the complex was no longer present in the culture. Rediselenoether induced a remarkable reduction of the volume of the primitive breast tumors and of the pulmonary metastases without clinical signs of toxicity, in mice-bearing a MDAMB231 Luc+ tumor, orthotopically transplanted, after a daily oral administration at the dose of 10 mg/kg/d. Interestingly, an antagonism was observed when cisplatin was administered as a single i.p. injection 1 week after the end of the Re-diselenoether administration. In an effort to gain insight of the mechanisms of action of Re-diselenoether complex, interaction with 9-methylguanine as a nucleic acid base model was studied. We have shown that Re-diselenoether gave both mono-and bis-guanine Re adducts,

Introduction

Metal-based drugs have received increasing attention in recent years. The use of metals is indeed very attractive, as they offer unique spectrum of reactivity through ligand exchange and redox processes that is not available in the more common organic-based drugs. The discovery of the anticancer properties of cisplatin during the 1960s spurred the quest for alternative anticancer drugs with less side-effects. Beside platinum analogues including platinum (II) and (IV) derivatives, other metals have been recently explored, such as gallium, ruthenium, iron, gold, titanium or palladium [1]. In this context, rhenium-based drugs appeared as promising candidates for clinical development. Over the past years a growing number of studies have revealed the potential of Re organometallic complexes as anti-cancer agents. A recent review has been published with a particular emphasis on the cellular uptake and the localization of the currently known Re organometallic complexes as well as their potential mechanism of action [2]. Among Re organometallic complexes, several Re carbonyl complexes have been found to display cytotoxicity against breast cancer cell lines. For example, a Re(tricarbonyl)pentylcarbonato compound able to fight triple node negative human breast cancer cell lines has been described [3]. Nevertheless, despite the design of very efficient potent anti-cancer agents, very few in vivo studies have been conducted on cold Re organometallic complexes. On the other hand, it is noteworthy that some Se-based drugs have demonstrated a selective cytotoxicity against cancerous cells [4][5][6]. The tumor-specific cytotoxic effects of Se, with special emphasis on cascades of cellular events induced by pharmacologically active Se compounds have been recently reviewed [7]. It appears that certain redox-activated Se compounds induce complex cascades of pro-death signaling at pharmacological concentrations with superior tumor specificity, and that the target molecules are often implicated in drug resistance. With the aim to combine the antiproliferative properties of Re with the unique apoptotic modulator properties of Se we have recently designed the rhenium(I)-diselenoether complex 1 in which a central Re atom is coordinated with two Se atoms (Fig. 1). Complex 1 was shown to exhibit remarkable cytotoxicity against MCF-7 breast cancer cell lines [8]. The uptake and efflux of Re in malignant cells exposed to complex 1 have been reported, together with evidence of the incorporation of Re into the nucleus. Furthermore, tissue distribution of Re and Se after oral administration of 1 to mice have been reported [9]. The purpose of the present paper was to report the activity of Rediselenother complex 1 (Fig. 1) in experimental models of human breast tumor toward highly metastatic MDA-MB231 cancer cells in culture, and in MDA-MB231 Luc+ tumors transplanted in mice. The interaction of 1 with 9-methylguanine is also described, providing evidence that interaction of 1 with DNA might be involved in the mechanism of action of 1 at the molecular level. 

Material and Methods

Chemical protocols

Although the published synthesis of complex 1 has proved rather efficient, the elaboration of a key intermediate (compound 4 in scheme 1) was somewhat problematic, since suffering from a vexing lack of reproducibility. For that reason, we have recently developed an alternative approach to keycompound 4, which has proved perfectly reproducible. This new protocol involved the alkylation of the disodium salt of propane-diselenocyanate 2 with bromoacetic acid methyl ester, giving diester 3, which was next saponified with lithium hydroxide into diacid 4. Complexation of ReCl(CO) 3 by diselenoether 4, followed by sodium bicarbonate treatment provided complex 1, as previously reported [8]. Likewise, to study the possible interactions of the complex with DNA bases without competitive attack of the carboxylate appendages on the Re atom, the corresponding dimethyl ester complex 5 was prepared by condensation of diselenoester 3 with ReCl(CO) 3 in 68% yield. The white precipitate was filtered of on a sintered glass funnel and the paint yellow filtrate was concentrated under reduced pressure to leave 3 as a pale yellow oil (1.12 g, 82%); 

Alternative synthesis of key intermediate

Animal study design: Oral administration of Re-diselenoether complex

This study was performed in Cellvax laboratory. In this study, one of the objectives was to look for a synergism between cisplatin and Re (I)-diselenoether [10]. Experimental groups: Three groups of 10 mice each for a total of 30 mice were treated. Measurable mammary tumors were observed in 18 mice at day 9 after the inoculation of the tumor cells, while no mammary tumors were observed in 12 mice. Groups were then homogeneized to have 6 mice with a measurable tumor in each group. Group 1: Cisplatin (CDDP) group: mice were treated with CDDP as a single intraperitoneal (IP) injection at a dose of 6 mg/kg on day 41 after the inoculation of the tumor cells; Group 2: Re (I) -diselenoether complex group (Re drug group): mice were daily orally treated with Re -diselenoether complex at the dose of 10 mg/kg/24 h for four weeks, from day 9 to day 36 after the inoculation of the tumor cells; Group 3: Re (I) -diselenoether complex and CDDP group (combined drug group): mice were daily orally treated with Re-diselenoether complex at the dose of 10 mg/kg/24 h for four weeks, from day 9 to day 36 after the inoculation of the tumor cells (as in group 2) and then with CDDP as a single intraperitoneal (IP) injection at a dose of 6 mg/kg on day 41

(as in group 1).

Oral administration of the Re compounds:

The Re treatments were started on day 9 after the inoculation of the tumor cells. They were orally administered in the food instead of gavage, as it is a less stressful alternative to oral gavage [11]. Transwean was used to prepare capsules in which the Re (I)-diselenoether was incorporated. The capsules were prepared the day before treatment by mixing 1g of transwean powder (feed rodent form of powder mixed with water forms a sort of jelly) and 1 mL of water. The mixture was then placed in the wells of a 24-well plate and stored at 4 °C. The next day, the capsules were removed from the mold with a spatula and then cut into small pieces. Re drug at a dose of 10 mg/kg was diluted in a volume of 50 μl and introduced into one of the pieces of "capsule" with a syringe, then that piece was placed in the mouse cage. Once the capsule containing the treatments were consumed normal food pellets were put into the cage until evening. This mode of administration is simple and effective. The treatments were completely consumed with no risk of overdose.

Toxicity evaluation. Determination of body weight was performed twice a week for each mouse. 

Anti

Results and discussion

Design and synthesis of Re-diselenoether 1

Critical to the antitumor activity of pseudo-symmetric complex 1 was the presence in its framework of a central inorganic core, in which a heavy metal atom (Re) is coordinated with two semi-metal atoms (Se). Although, the canonical representation of 1 displayed high molecular symmetry, examination of the 1 H NMR spectrum clearly indicated that inversion around the two selenium atoms and/or chairchair interconversion of the six-membered metallacycle abolished the apparent symmetry [8]. The chemical/biological considerations which have governed the design of this three-metal core scaffold were disclosed hereafter. A major interest of Re is related to its very low mammalian toxicity; it has thus been evoked that Re is "one of the least toxic of the metallic elements" [1]. This low toxicity, quite surprising for a heavy metal, can be tentatively interpreted on the basis of its seven degrees of oxidation state (1 to 7) that could authorize subsequent oxidative detoxification processes. Only few data exist on the metabolism of Re compounds. However, a study of the metabolism of [ 188 Re(CO) 3 (carboxycyclopentadienyl)] in mice revealed the high plasma stability of this Re compound [13]. This study also suggested that the organometallic core of this complex remained unchanged under biological environment. In full agreement with this assertion, the Re compound was essentially excreted as glycine conjugate via the renal route, without further metabolism.

Regarding the presence of two Se atoms in complex 1, it should be mentioned that, fueled by decades of animal studies, Se could significantly reduce the incidence of cancer. This topic is now an area of intense worldwide study [14]. Nevertheless, although inorganic Se has been shown to inhibit carcinogenesis, there is a concern about toxicity, since chronic feeding of inorganic Se (e.g. selenites or selenates) at levels of > 5 ppm is toxic in rodents. However, on the basis of the pioneering work of El-Bayoumy et al. [15][16][17] and Sanmartin et al. [18][19][20], a series of synthetic Se compounds have been elaborated, in which the Se atom is connected to two carbon atoms, as in complex 1. These compounds have proved notably more potent and much less toxic than the inorganic counterparts. In contrast to Re compounds, the metabolism of Se compounds in mice is well-documented. It was found that Se compounds which included the RCH 2 SeCH 2 R pattern in their structure, such as complex 1,

were first cleaved via the trans-selenation pathway into RCH 2 SeH metabolite that, in turn was converted into H 2 Se through the β-lyase dealkylation reaction. Both H 2 Se and CH 3 SeH are thought to be pivotal metabolites in Se-mediated cancer chemoprevention [7]. A last comment should be made on the design of 1. Since the advantage of all ionic compounds over neutral species is their improved solubility in water, which markedly facilitates their application in biological systems, precursor 2 was ornamented at the Se-levels with two acetic acid moieties [2→4]. At the last step of the synthesis the two carboxylic acid functions were ultimately converted into water-soluble disodium salt 1 (Scheme 1).

The new procedure of synthesis of compound 1 was simple, reproducible giving a stable product easily authenticated through its IR spectrum. The presence of a d 6 fac-[Re(CO) 3 ] + moiety in complex 1 could explain its high chemical stability. This complex is amphiphilic, soluble in water, and then easy to administer. It also possesses lipophilic properties that allow a facile diffusion across cell membranes and a good biodistribution.

Interaction of Re-diselenoether complex with 9-methylguanine.

Extensive studies with many [Re(CO) 3 ] complexes indicate that their cytotoxicity is due to the formation of 1,2-intrastrand adducts e.g. between the N-7 atom of two adjacent guanine residues in DNA, in a fashion similar to cisplatin. Likewise, Re accumulation in cell nucleus treated with Rediselenoether 1 suggested a possible interaction with nucleic acids [9]. To probe such binding with complex 1, we have investigated the reaction of 5 with 9-methylguanine (9-MeG) as simple surrogate of the guanine base in DNA. Dimethyl ester 5 was used as surrogate of complex 1, since the presence of two sodium carboxylates in latter compound was clearly incompatible with the coupling conditions.

Indeed, Alberto and Zobi had previously reported that the [Re(CO) 3 ] + cation bound to 9-MeG to give mono or bis-adducts [21,22]. Thus, reaction of 5 with silver fluoroborate gave the corresponding cation which was further reacted with 1 equiv. of 9-MeG in methanol/water mixture. Analysis of the obtained mixture by mass spectrometry indicated that mono-adduct [Re(CO) 3 (C 9 H 16 Se 2 O 4 ).9-MeG] + BF 4 -(A, Fig. 2) was indeed formed as a minor component (10-15%). Interestingly, the major product turned out to be the bis-adduct [Re(CO) 3 (9-MeG) 2 (H 2 O)] + BF 4 -(B), previously observed by Alberto and Zobi. The isotopic profiles of both ions are in full agreement with the predicted patterns for the proposed molecular formulas (Fig. 2). In addition, the infrared spectrum of B revealed characteristic CO vibrations at 2027, 1915 and 1895 cm -1 previously reported for this 9-MeG bis-adduct [21]. These observations clearly indicated that the bis-selenoether ligand could be easily displaced by nucleic acid bases to provide guanine bis-adducts, suggesting that the Re-diselenoether complex 1 would be able to form intrastrand lesions. We may hypothesized that in biological medium, following initial aquation, the intermediate Re cation is able to react with nucleic acid bases in nucleus to give mono-adduct (Ion A, Fig. 2; Ion A, Supplementary Fig. 1). The constraint nature of the latter probably facilitated the exchange of the weakly chelating diselenoether ligand by water to give a very reactive ion (Ion D, Supplementary Fig. 1). Finally, a second nucleic acid base addition can easily take place to give 1,2intrastrand adducts (Ion B, Fig. 2; Ion B, Supplementary Figure 1, whereas the liberated seleno ligand would probably diffuse throughout the cell. Antitumor effect in vitro of the Re-diselenoether complex 1

It was earlier shown that MCF-7 breast malignant cells were more sensitive to the Re-diselenoether complex 1 than A 549 lung cancer cells and HeLa cervix carcinoma cells [9]. We therefore investigated malignant cells derived from a human breast carcinoma, the hormone-independent MDA-BB231 cells for the morphological and inhibitory effects of the Re-diselenoether complex.

In the presence of a low concentration of Re (I)-diselenoether complex (10 μM), modifications in cell and prevented the cells to proliferate further beyond that time point. Altogether, these data show that the Re-diselenoether complex is a potent inhibitor of tumor cell division at low concentration and that this effect is sustained even when the complex is no longer present in the culture. Cells"(%"of"max)"
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Potential targets of the Re-diselenoether complex 1

It has been reported that Re-based drugs could target more specifically the malignant cells than the healthy cells [2,23] . On the other hand, it is noteworthy that some Se-based drugs have demonstrated a selective cytotoxicity against cancerous cells [4][5][6]. The tumor-specific cytotoxic effects and the cascades of cellular events induced by the major groups of pharmacologically active Se compounds have been reviewed [7]. It is clear that certain redox-active Se compounds induce complex cascades of pro-death signaling at pharmacological concentrations with superior tumor specificity, and that the target molecules are often implicated in drug resistance. This review also emphasized on the chemotherapeutic applications of Se with multi-target attacks on tumor cells, and moreover on the great pharmacological potential of Se for the treatment of resistant cancers.

The Re capture was previously studied in the nucleus of three human breast cancer cells [9]: MCF-7s (sensitive cells), MCF-7R (resistant cells) and MCF-7 MDR (multidrug resistant cells) were exposed to the Re-diselenoether drug at the dose of 400 μM for 48 h (uptake), followed by a post-exposure period of 48 h (efflux). The next intra-nuclear Re concentrations (μM/10 6 cells) were recorded: MCF-7s: 0.08 (uptake), 0.25 (efflux), MCF-7R: 0.25 (uptake), 0.12 (efflux) and MCF-7 MDR: 0.15 (uptake), 0.09 (efflux). Regarding the uptake of Re, the concentration in the nucleus was less important in the MCF-7s sensitive cells than in the other cell types. However, in MCF-7R and in MCF-7 MDR, which are MCF-7 cells with an acquired resistance to cytotoxic agents, the nucleus concentration in Re notably decreased after the post-exposure period, indicating an efflux of Re out of the nucleus. This observation is of critical importance regarding the therapeutic protocol. Indeed, with the aim of overcoming the dramatic consequences of a Re efflux in these nuclei, it appeared necessary to maintain a continuous exposure of the malignant cells to the drug; this may be achieved through a daily oral administration.

Antitumor effect of the rhenium-diselenoether 1 in MDA-MB231 tumor-bearing mice

It is known that liposomal rhenium cluster compounds potentiate a platinum-based chemotherapy [23][24][25][26]. For that reason, we decided to investigate a potential synergism between cisplatin and the Rediselenoether complex in our experimental model with transplanted MDA-MB231 Luc+ human breast tumor in mice. Three groups were thus compared: Group 1, treatment by cisplatin (control); group 2, treatment with Re-diselenoether complex; group 3, treatment by Re-diselenoether complex + cisplatin.

Re-diselenoether complex showed remarkable antitumor effects versus cisplatin-based chemotherapy in mouse model of breast cancer. The volume of the primitive tumor was remarkably reduced in mice treated with Re-diselenoether complex versus those treated by cisplatin, taken as a control group (p = 0.0006). Results are depicted in Fig. 5 and A first divergence between the three curves was observed on d16, that is to say, two weeks after tumor grafting. In group 1 (mice treated with a single administration of cisplatin on d41), a regular tumor volume increase was recorded at the d16-d67 interval, with a final volume reaching up to 140 mm 3 .

Regarding group 2 (mice treated daily with the Re drug from d9 to d36), a plateau was observed at the d16-d44 interval, with a tumor volume not exceeding 20 mm 3 , followed by a complete regression of the tumors at the d47-67 interval. In group 3 (mice treated with the Re drug according to group 2 protocol, combined with a single administration of cisplatin on d41), the tumor volumes approximately matched those of group 2 until cisplatin administration, followed by a rapid increase until d67, with a final volume reaching up to 180 mm 3 . These observations deserve the following comments. The absence of any significant inflexion in the profile of curve 1 after cisplatin administration clearly reflected a lack of antitumor activity of this Pt-drug toward MDA-MB231 tumor-bearing mice with this schedule of treatment. By contrast, the profile of curve 2 revealed a nearly immediate antitumor effect of the Re drug, and a complete cure of the tumors after a one-month drug exposure, followed by a post-exposure period of 2 to 3 weeks. Examination of the profile of curve 3 is of peculiar interest regarding the mechanistic aspect of Pt-drugs and Re-drugs. Indeed, to our great surprise, a deleterious effect was observed when Re-drug 1 was co-administered with cisplatin, namely a dramatic collapse of the antitumor activity. This phenomenon can be interpreted on the basis of the binding modes of these metal-based drugs to DNA nucleotides which suggest that a Ptdrug could irreversibly displace the Re-drug from a pre-existing DNA-adduct. This assertion was reinforced through the consideration that both Re-drugs and Pt-drugs target the same recognition sites Bioluminescence imaging in mice.The imaging by bioluminescence (Prof. Valérie Rouffiac, Institut Gustave Roussy, France) illustrated the effects of Re (I)-diselenoether complex on the tumor activity (Fig. 6). In the group of the two mice (S1 and S2) treated with the Re drug, the tumor was visible on the first imaging on day 44 after the inoculation of the cancer cells (S1-S2, 11/03 images). On day 51 (18/03), the tumor has disappeared in mouse S2. On day 58 (25/03), there was no detectable tumor in the two mice, indicating a complete regression of the tumor activity, an effect sustained a long time after the interruption of the treatment with the Re-diselenoether complex (end of the treatment on day 36 after the inoculation of the cancer cells). Incidence of Re-diselenoether complex on pulmonary metastases. The pulmonary metastases could be evaluated in 9 mice of each group (one mouse in each group died before day 42 and the number of pulmonary metastases was not measured). Seven suffering mice were sacrificed on day 65 (two from group 1, one from group 2 and one from group 3: they all had pulmonary metastases). All other mice were sacrificed on day 67, corresponding to the end of the study. Finally, the presence of pulmonary metastases was noted in 9/9 mice in group 1; 5/9 in group 2 and 7/9 in group 3, with a mean number of metastases of 7.22 ± 2.47 in group 1; 3 ± 1.2 in group 2 and 3.57 ± 0.90 in group 3, as represented in Fig 7 . The number of metastases was significantly greater in group 1 versus group 2 (p<0.05) and in group 1 versus group 3 (p<0.05), but there was no significant difference in group 2 versus group 3. 

Evaluation of the toxicity of Re-diselenoether complex.

There was no sign of clinical toxicity in all groups according to the body weight of the mice, as depicted in Fig 8 . There was a death, but one in each group, between days 26 and 39 before the injection of cisplatin, that could be probably attributed to the pulmonary metastases (an autopsy was performed in 2 mice, revealing a great number of metastases). Thus, the dose of 10 mg/kg/24 h of Re-diselenoether appeared to be well-tolerated. observation suggests that the drug might be stored in the liver, more or less as it stands. However, in comparison with the liver, lower Se/Re ratios were recorded in the kidney (1.6 at the dose of 10 mg/kg and 1.0 at the dose of 40 mg/kg). These ratios revealed, as expected, a notable excretion/metabolization of the drug at the kidney level.

Mechanisms of action of diselenoether complex 1. As both Re and Se are well taken up by tissues, it is possible to consider that these two elements will contribute to the antitumor effects by the combination of their different mechanisms of action. The main biological effects of Re are the formation of adducts (single or double strands) with proteins or DNA. These interactions have been extensively studied by Alberto [21,22,27] and Zobi [28]. Re can bind to DNA adenine through the N1, N6 positions [29] or to guanine through the N7 position [30,31], resulting in Re/nucleotide 1:1 or Re/nucleotide 1:2 adducts.

Reaction of Re-diselonether 5 with 9-methylguanine used as a simple model of DNA bases clearly established its ability to produced Re/nucleotide 1:1 or Re/nucleotide 1:2 adducts. In contrast to cisplatin, binding of Re drugs to one or two bases is reversible, the Re-adducts having proved less stable than Pt-adducts. In fact, the formation of octahedral Re-adducts may be disfavored since they are generally more bulky and more sterically crowded than square-planar Pt-adducts. The possibility to administer the Re-diselenoether as a continuous oral administration offers an advantage upon cisplatin, which generally needs to be administered through a single injection.

Although the anti-carcinogenic properties of Se are now well established, the modes of action of this element are still a subject of discussion, since they are very complex and not fully understood.

However, we can emphasize on the mechanisms of action of Se on redox potential status, inflammation, immunity and cell signaling pathways including the consequences on cell apoptosis, DNA repair and metal detoxification, angiogenesis, metastasis, and finally the effects on the tumor growth.

Among the mechanisms of action of Se, its effects on the oxidative system are perhaps the most important. Se is mainly an anti-oxidant, via the selenoproteins, such as glutathione peroxidase (GPx) and thioredoxine reductase (TrxR). In fact, the existence of a systemic pro-oxidant status in patients with breast cancer is well-established [32], depending on the stage of the disease [33] and on the molecular subtype [34]. A single systemic profile was found in patients with triple negative breast cancer with higher NO levels among subtypes [34]. Another antioxidant, the superoxide dismutase (SOD), has also been proposed to fight against cell proliferation [35]. Ovarian cancer patients resistant to treatments by carboplatin/paclitaxel have a lower level of antioxidant response activation compared to sensitive patients [36], and to restore the oxidative status could increase the efficacy of anticancer cytotoxic drugs. In contrast, the common cytotoxic agents are pro-oxidant drugs, like paclitaxel and doxorubicin [37]. In this respect, high concentrations of Se may produce reactive oxygen species (ROS) and lead to apoptotic cell death by inducing oxidation and cross-linking of protein thiol groups essential for cell survival [38]. According to Jamier et al. [39], Se-based agents could turn the oxidizing redox environment present in certain cancer cells into a lethal cocktail of reactive species, that push these cells over a critical redox threshold and ultimately kill them through apoptosis. This kind of toxicity is highly selective: healthy cells remaining largely unaffected, since changes to their naturally low levels of oxidizing species produce little effect. The balance between pro-oxidative and anti-oxidative effects of Se compounds is still unclear, but it is obvious that the redox potential of cancer cells needs to be taken into account to evaluate the treatments by Se compounds. A very interesting display thiol-proteomics approach to characterize global redox modification of proteins by Se has been proposed by Park et al. [40].

As a second mechanism of action, Se, mainly as selenoproteins, plays an important role in inflammation [41][42]. There is a strong interaction between inflammation and cancer, and Pt-drugs have even been designed with the aim of targeting NF-kappa B signaling pathways [43]. Se compounds could have an impact on the inflammatory status through the inactivation of NF-kappa B [44][45]. The interactions between cancer stem cells (CSC) and inflammation are also of a great importance [46] for the development of cancer and its resistance to therapeutic agents. Due to its effect on inflammation, we could expect a role of the Re-diselenoether complex in the growth and activity of CSC.

Studies with Se-compounds indicated that Se may also have positive effects on immune response [47][48][49], and more specifically on the activity on NK cells [50][51][52]. Methylselenol, which is the active metabolite of organic Se compounds, has already been shown to regulate the expression of NKG2D ligands by MDA-MB231 and MCF-7 cells [53]. These ligands are involved in the recognition of the malignant cells by natural killer (NK) cells [54][55][56][57][58][59]. Selenoproteins also mediate T cell immunity through an antioxidant mechanism [60]. Se plays also an important role as an anti-inflammatory agent by tightly regulating the expression of pro-inflammatory genes in immune cells [61].

The role of Se compounds on signaling pathways involved in the development of cancer has become a very attractive area of research. Se-compounds are thought to modulate several kinases. The PI3K/AKT pathway appears as a common target for Se-compounds, but they may modulate different kinases at the same time and their effectiveness depends on the genetic background of the tumor cells [62,63]. All the Se-compounds did not exhibit kinase inhibitory activity. The type of kinase inhibition greatly depends on the Se derivative. The kinases modulated by S-and Se-derivatives include MAP, ERK, JNK, Akt, Cdc2, Cyclin B1 and Cdc25c amongst others [18]. Therefore, there is a great need for testing the Re-diselenoether complex on different tyrosine and serine/threonine kinases, especially in breast cancer cell lines.

Due to the molecular and biological effects of Se and selenoproteins, there is an expected benefit in cancer patients, not only on the primitive malignant tumor growth, but also on angiogenesis [64][65] and metastasis [66]. However, the exact schedule of treatment needs to be clarified for each cancer disease, with the help of different markers that remain to be better identified. Plasma Se levels, which have already been investigated in a cohort of breast cancer patients [67], could be useful to monitor the therapy. Whatever the modes of action of these elements, one can argue that there existed a synergistic effect between Re and Se partners accounting for the remarkable, promising antitumor activity of Re(I)-diselenoether complex, already patented in Europe [68].

Conclusion

In summary, Re-diselenoether complex is a promising new metal-based anticancer drug for the treatment of patients with metastatic breast cancer. It proved to efficiently reduce tumor cell division in vitro at a low concentration of 10 M. It may be orally administered, and the recommended dose is a non-toxic dose of 10 mg/kg/d for a treatment of at least four weeks. The efficacy may result from the activity of both Re and Se on key targets of the cancer cells and their microenvironment. Among the mechanisms of action, we confirmed the effects on DNA, due to the Re atom. The effects on the immune system, the redox status, the inflammation and cell signaling pathways attributed to the Se component will be investigated in further studies with models of hormone-independent (MDA-MB231) and hormone-sensitive (MCF-7) metastatic breast cancer.

II.2.3. Conclusion and perspectives

The 

III. Experimental work III.1. Cancer chemotherapy using gallium derivatives

Gallium was discovered in 1875 by Paul-Emile Lecoq de Boisbaudran. As bore and aluminum which are above in the IIIa column of the Periodic Table, gallium has an oxidation state of +3. The medicinal chemistry of gallium is close to that of Fe +++ . This similarity may be due to the similarity between the two ions in a number of parameters, including ionic radius and factors relating to bond formation such as electronegativity, ionization potential and electron affinity. The underlying factor is the 3d 10 4s 0 4p 0 configuration of the Ga(III) ion structurally related to the half-filled 3d orbitale of the Fe(III) ion (3d 5 4s 0 4p 0 ). Thus, gallium is able to form complexes with proteins and ligands that bind iron, such as transferrin, the irontransport protein in blood [175].

The therapeutic potential of gallium was first reported by Levaditi et al. in 1931[176].

Gallium tartrate was found to eradicate experimental syphilis in rabbits with a single intramuscular dose. Furthermore, it was found to eliminate infection by Trypanosoma evansi in mice. Following this initial report gallium experienced a long period of disinterest. In the early fifties, it was found that gallium from either gallium salts or chelates was poorly absorbed from oral ingestion and concentrated in bone, liver and kidney tissue. Thus, attention quickly turned to gallium radioisotopes, particularly 72 Ga, as it could be easily used to trace the distribution of gallium in experiments in animals. Radionuclides of gallium were found to concentrate in regions of high bone turnover, particularly in some bone tumors [177].

Unfortunately in clinic 72 Ga was shown to be ineffective in the treatment of bone tumors, because of its too short half-life (14.1 h) that doesn't allow delivering a sufficient radiation level to the target tissue while the patient had been subjected to undesirable whole body irradiation [178].

On the other hand 67 Ga with a longer half-life of about 78 h, is now used as a widespread diagnostic agent for some cancers, infections and inflammatory diseases together with the + emitter 68 Ga use in positron emission tomography (PET) [179]. These discoveries prompted further evaluation of the potential anticancer activity of stable gallium compounds.

Gallium (III) nitrate exhibits significant antitumor activity, and went in clinical trial as a chemotherapeutic agent for the treatment of lymphoma and bladder cancer. However, the clinical trials failed to demonstrate its efficacy due to its nephrotoxicity [180]. To avoid the renal toxicity associated with intravenous administration, the oral and daily continuous administration of gallium trichloride was proposed. However, it appeared that the therapeutic plasma concentration was difficult to attain, at least in lung cancer patients [181].

Many studies were devoted to get insights into the mechanism of action of gallium. First, the counter anion of the metal salt has no influence on cytotoxicity. Thus, both gallium chloride and sulphate have been tested and recorded the same cytotoxicity [182].

Gallium ions bind to the phosphate backbone of DNA at low gallium concentrations, forming a stable complex, but no interaction was seen between the metal and DNA bases. Gallium may also act as a competitor with magnesium for DNA binding, as it has an affinity for DNA Despite gallium has a lower affinity against transferrin than iron ion, the transferrin-gallium complex inhibits DNA synthesis by acting on the M2 subunit of ribonucleotide reductase is transferred to cellular ferritin by an active transport process using ATP as a fuel [191].

Oral administration of gallium chloride was more effective to selectively target tumor cells compared to intravenous injection, especially in metastasized tumors [192]. Due to this aspect of tissue pharmacokinetics, oral administration of gallium has been suggested in order to potentiate radio-or chemotherapy in lung cancer. Some studies revealed that gallium potentiates the activity of cisplatin and etoposide [193]. A synergistic response was achieved in patients receiving gallium plus cisplatin and etoposide, as compared to those receiving only the two classical anticancer drugs. [194].

Preclinical studies have demonstrated a synergy of gallium with paclitaxel [195], gemcitabine [196], vinorelbine [197], hydroxyurea [198], fludarabine [199] and interferon- [200]. This synergistic antineoplastic activities should be explored in clinical studies.

Several studies investigated the effect of gallium nitrate i.v. on bone metabolism. Gallium inhibits osteoclastic activity and decreases hydroxyapatite crystal formation. Upon adsorption of gallium over hydroxyapatite crystals surfaces an increase of collagen synthesis related to the bone concentration of gallium and an increase in bone tissue formation in vitro were observed. It was cleared that a protracted infusion was effective against cancer-associated hypercalcemia [201,202].

The ability of simple inorganic gallium salts to inhibit tumor cell growth in vitro and in vivo provides the impetus for the discovery of new gallium compounds with improved therapeutic index. Unfortunately, the propensity of gallium salts toward hydrolysis to give non-soluble gallium oxide, is one of the major hurdles in the development of gallium-based drugs.

Therefore, many studies on the application of gallium complexes bearing chelating N,N-N,O-and O,O-donor ligands such as alkoxo-amino-and imino-groups have been carried

out. Gallium complexes are expected to have a better bioavailability than simple inorganic salts of gallium thanks to an improved stability and absorption. Only, two gallium compounds went into clinical trial: Tris(8-hydroxy)quinolinolato Ga (III) (KP46) and gallium maltolate (Figure 22). The first compound identified was KP46. This stable complex has an anticancer effect, about 10 times higher in vitro on A549 human malignant cell line than GaCl gallium (Ga) appeared as one of the most promising metal candidate [1,2]. Even, a simple salt as Ga(III) nitrate was found to exhibit significant antitumor activity, and went in clinical trials as a chemotherapeutic agent for the treatment of lymphoma and bladder cancer. However, the clinical trials failed to demonstrate its efficacy after intravenous infusion due to nephrotoxicity even with fractionated doses [3,4] or in combination with other chemotherapeutic agents [5,6]. Moreover, emergence of drug-resistance further complicated the use of Ga nitrate [7]. To avoid the renal toxicity associated with intravenous administration, the oral and daily continuous administration of Ga trichloride was proposed and a relationship was found between the Ga concentrations in plasma and the efficacy in a pilot study [8]. However, it appeared that the therapeutic plasma concentration was difficult to attain, at least in lung cancer patients [9]. Thus, in search for compounds with a more favorable biodistribution after an oral administration, Ga(III) complexes started to be evaluated. [10] Many complexes have been proposed in which the Ga(III) ion is anchored by multidentates Lewis bases such as heterocyclic-thiosemicarbazone [11,12], salicylidene acylhydrazide [13], bis(3-hydroxypyridone)-EDTA [14], pyrazole-based ligands [15], azoles [16], naphthalene imine [17], paullone derivatives [18], dialkylgallium derivatives [19,20] This quest for suitable chelators culminated with the discovery of tris(8quinolinolato)gallium(III) (KP46) [21][22][23] and tris(maltolato)gallium(III) [24][25][26] two orally active antitumor metallodrugs that went into clinical trials but without definitive outcomes.

Many of these compounds suffer from a low water solubility (36 M for KP46) hampering their development. Driven by this premise, we reasoned that the coupling of a hydrophilic amino acid moiety to a known ligand of Ga would give a water soluble complex. As binding subunit we chose the 2-hydroxybenzylamine scaffold which has been previously shown to be an effective gallium anchoring group [15,27]. Interestingly, Ga complexes with phenolate coordinating groups have been recently described as potent inhibitors of proteasome activity [28]. Furthermore a large array of substituted salicylic acids is available, allowing a fine tuning of the physico-chemical properties of the ligand. We report herein the synthesis and the characterization of water soluble [N-(2-hydroxybenzyl)-L-aspartato] Ga complexes that display significant cytotoxicity on several tumor cell lines by comparison with GaCl 3 and betaine tetrachlorogallate which was recently proposed, as a new antitumoral Ga(III) salt [29].

Furthermore we show that the most active compound was able to induce apoptosis in human breast carcinoma MDA-MB231 and fibrosarcoma HT-1080 cells through a downregulation of AKT phosphorylation, G2M arrest in cell cycle and caspase3/7 pathway. This organo-gallium complex was found to induce an increase in mitochondrial ROS level in HT-1080 cells but not in MDA-MB231 cancer cells.

Experimental Materials and methods

IR spectra were obtained as solid or neat liquid on a Fourier Transform Bruker Vector 22 spectrometer. Only significant absorptions are listed. 1 H NMR (300.13 MHz) and 13 C NMR (75.6 MHz) spectra were recorded on a Bruker AVANCE DRX 300 spectrometer using internal standard solvent Recognition of methyl, methylene, methine, and quaternary carbon nuclei in 13 C NMR spectra rests on the J-modulated spin-echo sequence. Mass spectra were recorded on a Bruker Esquire-LC. HRMS were recorded on a LTQ-Orbitrap Velos Pro Thermofisher Scientific mass spectrometer. Analytical thin-layer chromatography was performed on Merck silica gel 60F254 glass precoated plates (0.25 mm layer) and 90 C18-Reverse phase glass precoated plates. Column chromatography was performed on Merck silica gel 60 (230-400 mesh ASTM). Methanol and ethanol were dried over magnesium and distilled. All reactions involving air-or water-sensitive compounds were routinely conducted in glassware which was flame-dried under a positive pressure of nitrogen or argon. Aspartic acid, GaCl 3 , salicylaldehyde and 4-chlorosalicylaldehyde were purchased from Sigma-Aldrich Chemical Co., and were used without purification. 3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide (MTT) was purchased from Sigma-Aldrich Chemical Co. Betaine tetrachlorogallate was obtained as previously described [29] 

Synthesis of the ligands

The new aspartyl-salicylate derivatives 1a,b were prepared by reductive amination of the corresponding salicylaldehydes with aspartic acid dimethyl ester in the presence of sodium cyanoborohydride. The formed dimethyl 2-hydroxybenzylamine-aspartate derivatives were purified by silica gel chromatography and hydrolyzed to the corresponding diacides upon treatment with 6N HCl and crystallized. The ligands were found pure enough to be used directly in the complexation step.

Synthesis of (R)-dimethyl 2-(2-hydroxybenzylamino)succinate

To a solution of salicylaldehyde (0.46 g, 3.72 mmol) in methanol (5 mL) and acetic acid (2 mL) was added 0.60 g (3.72 mmol) of aspartic acid dimethyl ester. The reaction mixture was stirred at 20 °C for 30 min and sodium cyanoborohydride (0.5 g, 7.45 mmol) was added by portion. The resulting mixture was stirred 16 h at 20 °C and concentrated under reduced pressure. The residue was taken into 3N HCl and stirred until the end of the gas evolution. The solution was basified with solid Na 2 CO 3 until pH 8-9 and extracted with CH 2 Cl 2 . The combined organic layers were dried over MgSO 4 and concentrated under reduced pressure to give a white solid. Chromatographic purification over by silica gel chromatography eluting with cyclohexane/AcOEt, 1:1 gave the title compounds (0. 

Synthesis of (R)-dimethyl 2-(5-chloro-2-hydroxybenzylamino)succinate

The same procedure as described above starting from 5-chlorosalicylaldehyde provided the title compounds (1.55 g, 57% yield). IR (neat) : 3400, 3050, 2954, 1726, 1618, 1588, 1491, 1436, 1370, 1371, 1252, 1201, 1166, 1130, 1104, 1036, 1003, 991, 935, 843, 754, 627 cm 1 ; 1 H NMR (300 MHz, CDCl 3 ) δ 7.13 (dd, J = 8.6, 2.6 Hz, 1H), 6.96 (d, J = 2.6 Hz, 1H), 6.77 (d, J = 8.7 Hz, 1H), 4.08 (d, J = 13.9 Hz, 1H), 3.79 (d, J = 13.9 Hz, 1H), 3.79 (s, 3H), 3.71 (s, 3H), 3.70-3.55 (m, 1H), 2.80 (dd, J = 16.5 Hz, 4.8 Hz, 1H), 2.72 (dd, J = 16.5 Hz, 7.2 Hz, 1H).

Synthesis of (R)-2-(2-hydroxybenzylamino)succinic acid (2a).

A mixture of dimethyl 2-(2-hydroxybenzylamino)succinate (1.55 g, 4.58 mmol) in 6N HCl (60 mL) was refluxed for 12 h. The mixture was concentrated to dryness under reduced pressure. The solid residue was taken into water (20 mL) and the pH was adjusted to 3 with NaHCO 3 . The mixture was concentrated to dryness and taken up into methanol (40 mL). The solid was filtered and the filtrate was concentrated to give a solid residue. The latter was taken into 40 mL of a 1:1 mixture of EtOH and MeOH. And the mixture was once again filtered. A white solid residue was obtained upon concentration (0.88 g, 70 % yield); IR (neat) : 3600- 

Synthesis of (R)-2-(5-chloro-2-hydroxybenzylamino)succinic acid (2b)

The same procedure as described above starting from dimethyl 2-( 5 

Synthesis of the gallium complexes 3a,b

1 equiv. of the acid form of the ligand derivatives was dissolved into distilled water (3 mL/100 mg) and 1.2 equiv. of 1M GaCl 3 aqueous solution was added. The mixture was refluxed under nitrogen for 2h. The reaction mixture was concentrated under reduced pressure. The solid residue taken into a small amount of water and was filtered through a sintered glass funnel. The solid was washed with a minimum amount of water and dried under reduced pressure. The crude product was next taken into water (10 mL/100 mg) and the pH was adjusted to 3 with few drops of 0.1 M sodium bicarbonate. The mixture was filtered through a 0.24 m syringe filter and concentrated to 4-5 mL/100 mg. The clear solution was passed through a short column of C18-SiO 2 reversed phase eluting with water, water/ MeOH 9:1 and finally, water/ MeOH 1:1. The UV visible fractions were lyophilized to give an amorphous white solid. 

Gallium complex GS1 (3a)

Cell culture

The human breast adenocarcinoma cell lines MCF-7 (HTB-22) and MDA-MB-231 (HTB-26), the human fibrosarcoma cell line HT-1080 (CCL 121) and the human chronic myelogenous leukemia (CML) cell line K-562 (CCL-243) were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). MCF-7, MDA-MB-231 and HT-1080 cell lines were cultured in MEM with Earle salts and Glutamax I (Invitrogen, Cergy-pontoise, France) supplemented with 10% fetal bovine serum, (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). K-562 cell line was cultured in RPMI 1640 with Glutamax I (Invitrogen) supplemented with 10% fetal bovine serum, and 1% penicillin-streptomycin. Cultures were maintained at 37 °C in a humidified atmosphere containing 5% CO 2 (v/v). Cells were routinely passaged at preconfluency using 0.05% trypsin, 0.53 mM EDTA (Invitrogen) and screened for the absence of mycoplasma using PCR methods.

Cytotoxicity Assay

Cytotoxicity of GaCl 3 , betaine, tetrachlorogallate, 2-(2-hydroxybenzylamino)succinic acid gallium complex (GS1), and 2-(5-chloro-2-hydroxybenzylamino)succinic acid gallium complex (GS2) was assessed by the CellTiter 96® Non-Radioactive Cell Proliferation Assay (MTT) (Promega, Charbonnières les Bain, France). Briefly, the cells were plated at a density of 2,500 cells/well in a 96-well plate with 100 μL culture medium per well, containing different concentrations of the previously cited molecules (from 10 to 1000 µM). After 72h, 15 μL of MTT dye solution was added in each well. The plates were further incubated for 4 h.

Then, 100 μL of the solubilization/stop solution was added into each well and the plate was incubated 1h at room temperature. The optical density of each well was measured at 570 nm using a microplate reader Revelation 96-well multiscanner (Dynex Technologies, Chantilly, VA). Results were represented as a percentage of cell survival with respect to untreated controls. The IC 50 was defined as the drug concentration required to inhibit MCF-7, MDA-MB 231, HT-1080 and K-562 cell growth by 50%, relative to untreated controls. IC 50 values were estimated from the dose response curve.

Cell viability assay

HT-1080 and MDA-MB 231 cells (2 × 10 5 cells/well) were seeded in 6 well plates and treated with GaCl 3 (400 µM) and Ga complex GS2 (50, 100 and 150 µM) for 24 and 48h. Cells were harvested using trypsin-EDTA, washed two times with PBS, and re-suspended in fresh culture medium containing 10% serum. Cell suspensions were stained with the Muse™ Count and Viability Reagent (Millipore, Molsheim, France) according to the manufacturer's instructions.

The total cell count and viability was acquired on the Muse™ Cell Analyzer (Millipore).

Annexin V and dead cell assay

Cells were treated as described in the "Total cell count and cell viability assay" for 24 and 48h. Then, cells were harvested using trypsin-EDTA, washed two times with PBS, and resuspended in fresh culture medium containing 10% serum. Cell suspensions were stained using the Muse™ Annexin V and Dead Cell Assay kit (Millipore) according to the manufacturer's instructions. Data were acquired on Muse™ Cell Analyzer (Millipore).

Caspase 3/7 analysis

Cells were treated as described above, for 24 and 48h. Then, cells were harvested using trypsin-EDTA, washed twice with PBS, and re-suspended in fresh culture medium containing 10% serum. Samples were stained using the Muse™ Caspase 3/7 Assay kit (Millipore), according to the manufacturer's instructions. Data were acquired on the Muse™ Cell Analyzer (Millipore).

Cell cycle analysis

Cells were treated with the same previously mentioned protocol with GaCl 3 and gallium complex GS2. After 24 or 48h of treatment, cells were harvested using trypsin-EDTA, washed one time with PBS, and fixed overnight at -20°C in 70% ethanol. Then cell suspensions were stained using the Muse™ Cell Cycle reagent (Millipore, Molsheim, France) according to the manufacturer's instructions. Cell cycle was analyzed on Muse™ Cell Analyzer (Millipore).

Analysis of reactive oxygen species (ROS)

Cells were treated as described above, for 24 and 48h. Then, cells were harvested using trypsin-EDTA, washed twice with PBS, and re-suspended in fresh culture medium containing 10% serum. Cell suspension were stained using the Muse™ ROS Assay kit (Millipore, Molsheim, France) according to the manufacturer's instructions. ROS level was analyzed on Muse™ Cell Analyzer (Millipore).

Western Blotting

Cells were exposed to GaCl 3 (400 µM) and Ga complex GS2 (50, 100 and 150 µM) for 24 and 48 h. Cells were then lyzed with RadioImmunoPrecipitation Assay (RIPA) buffer (Thermo Fisher Scientific, Villebon sur Yvette, France), supplemented with 4mM orthovanadate (Sigma-Aldrich), 1% protease inhibitor cocktail (Sigma-Aldrich), and 25mM ßglycerophosphate (Sigma-Aldrich). Cell lysates were sonicated and then clarified by centrifugation at 14 000 × g at 4 °C for 15 min. Total protein content was estimated by bicinchoninic acid (BCA) assay method (Thermo Scientific). Then, proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked with Tris Buffered Saline (TBS) (0.02 M Tris-HCl, 0.137 M NaCl, pH 7.6) containing 0.1% Tween (TBS-T) and 5% Bovin Serum Albumin (BSA) at room temperature during 1 hour and incubated overnight at 4 °C with anti-phospho-AKT, and anti-AKT (Cell signaling Technology, Saint Quentin Yvelines, France). Membranes were washed with TBS-T and incubated with peroxidase conjugated anti-rabbit secondary antibody at room temperature for 1 hour. Chemiluminescent detection was realized by using an ECL Prime Kit (GE Healthcare, Orsay, France). Signal quantification was assessed using ImageJ software.

Statistical analysis

Unless mentioned otherwise data were expressed as mean ± SEM. Results were analyzed and illustrated with GraphPad Prism (version 5; GraphPad Software). Statistical analyses were performed using one-and two-way ANOVA. A p value of 0.05 was considered statistically significant.

Results and Discussion

Synthesis of the gallium complexes

The synthesis of diacid 2a has been previously reported [30]. However in our hands, the NaBH 4 reduction of the in situ formed corresponding imine failed to deliver pure 2a, giving an inseparable mixture of 2a together with aspartic acid. Thus, a more reliable procedure was developed. Condensation of salicylaldehydes 1a,b with dimethyl (L)-aspartate followed by NaBH 3 CN reduction gave the corresponding 2-(2-hydroxybenzylamino)succinic acid dimethyl esters which were carefully purified by silica gel chromatography. Hydrolysis of the ester groups in refluxing HCl yielded the pure diacids 2a,b.

The new water soluble Ga complexes were straightforwardly obtained by treating GaCl 3 with the corresponding ligand in a 1:1 molar ratio, in boiling water. The complexes 3a,b were isolated as amorphous white solid in 75-85% yield after purification on C18-reversed phase silica gel. Their characterization has been done by FT-IR, 1 H NMR, 13 C NMR, ESI-MS and elemental analysis. All attempts to obtained crystals suitable for X-ray diffraction analysis were fruitless. Nevertheless, the analytical data are consistent with the [Ga(C 11 H 11 NO 5 )Cl] and [Ga(C 11 H 10 NClO 5 )Cl] structures respectively in which the ArO, N, CO 2 H functional groups of the ligand coordinated one Ga(III) ion while the last carboxylic group was free, although it was not possible to exactly determine which one of the two acid groups was bound to the metal center as depicted in Scheme 1 (A vs B structures). Though it was initially expected that both carboxylic acid groups will participate to the ligation, the free CO 2 H group played a crucial role in enabling the water solubility of these complexes (ca. 20 mg/mL for both complexes 3a,b). Scheme 1. Synthetic scheme of the new water soluble gallium complexes and hypothetical representation of their structures. Calculated isotopic patterns of M + 1, M + 2 to M + 6 isotopic peaks showed good agreement with the predicted isotopic distribution for both complexes (Fig. 1a and2a). Elemental analyses were in line with these structures. The most interesting features of the 1 H NMR spectrum of compound 3a were: i) the strong splitting of the benzylic protons found at 4.20 ppm in the free ligand (Fig. 1b) into a AB system at 3.97 and 3.68 ppm with a large coupling constant, ii) the similar splitting of the ABX system of the CH 2 CO 2 of the aspartic acid moiety, which was consistent with the restriction of the free rotation of the amino acid chain by coordination to the metal center (Fig. 1c). The complex 3b exhibited the same pattern (Fig. 2b). In both cases, the upfield shift of the CH 2 N and O 2 CCHN signals in respect of the free amino acid ligand, clearly indicated gallium ligation with the nitrogen atom [31]. 13 C NMR analysis of the parent ligand 2a and the corresponding complex 3a revealed significant downfield shifts for the CO 2 H carboxyl groups (= +5.3 and 6.1 ppm respectively), the aromatic carbon bearing the phenol group (= +8.1 ppm) and the benzylic methylene (= +7.3 ppm). Such deshieldings were in line with a transfer of the electron density from these carbon atoms to the metal and hence confirmed the ligation of the gallium by the 2hydroxybenzylamino moiety. The similar trend was observed for the chloro-substituted complex 3b. Examination of the infrared spectra of complexes revealed very broad bands corresponding to the (O-H) stretching confirming the presence of a free carboxylic acid for both compounds.

Characterization of the complexes

No change in the NMR spectra of compounds 3a,b in D 2 O was observed over a two-week period, establishing the stability of the complexes in neat water. 

In vitro cytotoxic effect of gallium complex 3b

The complexes GS1 and GS2 were evaluated for cytotoxic activity in vitro against four human cancer cell lines (breast carcinoma hormone-dependent breast cell lines MCF-7, estrogen non-dependent human breast cancer MDA-MB 231, human fibrosarcoma HT-1080 and human leukemia K-562 cell lines, using the free ligand 2b, GaCl 3 and betaine tetrachlorogallate as controls. Although GaCl 3 and betaine tetrachlorogallate displayed moderate activity, GS2 turned out to be much more active with IC 50 ranging from 49 to 90 µM (Table 2). The parent ligand showed a growth inhibitory effect two-and three-fold lower against HT-1080 and MDA-MB 231 cells respectively. Then, we investigated whether GS2 was able to affect proliferation and viability in HT-1080 and MDA-MB231 cells. 

Cell proliferation and viability

Cell proliferation and viability of HT-1080 and MDA-MB 231 were studied after 24 and 48h treatment with GS2. Data showed 70% decrease in cell proliferation of HT-1080 cells after 24h GS2 treatment at 100 µM and 150 µM concentrations (Fig. 3). In this case, the cell viability was not affected. After 48h treatment, both cell proliferation and cell viability were significantly affected as compared to GaCl 3 . MDA-MB 231 were less sensitive than HT-1080 since the proliferation level was decreased by 30% after treatment with GaCl 3 (400 µM) and GS2. Furthermore the cell viability was decreased by 20%. However, at 150 µM concentration, GS2 was able to decrease proliferation by 40%, whereas cell viability was still decreased by 20% (Fig. 3 and4). Then, we investigated whether GS2 was able to induce apoptosis in HT-1080 and MDA-MB231 cells. 

Induction of apoptosis: Annexin V staining

The effect of GS2 was investigated for annexin V membrane staining by flow cytometry as an early event of apoptosis. This effect was compared to that of GaCl 3 . As shown in Fig. 5, 24h

treatment with GS2 induced an increase in annexin V staining in HT-1080 and MDA-MB231 cells. This effect was increased when cells were treated with higher concentrations. This suggests that GS2 is able to induce early events of apoptosis. 

Induction of apoptosis: Caspase 3/7 activity

In order to confirm previous data and to investigate whether annexin-V staining was followed by a downstream caspase activation, HT-1080 and MDA-MB 231 cells were treated with GaCl (400µM) and GS2 (50, 100 and 150µM) and the caspases activities were analyzed. As shown in Fig. 6, GaCl 3 induced a weak dose-dependent increase in caspase-3/7 activity in HT-1080 cells, nevertheless, the effect induced by GS2 was higher than the one induced by GaCl .

Induction of apoptosis: Cell cycle analysis

In order to analyze the effect of GS2 on cell cycle, HT-1080 and MDA-MB 231 cells were treated with GaCl 3 and GS2 for 48h and the cell cycle was analyzed on Muse™ Cell Analyzer. Our study showed that GS2 induced apoptosis in HT-1080 and MDA-MB 231 cells more efficiently than the other tested gallium derivatives. As shown in Fig. 7, the percentage of HT-1080 and MDA-MB 231 cells in G0/G1 phase was decreased in the presence of GS2 at concentrations of 100 and 150 µM. Moreover, the same concentrations induced an increase in the percentage of cells in the G2/M phase indicating that GS2 was able to induce a G2/M 95 arrest. The percentage of cells in S phase was not affected in the presence of GS2 in both cell lines (Fig. 7). These results were found to be in line with the recent observation that gallium porphyrin complexes induced G2M arrest in MDA-MB 231 cells [32,33] On the other hand, the recently described tetranuclear gallium complex CT26CL25 was shown to induce caspaseindependent apoptosis with G2M arrest in colon cancer cells [34]. 

Induction of apoptosis: AKT phosphorylation

The PI3K/Akt pathway has been reported to be involved in the regulation of cell proliferation and survival in several tumors [35]. In the present study, we have investigated whether Akt phosphorylation was inhibited after GS2 treatment. Western blot analysis showed that the expression of p-Akt (Ser473 and Thr304) was significantly decreased by GS2 treatment (Fig. 8). 

Induction of apoptosis: Reactive Oxygen Species (ROS)

To examine whether the apoptotic effect of GS2 was associated with oxidative stress, HT-1080 and MDA-MB 231 cell lines were treated with GaCl 3 and GS2 for 24h and ROS were analyzed on Muse™ Cell Analyzer. Doxorubicin was used as a positive control. As shown in Fig. 9, in the absence of GS2, HT-1080 cells displayed a basal level of intracellular fluorescence emission indicating endogenously generated ROS in these cells. In the presence of 100 and 150 µM of GS2, an increase in intracellular fluorescence emission was observed, indicating an increase of intracellular ROS level. The same effect was observed for HT-1080 cells treated with 10µM doxorubicin. To examine whether ROS were generated from the mitochondria, the cells were incubated with the mitochondria-targeted antioxidant mito-Q before exposure to GS2. This approach has been previously used to study mitochondriagenerated ROS [26]. Mito-Q completely blocked the GS2-induced increase in intracellular ROS. Interestingly, mito-Q produced a decrease in fluorescence emission intensity to a level below that observed in cells incubated with GS2 alone. By contrast, GS2 was not able to induce an increase in ROS level in MDA-MB 231 cells as depicted in Fig. 9. 

Conclusion

In summary, two new water soluble [N-(2-hydroxybenzyl)-L-aspartato] gallium complexes have been prepared, characterized and evaluated as cytotoxic agent against non-estrogenic dependent breast carcinoma and fibroblast human cancer cell lines MDA-MB 231 and HT-1080. The analytical data are consistent with a mononuclear structure in which the gallium (III) cation is liganded by one of the two carboxylic acid groups, the phenol oxygen and the nitrogen atoms of the 2-hydroxybenzylamino group. In such a structure, the tridendate ligand secures the binding of the metal ion whereas the carboxylic appendage provides the water solubility. The cytoxicity of the gallium complex of (R)-2-(5-chloro-2-hydroxybenzylamino) succinic acid (GS2) (50-100 μM) was found higher than that of gallium salts but lower than that of tris(8-quinolinolato)Ga(III) (KP46) [36]. The improved cytotoxic potency of most gallium complexes in respect to inorganic (nitrate, chloride) and organic salts (betaine tetrachlorogallate) may be due to the mechanism of Ga cellular uptake. Thus, it has been demonstrated that Ga cellular uptake is limited by transferrin receptor-mediated endocytosis. [37]. On the other hand, Ga complexes are able to penetrate the cell membranes by passive diffusion due to their lipophilicity and we may expect that this process plays a major role in the cellular uptake of GS2. In our study, we show that the inhibition of the cell proliferation and the decrease in cell viability by GS2 was dose as well as time-dependent when compared to Ga chloride. However this was not the case of KP46 which did not show time-dependence for its antiproliferative activity in A549 cell lines [22].

GS2 was found to induce apoptosis by downregulating AKT phosphorylation and activating caspase-3/7. We examined also whether apoptosis was associated with the generation of intracellular ROS. Our data revealed that ROS generation was cell line-dependent. In HT-1080, there was a significant increase in intracellular ROS which was blocked by the mitochondria-targeted antioxidant mito-Q, suggesting that ROS generated in the presence of GS2 was generated from the mitochondria. In MDA-MB231 cells, GS2 did not induce ROS.

However, GS2 was effective in both cells regarding its antitumor activity, especially on apoptosis and cell cycle alteration. Therefore, we suggest that two pathways could be involved in GS2-induced cell death. Indeed, when carefully examining the cytotoxic effects of GS2 we can clearly note that GS2 (100 and 150 µM) was able to induce significant cytotoxic effects in HT-1080 cells at 24h, when compared to MDA-MB231 cells. Similarly, the observation of the apoptosis markers in the presence of GS2 for annexin V (150 µM) and caspase 3/7 (100 and 150 µM) clearly showed that the percentage of cells positive for both markers was significantly higher in HT-1080 cells at 24h, when compared to MDA-MB231 cells.

Although, many molecular and cell effects of Ga have been described [38], including proteasome inhibition [39], and osteoclastic activities [40], GS2 appears as the first Ga compounds able to decrease AKT phosphorylation in cancer cells. These findings suggest that GS2 may be useful to treat cancers by generating ROS from mitochondria and inhibiting AKT signaling pathway.

Introduction

Cancer cells have the ability to invade the extracellular matrix and penetrate blood vessels to the blood stream then homing and growing into new tissue systems to form metastases [1].

Most metastatic human cancer cells can induce the extracellular matrix degradation by secreting several matrix proteases called matrix metalloproteinases (MMPs) [2]. MMPs are a large family of proteases that share common structural and functional elements and are produced by different genes [3].

Many studies pointed out the role of these zinc-and calcium dependent neutral endopeptidases in normal and pathological processes, including tumor progression and metastasis [4]. Therefore, down-regulation of MMPs activity and/or expression is one of the potential approaches for therapeutics against metastatic process [5]. These facts prompted the medicinal chemists to design new inhibitors for MMPs [6]. Among them, hydroxamates were considered as the most promising MMPs inhibitors. Although, this group of MMPs inhibitors displayed an excellent anticancer activity in tumor cells and animal models, they did not receive the approbation to be used in clinic due to the induction of side effects in several clinic trials [7].

In this context, metal-based drugs appeared as a promising alternative, although many of them are not highly cytotoxic they can display strong anti-cancer activities being mostly antimetastatic, (i.e., prevent cancer spreading, or are selective for metastases). Among these metals, gallium appears as a potential candidate [8]. Many gallium complexes have shown antitumor activity but their effects have not yet been investigated on matrix degradation, migration and invasion processes of metastatic tumors. However, Fotinos et al, have demonstrated that gallium nitrate can inhibit the activity of MMPs and could be useful as a modulator of inflammation in rheumatoid arthritis [9]. We have reported recently the anticancer properties of a water soluble gallium complex, [N-(5-chloro-2-hydroxyphenyl)-Laspartato] chlorogallate, (GS2) [10]. This molecule displayed a significant cytotoxicity in human fibrosarcoma HT-1080 and breast carcinoma MDA-MB231 cells. GS2 was able to also induce apoptosis through a downregulation of AKT phosphorylation, G2M cell cycle arrest and caspase3/7 pathway [10]. In the present paper, we report the anti-invasive effects of was performed at 125V for 90 min. The gel was then incubated into 100 mL of 25% v/v

Triton-X 100 re-naturating buffer with gentle agitation twice. The gel was washed once with distilled water and re-incubated into developing buffer (500 Mm tris-HCl, pH 7.8; 2M NaCl, 50 Mm CaCl 2 ; and 0.2% tween 20) at 37 °C for 16h. The gel was then stained for 1h in staining solution (0.5% Coomassie blue R-250. 5% methanol and 10% acetic acid in distilled water). The gel was destained using a solution containing 10% methanol and 5% acetic acid in distilled water. The genolytic activity appeared as clear sharp bands over blue background MMPs crude enzyme activity measurement. The inhibitory activities of GS2 against MMP-2, -3, -9 and -14 were assayed as followed. 

MMP

Results and discussion

To investigate the effect of GS2 on cell invasion, we first analyzed its effect on cell viability, in order to use non-cytotoxic concentrations of the drug. HT-1080 and MDA-MB231 cells were treated respectively for 12 and 24 h. Fig. 1 shows that in the presence of GS2 at 75, 100 and 150 µM, cell viability was between 94 and 100%. MMPs is a family proteases involved in extracellular matrix degradation [11]. MMP-2 (72 kDa) and MMP-9 (92kDa) are considered as the most abundant gelatinases in human tissues and many studies demonstrated the role of these proteases in cell invasion and metastasis [12,13]. MMP-2 and other MMPs have been shown also to activate factors such as TGF-β, which can promote epithelial mesenchymal transition (EMT), a key process involved in cancer metastasis [14]. To investigate first whether the inhibition of cell invasion was a consequence of a direct effect on MMPs activity, we performed an in vitro enzymatic assay, using high affinity fluorogenic substrates to evaluate the IC 50 of GS2 on the activity of recombinant MMP-2, MMP-9 and MMP-14. As shown in Table 1, GS2 was able to inhibit the activity of these MMPs and the IC 50 values were respectively 168, 82 and 20 µM for these MMPs respectively. It is important to note that the higher activity of GS2 against MMP-14 activity is very interesting since this MMP is preferentially localized in tumor cell protrusions that are responsible for matrix degradation [15].

Table 1: IC 50 of GS2 against the activity of recombinant MMP-2, MMP-9 and MMP-14 measured by using high affinity fluorogenic substrates.

Then, we investigated whether the inhibition of cell invasion function was accompanied by an inhibition of cellular MMPs using zymography technique. The MMPs were analyzed on secreted proteins in the culture medium of both control and GS2-treated cells. Fig. 3. shows the effect of GS2 on the gelatinolytic activity of secreted MMP-2 (72 kDa) and MMP-9 (92 kDa) using gelatin as a substrate. In HT-1080 cells treated with GS2, a decrease in gelatinolytic activity was observed only at 150 µM concentration for MMP-9. In the case of MMP-2, the gelatinolytic activity was decreased slightly by GS2 at 150 µM concentration.

The inhibition of gelatinolytic activity of MMP-2 and MMP-9 was higher in MDA-MB 231 cells when treated with GS2 at 100 and 150 µM. However, GS2 was able to induce a significant decrease in the expression of MMP-2 and MMP-9 mRNA in MDA-MB231 cells at 75 and 10 µM concentrations (Fig. 5A). TIMP-1 and TIMP-2 mRNA expression was not modified in the presence of GS2 in HT-1080 (Fig. 4B)

and MDA-MB231 cells (Fig. 5B). We then analyzed MMP-14 mRNA expression, as this MMP is responsible for type I collagen degradation and invasion [15]. GS2 was able to induce a significant decrease in MMP-14 mRNA expression at 75 and 100 µM in HT-1080 cells (Fig. 6). However, GS2 was able to induce a decrease in MMP-14 mRNA expression only at 100 µM concentration in MDA-MB231 cells (Fig. 6). Western blotting analysis of MMP-14 allowed us to confirm these data (Fig. 7A,B). In fact, MMP-14 protein expression was decreased by GS2 at 150 µM concentration in HT-1080 and MDA-MB231 cells. The role of MMP-14 in degradation of type I collagen within interstitial matrix has been repoted in several studies and this MMP has been particularly described to be targeted to cell protrusions called invadopodia, known to be responsible for matrix degradation [15]. The active form of MMP-14 is secreted into extracellular environment in microvesicular exosomes [16,17,18]. These exosomes have been reported to contain also MMP-2 which is able to degrade type IV collagen in the basement membrane [16]. MMP-14 modulates the migratory properties of human breast cancer cells and when its expression is increased, tumor cell metastasis is upregulated [19]. A selective inhibition of MMP-14 has been reported to blocks tumor cell migration and invasion [20,21,22] . Thus, we propose that GS2 compound may be a potential candidate to decrease the MMP-14 activity in cancer metastatic diseases presenting high level of MMP-14 expression and activity. Such profile in MMP-14 expression has been reported in the case of human endometrial adenocarcinoma, especially the type II which is unrelated to estrogen stimulation and characterized by a poor prognosis [23]. In pituitary adenomas also, MMP-14 expression have been associated with local invasion and progression [24]. In conclusion, GS2 present interesting properties as an inhibitor of MMPs activity and expression, particularly MMP-14. Thus, we suggest this compound as a potential candidate for anti-invasive and anticancer therapy. For this purpose, GS2 could be associated with cytotoxic chemotherapy.

IV. Conclusion and Perspectives

It was shown in the 1980s that gallium(III) ions may have anti-tumor activity in animals.

Unfortunately, clinical trials with simple gallium salts failed because of the low bioavailability of oral gallium salts, renal toxicity and the rapid onset of gallium resistance.

Furthermore, gallium salts hydrolyses rapidely to insoluble gallium hydroxide. A solution to these problems consists in the complexation of the metal by a ligand. A number of effective ligands have been proposed. Among the proposed complexes, gallium maltolate and gallium 8-hydroxyquinolate demonstrated promising results in preclinical studies and have entered clinical trials but with limited water solubility. In this context there is a need to identify a gallium ligand able to preserve the gallium from the hydrolysis while maintaining a water solubility.

To address this issue, two water soluble gallium complexes with formula [Ga(III)LCl], where L is the deprotonated form of N-2-hydroxybenzyl aspartic acid derivatives were synthesized and characterized by 1 H NMR, 13 C NMR, FT-IR, mass spectrometry and elemental analysis.

The analytical data are consistent with a mononuclear structure in which the gallium (III)

cation is liganded by one of the two carboxylic acid groups, the phenol oxygen and the nitrogen atom of the 2-hydroxybenzylamino group. In such a structure, the tridendate ligand secures the binding of the metal ion whereas the carboxylic appendage provides the water solubility. The antitumor activity of these complexes was tested against different tumors cell lines such as HT-1080 (fibrosarcoma), MDA-MB 231 (non hormonal dependent breast cancer), MCF-7 (hormonal dependent breast cancer) and K-562 (leukemic cancer cells). The chloro-substituted complex (GS2) turned out to be much more active than the other compounds and showed best activity against HT-1080 and MDA-MB 231 tumor cell lines.

In an effort to elucidate the mechanism of action, different apoptotic parameters were checked such as caspase 3/7, cell cycle analysis, annexin V and ROS production capacity. Our results revealed that GS2 induces apoptosis through down-regulation of AKT phosphorylation, G2/M arrest in cell cycle via activation of the caspase3/7 pathway in both cell lines tested.

Although, many molecular and cell effects of Ga have been described, including proteasome inhibition and osteoclastic activities, GS2 appears as the first Ga compounds able to decrease AKT phosphorylation in cancer cells.

Measuring the ROS level in the presence and absence of mitoquinone (a selective ROS mitochondrial inhibitor) in both cell lines revealed that ROS generation was cell line dependent. A significantly increase of intracellular ROS, easily blocked by the mitochondriatargeted antioxidant mitoquinone, were observed in HT-1080 cells whereas GS2 did not induce ROS generation in MDA-MB231 cells. Therefore, two pathways could be suggested for GS2-induced cell death.

The activity of GS2 on cell invasion and on the expression and activity of Matrix Thus, the effect of GS2 over MMPs may explained the anti-invasive character of this novel gallium complex.Taken together, these data show that GS2, in combination with cytotoxic chemotherapy is a promising compound for anti-invasive and anticancer therapy. These results encourage us to proceed to in vivo evaluation of the antitumor activity of GS2 over the tumor bearing nude mice models and evaluation of the possible toxicities initiated after GS2 

II. ACTIVITÉ ANTITUMORALE DU COMPLEXE RHENIUM TRICARBONYLE (I)-DISELENOETHER

Le rhénium est un métal de transition appartenant à la troisième rangée de la colonne 7 du tableau périodique, en dessous du manganèse qui présente une grande variété d'états d'oxydation allant de -1 à 2). Ces observations indiquent clairement que le ligand bis-selénoéther peut être facilement déplacé par des bases d'acide nucléique pour fournir des bis-adduits de guanine, ce qui suggère que le complexe 4 pourrait former des lésions intra-ou inter-brin. On peut penser que, dans les milieux biologiques, après l'aquation initiale, le cation rhénium intermédiaire peut réagir avec les bases d'acide nucléique dans le noyau pour donner un mono-adduit (Ion A, Fig. 2). La nature de contrainte de ce dernier facilite probablement l'échange du ligand disélénoïque faiblement chélatant par l'eau pour donner un ion très réactif. Enfin, une deuxième addition de guanine peut avoir facilement lieu pour donner des adduits 1,2-inter-brin (Ion B, Fig. 2). Le ligand sélénié libéré peut alors diffuser dans toute la cellule. Imagerie des tumeurs par bioluminescence chez la Souris. L'imagerie par bioluminescence illustre les effets du complexe de Re (I) -diselénoéther sur l'activité tumorale (Figure 6). Après deux mois, dans le groupe des deux souris (S1 et S2) traitées avec le médicament Re, la tumeur était visible lors de la première imagerie au jour 44 après l'inoculation des cellules cancéreuses (images S1-S2, 11/03). Au jour 51 (18/03), la tumeur a disparu dans la souris S2. Au jour 58 (25/03), il n'y a plus de tumeur détectable chez les deux souris confirmant la poursuite de l'effet après l'interruption du traitement avec le complexe Re-diselenoether (fin de la Traitement au jour 36 après l'inoculation des cellules cancéreuses). Aux doses utilisées, aucun signe de toxicité clinique évalué par le suivi du poids corporel des souris, n'a été observé. Ainsi, la dose de 10 mg / kg / 24 h de Re-diselenoether semble être bien tolérée. 

III. CHIMIOTHÉRAPIE DU CANCER À L'AIDE DE DÉRIVÉS DU GALLIUM

Il a été montré dans les années 80 que les sels de gallium pouvaient avoir une activité anti-tumorale chez l'animal. Malheureusement, les essais cliniques que ce soit avec le nitrate ou le chlorure de gallium ont échoué pour diverses raisons dont une faible biodisponibilité, une toxicité rénale et l'apparition rapide de résistances au gallium. Une solution à ces problèmes consiste en la complexation du métal par un ligand. Un certain nombre de ligands efficaces ont été proposés mais la plupart des composés obtenus sont insolubles dans l'eau. Nous décrivons dans ce travail un nouveau complexe du gallium, soluble dans l'eau dérivant de l'acide aspartique. GS2 induit l'apoptose des cellules tumorales en réduisant la phosphorylation de l'AKT et en activant pronostic. Dans les adénomes hypophysaires, l'expression de MMP-14 a été associée à une invasion et une progression locales. En conclusion GS2 présente des propriétés intéressantes comme inhibiteur de l'activité et de l'expression de MMP, en particulier MMP-14. Ainsi, nous proposons ce composé comme candidat potentiel pour une thérapie anti-invasive et anticancéreuse particulièrement en association avec à une chimiothérapie cytotoxique.
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 16 Figure 16. Chemical structure of bismuth 6-mercaptopurine complex
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 17 Figure 17. Structure of potassium antimonyl tartrate

  been found to possess some antitumor activity[131]. Bis(2-carboxyethylgermanium) sesquioxide [(GeCH 2 CH 2 COOH) 2 O 3 ] showed a strong anticancer activity, inducing interferon-γ and inhibits tumor and metastatic growth in mice Lewis lung carcinoma and other models. In addition, bis(2-carboxyethylgermanium) sesquioxide is readily orally assimilated and rapidly cleared from the body without evidence of toxicity[132]. Some germanium cationic surfactants derivatives behaved as anticancer drugs and recorded a genotoxic effect by DNA molecule oxidation.[133]. but nephrotoxicity or renal failure and neurotoxicity had been reported to be encountered in the use of germanium containing compounds I.3.2.7.VanadiumOrganometallic complexes of vanadium (IV) linked to organic ligands by direct carbon metal bonds, exhibit significant in vitro and in vivo anti-tumoral properties on many different types of malignant cell lines, including human B cell lymphoma and T cell leukemia[134].
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 18 Figure 18. Structure of vanadonocene dichloride

  glycolysis with increased generation of lactate[148]. Different iron chelators were designed to interfere with iron-containing enzymes such as ribonucleotide reductase that is responsible for converting ribonucleotides to deoxyribonucleotides which is a key step in the biosynthesis of DNA[149]. Desferrioxamine (DFO) is a hexadentate siderophore possessing a very high affinity for iron and considered as one of the best drug for the treatment of iron overload diseases. When it is bound to DFO, iron is metabolically inactive and does not produce ROS. Some in vitro and in vivo studies, as well as clinical trials, have demonstrated that a refractory lymphoid leukemia, neuroblastoma and leukemia were sensitive to chelation therapy withDFO [150, 151,152].DFO also affectes some proteins included into cell cycle control. The main drawback of DFO is requirement for prolonged subcutaneous administration due to short half-life and poor absorption from the gut[153].Triapine a potent inhibitor of ribonucleotide reductase is a thiosemicarbazone containing iron chelator that was found to inhibit tumor growth on xenograft tumors in mice[154]. Triapine is able to cross the blood-brain barrier and inhibits the growth of brain graft tumors[155].Triapine in combination with etoposide, cisplatin, doxorubicin, or hydroxyurea shows synergistic activity. This synergistic effect is probably due the ability of triapine to prevent the repair of the DNA damages induced by the cytotoxic agents. For example, a phase I study of prolonged infusion of triapine in combination with gemcitabine in patients with advanced solid tumors was carried out with promising results[156].Aroylhydrazones are other highly powerful iron chelators. They possess a remarkable activity against mammary tumors and certain leukemias in mice.[157]. One of the most promising is the "311 chelates"[157]. At very low levels 311 stimulates the expression of the p53regulated genes WAF1 and GADD45, but via a p53-independent pathway [158], WAF1 and GADD45 are involved in cell cycle arrest. Tachpyridine is an iron chelator that induces G 2 cell-cycle arrest, activates checkpoint kinases, and sensitizes cells to ionizing radiation. It binds iron in a six-coordinate manner, forming a redox active complex. It inhibits ferritin synthesis and the proliferation of bladder cancer cells in culture[159]. On the other hand, the iron complex derived from the tris(8-hydroxyquinoline) ligand O-Trensox reduces DNA synthesis with greater efficiency than DFO [160] (Figure19).
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  Preparation of (3-carboxymethylselanyl-propylselanyl)acetic acid dimethyl ester (compound 3): To a solution of 1,3-bis-selenocyanato-propane 2 (1.0 g, 3.96 mmol) in absolute ethanol (20 mL) was added bromoacetic acid methyl ester (1.23 g, 8.0 mmol). The mixture was stirred under nitrogen until complete dissolution. Sodium borohydride (303 mg, 8.0 mmol) was then added in one portion. The reaction mixture was stirred at room temperature for 16 h.

  Morphological and inhibitory effects on MDA-MB231 breast cancer cells51Cell lines. MDA-MB-231 (Passage No. 13) breast cancer cell lines were kindly provided by Dr. S.Fraser and Pr. M. Djamgoz at Imperial College, London. Cells were grown as adherent monolayers in Dulbecco's Modified Eagle Medium (Sigma), supplemented with 5% Fetal Bovine Serum and phenol red. Cultures were maintained at 37 °C with a humidified atmosphere containing 5% CO 2 and were passaged using 0.25% trypsin in DPBS (PAA) when they reached 80% confluency. Cell number was established via haemocytometer count after dead cell exclusion using trypan blue.In vitro toxicity. MDA-MB231 cells were seeded on 48-well plates at 5×10 4 cells/well, allowed forming an adherent monolayer overnight and then exposed to the indicated concentrations of Rediselenoether complex for 48 hours. Cells were then washed and incubated with Re-diselenoether-free medium for a further 48 hours. The effects of Re on cell viability was determined at the indicated time using haemocytometer count of live cells under light microscopy and via flow cytometry. Proliferation. Prior to Re treatment, MDA-MB231 cells at the concentration of 1×10 6 /mL in PBS were labeled with 0.5 M of violet dye (CellTrace violet Invitrogen) for 20 min at 37 °C. The intensity of fluorescence of the violet dye was acquired on an LSRFortessa flow cytometer (BD) and analyzed with FlowJo version 9.3.1 (TreeStar, Ashland, OR, USA). Dose responses over time were analysed using GraphPad Prism software version 5.03 (GraphPad Software Inc.).

  Hormone-independant breast cancer MDA-MB231 cells (origin: ATCC#HTB-26 TM ), transfected with the luciferase gene (Luc+) were orthotopically implanted into the mammary gland (fat pad) in athymic nu/nu nude mice (Charles River, France). With a cell viability of about 97%, 1.0 × 10 6 cells per mouse were injected in a volume of 50 μl/mouse. The animals were 5 to 6-week-old female, of about 20 g each, and specific and opportunistic pathogen-free. They were acclimatized for at least seven days before the initiation of the designed study. A total of 30 mice were used for this study. Animals were housed in individual polyethylene cages, in a climate and light-controlled environment. All animals were kept under environmentally controlled housing conditions: lights on between 7:00 AM to 7:00 PM; temperature inside of the animal facility strictly maintained at 21 + 1 °C; relative humidity of 70% throughout the entire study period, and maintained in accordance with Cellvax approved standard operation procedures (SOP) and with local Ethical Committee approval. Animals were fed with commercially available rodent food (Safe, Les Tremblats, Augy, France). Water (sterilized water) was available ad libitum.Animals were numbered and given a unique animal identification ear notch mark. Ethical manager. A Ph.D. and Veterinary Doctor at Cellvax company assumed the function of 'Ethical Manager' within this project.

  -tumor effect. The tumor growth was measured (tumor length, width and volume) twice a week by using an external caliper. The mean tumor volumes [MTV; MTV + (SD); MTV + (SEM)] were estimated. The tumor growth data was recorded for each individually identified mouse. Tumor volume was calculated by using the following formula: V = length x width²/2. An imaging by bioluminescence was performed in 2 mice of each group on days 44, 51 and 58 after the inoculation of the tumor cells. The mice were selected to have comparable tumors on day 44. Statistics: Statistically evaluation of the antitumor effect was assessed by ANOVA test (One way Anova on the ranks).

Fig. 2

 2 Fig. 2 Observed (bottom) and predicted (top) isotopic patterns of 9-methylguanine mono-adduct ion [Re(CO) 3 (C 9 H 16 Se 2 O 4 ).9-MeG] + (A) and bis-adduct ion [Re(CO) 3 (9-MeG) 2 (H 2 O)] + (B).

Fig 3

 3 Fig 3 (A) Light microscopy images (5x objective) and (B) Flow cytometry dot plots comparing MDA-MB231 cells that have been exposed or not to 10M of the Re-diselenoether complex for 48 h

Fig. 4 (

 4 Fig. 4 (A) Flow histograms of MDA-MB231 cells untreated or treated with 10 M Re and analyzed for violet fluorescence intensity at the indicated time points. Plots show histograms of unlabeled control cells (shaded blue), cells labeled with violet dye at d0 prior culture (shaded red) and cells with decreasing amount of violet dye at d2 (green) and d4 (orange) due to a dilution of the violet dye upon cellular division. Data are representatives of 3 independent experiments. (B) Average fold increase in cell number over 4 days of culture in the presence of 0, 10 or 50 M of Re complex. Data represents the mean ± SEM values pooled from 2 independent experiments.

Fig. 5

 5 Fig. 5 Volume of the tumors after the inoculation of the cancer cells. Group 1: treatment by cisplatin (control); group 2: treatment with Re-diselenoether complex; group 3: treatment by Re-diselenoether complex + cisplatin.

  bases, exemplified by the N7 center of guanine.

Fig. 6

 6 Fig. 6 Imaging by bioluminescence in two mice (S1 and S2) treated by Re-diselenoether complex (from day 9 to day 36), on days 44 (11/03), 51 (18/03) and 58 (25/03).

Fig. 7

 7 Fig. 7 Pulmonary metastases. Group 1: mice treated by cisplatin, group 2: mice treated by Re (I) diselenoether complex, group 3: mice treated by Re (I)-diselenoether complex + cisplatin.

Fig. 8

 8 Fig.8Mean weight of the mice after the inoculation of the cancer cells. Group 1: treatment by cisplatin (control); group 2: treatment with Re-diselenoether complex; group 3: treatment by Rediselenoether complex + cisplatin.

[

  186]. It is noteworthy that tumor cells have more transferrin receptors than normal cells and that the presence of transferrin into culture medium remarkably increases gallium toxicity [187]. In contrast, the addition of iron to the culture medium greatly reduces gallium toxicity [188-189]. By addition of iron chelator (desferrioxamine) the sensitivity to gallium increases, by contast excess of chelator in the culture medium reduces gallium toxicity by chelating gallium [190]. Taken together these observations clearly indicate that gallium interferes with the iron pathway in cell. Once inside the tumor cell after cellular membrane passage, gallium

Figure 22 .

 22 Figure 22. Structure of in vivo evaluated gallium complexes KP46 and gallium maltotate

  ; 1 H NMR (300 MHz, CDCl 3 ) δ: 7.18 (td, J = 7.8 Hz, 1.5 Hz, 1H), 6.98 (dd, J = 7.5 Hz, 1.5 Hz, 1H), 6.85 (dd, J = 8.1 Hz, 1.0 Hz, 1H), 6.78 (td, J = 7.2 Hz, 1.0 Hz, 1H), 4.11 (d, J = 13.5 Hz, 1H), 3.87 (d, J = 13.5 Hz, 1H), 3.79 (s, 3H), 3.71 (s, 3H), 3.70 (dd, J = 7.1 Hz, 5.1 Hz, 1H), 2.86-2.68 (m, 2H).

D 2 O 13 C

 213 ) δ: 7.35-7.26 (m, 2H), 6.96-6.90 (m, 2H), 4.26 (d, J = 12.9 Hz, 1H), 4.20 (d, J = 12.9 Hz, 1H), 3.72 (br s, 1H), 2.76 (dd, J = 17.4 Hz, 3.3 Hz, 1H), 2.64 (dd, J = 17.4 Hz, 8.7 Hz, 1H); NMR (75MHz, D 2 O) δ: 175.2 (C, CO 2 H), 171.2 (C, CO 2 H), 153.2 (C, COH), 129.2 (CH, Ph), 129.0 (CH, Ph), 118.0 (CH, Ph), 115.6 (C, Ph), 113.4 (CH, Ph), 56.5 (CH, CHCO 2 H), 44.3 (CH 2 , CH 2 N), 33.3 (CH 2 , CH 2 CO 2 H).

  -chloro-2hydroxybenzylamino)succinate afforded diacid 2b (72 % yield). M.p. = 145-150 °C; IR (neat) : 3600-2400, 1717, 1653, 1635, 1589, 14984, 1429, 1362, 1336, 1279, 1266, 1203, 1178, 1125, 1088, 1052; 1 H NMR (300 MHz, D 2 O) δ: 7.23 (dd, J = 8.5 Hz, J = 2.7 Hz, 1H), 7.16 (br s, 1H), 6.75 (d, J = 8.5 Hz, 1H), 4.00 (d, J = 13.2 Hz, 1H), 3.77 (d, J = 13.2 Hz, 1H), 3.59 (br s, 1H), 3.15 -2.80 (m, 2H); 13 C NMR (75MHz, D 2 O) δ: 175.6 (C, CO 2 H), 172.7 (C, CO 2 H), 154.6 (C, COH), 131.7 (2CH, Ph), 124.9 (C, CCl), 119.5 (C, Ph), 117.5 (CH, Ph), 58.1 (CH,

CHCO 2 H

 2 ), 47.0 (CH 2 , CH 2 N), 34.5 (CH 2 , CH 2 CO 2 H).

1 (

 1 : 92%. IR (neat) : 3500-2500, 1655, 1612, 1598, 1503, 1463, 1444, 1365, 1322, 1243, 1113, 1038, 755; 1 H NMR (300 MHz, D 2 O) δ: 7.25 (t, J = 7.3 Hz, 1H), 7.13 (d, J = 7.2 Hz, 1H), 6.85-6.75 (m, 2H), 3.97 (d, J = 12.9 Hz, 1H, ArCH 2 N), 3.68 (d, J = 12.9 Hz, 1H, ArCH 2 N), 3.50 (br. s 1H, CHCO 2 ), 2.98 (dd, J = 18.2 Hz, J = 4.2 Hz, 1H, CH 2 CHCO 2 ), 2.79 (dd, J = 18.2 Hz, J = 0.5 Hz, 1H, CH 2 CHCO 2 ); 13 C NMR (75MHz, D 2 O) δ: 181.3 (C, CO 2 H), 176.5 (C, CO 2 H), 161.3 (C, COH), 130.5 (CH, Ph), 129.9 (CH, Ph), 123.0 (C, Ph), 119.9 (CH, Ph), 118.7 (CH, Ph), 58.6 (CH, CHCO 2 H), 51.2 (CH 2 , CH 2 N), 37.4 (CH 2 , CH 2 CO 2 H); HRMS (-ESI): calcd. for C 11 H 10 O 5 NClGa: 339.9509; found 339.9498; Anal. calcd. for C 11 H 11 ClGaNO 5 : C, 38.59; H, 3.24; N, 4.09; found: C 38.97; H 4.58, N 4.02. Gallium complex GS2 (3b) Yield: 88%. IR (neat) : 3700-2500, 1680-1560, 1498, 1479, 1455, 1431, 1397, 1390, 1354, 1280, 1267, 1192, 1177, 1125, 1093, 1080, 1055, 904, 883, 822; 1 H NMR (300 MHz, D 2 O) δ 7.16 (dd, J = 8.6 Hz, 2.5 Hz, 1H), 7.10 (d, J = 2.5 Hz, 1H), 6.69 (d, J = 8.6 Hz, 1H), 3.95 (d, J= 12.9 Hz, 1H), 3.65 (d, J = 12.9 Hz, 1H), 3.50 (br s, 1H), 2.99 (dd, J = 18.5, 5.1 Hz, 1H), 2.81 (dd, J = 18.5, 2.4 Hz, 1H);13 C NMR (75MHz, D 2 O) δ: 177.7 (C, CO 2 H), 176.4 (C, CO 2 H), 156.4 (C, COH), 130.0 (CH, Ph), 129.2 (CH, Ph), 122.0 (C, Ph), 121.6 (C, Ph), 121.CH, Ph), 58.6 (CH, CHCO 2 H), 50.7 (CH 2 , CH 2 N), 37.5 (CH 2 , CH 2 CO 2 H); HRMS (-ESI): calcd. for C 11 H 9 O 5 NCl 2 Ga: 373.9108; found 373.9117; Anal. calcd. for C 11 H 10 Cl 2 NO 5 Ga.5/2H 2 O: C, 31.32; H, 3.58; N, 3.32, found: C, 31.45; H, 3.16; N 2.90.

  High-resolution mass spectrometry (HRMS) analysis of the complexes 3a,b using negative mode ESI revealed molecular ion peak at m/z = 339.9498 and m/z = 373.9117 for 3a and 3b corresponding to the formulas [C 11 H 10 O 5 ClNGa] -and [C 11 H 9 O 5 Cl 2 NGa] -respectively.

Fig. 1 .

 1 Fig. 1. (a) HRMS of the gallium complex GS1 (3a) exhibiting the expected isotopic pattern. (b) Upfield part of the 1 H NMR spectrum of the 2-(hydroxybenzylamino)succinic acid ligand in D 2 O. (c) Upfield part 1 H NMR spectra of the corresponding gallium complex in D 2 O .

Fig. 2 .

 2 Fig. 2. (a) HRMS spectrum of the gallium complex GS2 (3b) and simulation of the isotopic pattern. (b) upfield part of the NMR spectrum of the gallium complex GS2 in D 2 O.

Fig. 3 .

 3 Fig. 3. Cell proliferation in the presence of GS2 and GaCl 3 (in M) after 24 and 48h treatment of HT-1080 (a) and MDA-MB 231 (b) cells. *p < 0.001 and **p < 0.0001 (drug treatment versus control).

Fig. 4 .

 4 Fig. 4. Cell viability in the presence of GS2 and GaCl 3 (in M) after 24 and 48h treatment of HT-1080 (a) and MDA-MB 231 (b) cells. *p < 0.05, **p < 0.001 and ***p < 0.0001 (drug treatment versus control).

Fig.

  Fig. Annexin V staining after treatment of HT-1080 (a) and MDA-MB231 (b) cells with GaCl and GS2 (in M) for 24h and 48h. **p < 0.001 (GS2 versus GaCl 3 ).

Fig. 7 .

 7 Fig. 7. Cell cycle analysis after treatment of HT-1080 (a) and MDA-MB 231 (b) with GaCl 3 (400 µM) and GS2 (50, 100 and 150 µM) for 48h. *p < 0.01 and **p < 0.001 versus control.

Fig. 8 .

 8 Fig. 8. AKT phosphorylation level after 24h treatment with GaCl 3 and GS2. (a): p-AKT, total AKT (T-AKT) and GAPDH western blotting in HT-1080 and MDA-MB 231. (b) and (c): p-AKT/AKT ratio in HT-1080 and MDA-MB 231 cells respectively. *p < 0.05, **p < 0.001 and ***p < 0.0001 versus control.

Fig. 9 .

 9 Fig. 9. ROS analysis in HT-1080 and MDA-MB 231 cells after 16h and 24h GS2 treatment respectively. **p < 0.001 and ***p < 0.0001 (GS2 versus control) ; ##p < 0.001 and ###p < 0.0001 (GS2+Mito versus GS2).

- 2 : 9 (

 29 7.6 nM MMP-2 and 0 to 10 mM GS2 was added in Tris-test buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCl 2 ) before adding MMP-2/-7 fluorogenic substrate (MCA-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH 2 TFA, (λ exc = 325 nm / λ em = 393 nm) at a final concentration of 2.5 µM.MMP-9: 6 nM MMP-9 and 0 to 10 mM GS2 was added in Tris-test buffer before adding 5 µM final MMP-1/-9 fluorogenic substrate (DNP-Pro-Cha-Gly-Cys(Me)-His-Ala-Lys(N-Me-Abz)-NH 2 ,( λ exc = 365 nm / λ em = 450 nm).MMP-14: 58 nM MMP-14 catalytic domain were first mixed with 0 to 10 mM GS2 in Tristest buffer before adding 2.5 µM MMP-14 fluorogenic substrate (MCA-Pro-Leu-Ala-Cys-MeOBzl-Trp-Ala-Arg-DNP-Dap-NH 2 , (λ exc = 320 nm / λ em = 380 nm).The rate of each substrate cleavage was measured at 27°C in triplicate for each concentration examined, using spectrofluorimeter Infinite F200 PRO (Tecan, Lyon, France) with one measure per minute during 30 min. Non-linear regression analysis with Graphpad software (La Jolla, USA) allowed us to calculate the IC50 of GS2 for each tested MMPs.MMPs gene expression assay. Recombinant MMP-2, MMP-9, MMP-3 catalytic domain, MMP-14 catalytic domain, MMP-2/-7 fluorogenic substrate, MMP-1/-9 fluorogenic substrate, MMP-3 fluorogenic substrate II and MMP-14 fluorogenic substrate I were obtained from Merck Biosciences (distributed by VWR International, Strasbourg, France). RT-qPCR primers were designed according to sequences of MMP-2 (NM_004530), MMP-NM_004994), TIMP-1 (NM_003254) and TIMP-2 (NM_003255). The forward primer for MMP-2 was 5′-TCT-TCC-CCT-TCA-CTT-TCC-TG-3′ and the reverse primer was 5′-ACT-TGC-GGT-CGT-CAT-CGT-A-3′ with a 111 bp product. The forward primer for MMP-9 was 5'-TGA-CAG-CGA-CAA-GAA-GTG-G-3' and the reverse primer was 5'-GGC-GAG-GAC-separated by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes were blocked with Tris Buffered Saline (TBS) (0.02 M Tris-HCl, 0.137 M NaCl, pH 7.6) containing 0.1% Tween (TBS-T) and 5% Bovin Serum Albumin (BSA) at room temperature during 1 hour and incubated overnight at 4 °C with anti-MMP-14 antibody (Abcam, USA).Membranes were washed with TBS-T and incubated with peroxidase conjugated anti-rabbit secondary antibody at room temperature for 1 h. Chemiluminescent detection was realized by using an ECL Prime Kit (GE Healthcare, Orsay, France). Signal quantification was assessed using ImageJ software.Statistical analysis. Data are presented as mean ± standard error of the mean (SEM) for three independent experiments. Statistical significance was assessed with one way ANOVA. p values lower than 0.05 were considered as significant.

Figure 1 .

 1 Figure 1. HT-1080 and MDA-MB 231 cell viability after treatment with GS2 during 12 h and 24 h respectively. p-value is not-significant (versus control).

Figure 2 .

 2 Figure 2. Effect of GS2 on cell invasion in HT-1080 and MDA-MB 231 cells after 12 h and 24 h treatment respectively. *p < 0.01, **p < 0.001 and ***p < 0.0001 (versus control).

Figure 3 .

 3 Figure 3. Effect of GS2 on gelatinolytic activity of secreted MMP-2 and MMP-9 from HT-1080 and MDA-MB231 after 24 hand 48 h treatment respectively.

Figure 4 .

 4 Figure 4. Effect of GS2 on MMPs gene expression in HT-1080 cells. (A): MMP-2 and MMP-9. (B): TIMP-1 and TIMP-2. p-value is not significant (versus control).

Figure 5 .

 5 Figure 5. Effect of GS2 on MMPs gene expression in MDA-MB231 cells. (A): MMP-2 and MMP-9. **p < 0.01 (versus control). (B): TIMP-1 and TIMP-2. p-value is not significant (versus control).

Figure 6 .

 6 Figure 6. Effect of GS2 on MMP-14 gene expression in HT-1080 and MDA-MB 231 cells after 24 h and 48 h treatment respectively. *p < 0.05 (versus control).

Figure 7 .

 7 Figure 7. Effect of GS2 on MMP-14 protein expression. (A): MMP-14 and GAPDH western blotting in HT-1080 and MDA-MB 231 cells after 24 h and 48 h treatment respectively. (B): MMP-14/GAPDH expression ratio. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 (versus control).

  Metalloproteinases (MMPs) have been investigated in HT-1080 (fibrosarcoma) and MDA-MB 231cell lines using modified Boyden chamber coated with type I collagen. GS2 induces a decrease in cell invasion. The anti-invasive effect of GS2 observed encouraged us to study the effect of GS2 over MMPs which are highly excreted enzymes used by the potentially invasive tumor cell lines for extracellular matrix degradation. We analyzed the activity on MMPs by zymography and enzymatic assay using high affinity fluorogenic substrates. A selective inhibition of MMP-14 has been reported to blocks tumor cell migration and invasion. The expression of MMPs mRNA was analyzed by qRT-PCR. A dose dependent inhibition effect was observed on MMP-2, MMP-9 and MMP-14 activities. A decrease in MMP-14 mRNA expression was observed in both cell lines, whereas MMP-2 and MMP-9 mRNA expression was decreased only in MDA-MB231 cells. Thus, we propose that GS2 compound may be a potential candidate to decrease the MMP-14 activity in cancer metastatic diseases presenting high level of MMP-14 expression and activity.
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  Le rhénium est l'un des éléments les plus rares de la croûte terrestre avec une concentration moyenne estimée de 1 partie par milliard. Le groupement rhénium tricarbonyle est une sous-unité très stable qui combine les propriétés thérapeutiques du rhénium à une capacité d'imagerie mettant à profit la luminescence intrinsèque de ce groupement. Cette sous-unité est facilement accessible à partir de Re(CO) 5 Cl ou Re 2 (CO) 10 commercial et assure une base stable pour la complexation avec des ligands intégrant des propriétés appropriées. Dans ce contexte, P. Collery et J. d'Angelo ont décrit en 2010 une série de complexes du rhénium tricarbonyle (I) dans lesquels le rhénium est coordonné par un ligand bidentate disélénoether. Dans ces complexes sont combinés les propriétés antiprolifératives du rhénium avec les propriétés modulatrices rédox et apoptotiques uniques du sélénium. La synthèse de ces composés est décrite dans la Figure1. Le complexe dicarboxylique 6 est obtenu par échange de ligands à partir de Re(CO) 5 Cl avec l'acide 3,7-disélénonananedioïque(5). La forme dicarboxylate de sodium soluble dans l'eau 4 est obtenue par traitement avec du bicarbonate de sodium. La synthèse du ligand 5 a été réalisée en quatre étapes impliquant i: une substitution nucléophile du 1,3-dibromopropane par le sélénocyanate de sodium, ii: un clivage par l'hydroxyde de sodium des groupes cyanure conduisant à la formation d'un disélenacyclopentane, iii: l'ouverture réductrice du cycle disélenacyclopentane par du NaBH 4 et enfin alkylation des deux groupes séléniure par le sel de sodium de l'acide bromoacétique. Ce processus fournit l'acide 3,7-diselenanonedioïque (5) avec un rendement global de 32,5% (Fig.1). La structure de ces complexes a été établie par IR, RMN 1 H et13 C. Cependant, comme la RMN s'est révélée assez complexe en en raison de l'interconversion de stéréoisomères par inversion pyramidale au niveau des atomes de sélénium, la structure a été confirmée par une diffraction des rayons X du composé 2.

Fig. 2

 2 Fig. 2 Profils isotopiques observés (à gauche) et prédits (à droite) isotopic des ions des mono-adduits avec la 9-methylguanine [Re(CO) 3 (C 9 H 16 Se 2 O 4 ).9-MeG] + (A) et de l'ion bis-adduit [Re(CO) 3 (9-MeG) 2 (H 2 O)] + (B). Antitumor effect in vitro of the Re-diselenoether complex 4 Il avait été montré précédemment que les cellules malignes de cancer du sein MCF-7 étaient sensibles au complexe 4. Dans ce cadre, nous avons donc étudié les cellules malignes dérivées d'un carcinome de sein humain hormono-indépendant MDA-BB231. En présence de complexe Re (I)-diselénoéther à 10 μM, les modifications de la morphologie de la cellule montrent que les cellules traitées ne

Fig. 3 .

 3 Fig. 3. Volume des tumeurs après l'inoculation des cellules cancéreuses. Groupe 1: traitement par le cisplatine (témoin); Groupe 2: traitement avec complexe 4; Groupe 3: traitement par Re-diselenoether complex + cisplatine.

Fig. 6 .

 6 Fig. 6. Imagerie par bioluminescence de la croissance tumorale sur deux souris (S1 etS2) traitées par le complexe de rhénium 4 (du jour 9 au jour 36), au jour 44 (11/03), 51 (18/03) and 58 (25/03). Conclusion En résumé, le complexe rhénium-diselenoether 4 est un composé inorganique prometteur pour le traitement du cancer du sein métastatique sur un modèle murin. Il réduit efficacement la division des cellules tumorales in vitro à une concentration de 10 M. Il peut être administré par voie orale, et la dose recommandée est une dose non toxique de 10 mg/kg/j pour un traitement d'au moins quatre semaines. L'efficacité pourrait résulter de l'activité combinée du rhénium et du sélénium sur les cibles clés des cellules cancéreuses et de leur microenvironnement. Parmi les mécanismes d'action possible, nous avons montré que le rhénium pourrait se fixer sur les résidus guanine au sein des chaines d'ADN. Les effets sur le système immunitaire, l'état redox, les voies d'inflammation et de signalisation cellulaire seront étudiés prochainement.

Fig. 5 .

 5 A et B). Bien qu'il soit initialement prévu que les deux groupes d'acide carboxylique participeraient à la complexation du gallium le groupe CO 2 H libre joue un rôle crucial en permettant la solubilité dans l'eau de ces complexes (environ 20 mg/mL). L'analyse par spectrométrie de masse à haute résolution (HRMS) des complexes 3a,b en ESI (-) montre des ions moléculaires à m/z = 339.9498 et m/z = 373.9117 pour 3a et 3b correspondant aux formules [C 11 H 10 O 5 ClNGa]-et [C 11 H 9 O 5 Cl 2 NGa]-respectivement. Les profils isotopiques observés pour les ions M + 1, M + 2 à M + 6 sont en bon accord avec la distribution isotopique prédite pour ces deux complexes (Fig.6A). Les analyses élémentaires C,H,N sont également conformes à ces structures. Les caractéristiques les plus intéressantes du spectre de RMN 1 H du composé 3a sont: i) L'éclatement des protons benzyliques à 4,20 ppm dans le ligand libre en un système AB à 3,97 et 3,68 ppm avec une grande constante de couplage compatible avec la restriction de la rotation libre de la chaîne d'acides aminés par coordination au centre métallique (Fig.6B), ii) Un l'éclatement moindre du système ABX du CH 2 CO 2 de la chaine acide aspartique (Fig.6C). L'examen des spectres infrarouges des complexes révèle des bandes très larges correspondant à la vibration  (O-H) confirmant la présence d'un acide carboxylique libre pour les deux composés.

Fig. 5 .

 5 Fig.5. Schéma synthétique des complexes de gallium hydrosolubles 3a,b

Fig. 6 . 7

 67 Fig. 6. (A) HRMS du complexe de gallium GS1 (3a) montrant le profil isotopique attendu pattern. (B) Zone des champs forts du spectre RMN 1 H du l'acide 2-(hydroxybenzylamino)succinique dans D 2 O. (C) Zone des champs forts du spectre RMN 1 H du complexe de gallium GS1. Tableau 2. Activités cytotoxiques in vitro des complexes GS1 et GS2 contre les lignées de cellules cancéreuses humaines en comparaison avec GaCl 3 Composés IC 50 (M) MDA-MB 231 HT-1080 MCF-7 K-562 2b 154 ± 4.9 92 ± 3.9 _ _ GS1 (3a) 564 ± 28.3 131 ± 15.5 246 ± 21.9 135 ± 26.2 GS2 (3b) 52 ± 9.2 49 ± 7.1 90 ± 7.8 48 ± 6.3 GaCl 3 439 ± 51.6 185 ± 50.2 478 ± 73.5 114 ± 6.4

Fig. 5 .

 5 Fig. 5. Coloration par l'Annexine V après traitement des cellules HT-1080 (a) et MDA-MB231 (b) avec GaCl 3 et GS2 (en M) durant 24 et 48h. Notre étude a montré que GS2 a induit l'apoptose dans les cellules HT-1080 et MDA-MB 231 plus efficacement que les autres dérivés de gallium testés. Concernant l'analyse du cycle cellulaire le pourcentage de cellules HT-1080 et MDA-MB 231 dans la phase G0 / G1 est diminué en présence de GS2 à des concentrations de 100 et 150 μM. En outre, les mêmes concentrations induisent une

Fig. 8 .

 8 Fig. 8. Analyse des ROS dans les cellules HT-1080 et MDA-MB 231 après traitement de 16h et 24h par GS2 en présence ou non de mito-Q Conclusion En résumé, deux nouveaux complexes du gallium solubles dans l'eau ont été préparés, caractérisés et évalués comme agents cytotoxiques contre le carcinome du sein non-oestrogène dépendant et les lignées de cellules cancéreuses humaines de fibroblastes MDA-MB 231 et HT-1080. Les données analytiques sont cohérentes avec une structure mononucléaire dans laquelle le cation gallium (III) est ligandé par l'un des deux groupes acide carboxylique, l'oxygène phénol et les atomes d'azote du groupe 2-hydroxybenzylamino. Dans une telle structure, le ligand tridendé assure la liaison de l'ion métallique tandis que l'acide carboxylique libre permet la solubilité dans l'eau. La cytoxicité du complexe de gallium de l'acide (R)-2-(5-chloro-2-hydroxybenzylamino) succinique (GS2) (50-100 μM) est plus élevée que celle des sels de gallium mais inférieure à celle du tris(8hydroxyquinolinolato) Ga(III) (KP46).

Fig. 11 .

 11 Fig. 11. Effet de GS2 sur l'expression du gène MMP-14 dans les cellules HT-1080 et MDA-MB 231 après 24 h et 48 h de traitement respectivement.

Fig. 7 .

 7 Fig. 7. Effet de GS2 sur l'expression de la protéine MMP-14. (A): MMP-14 et western blot GAPDH dans les cellules HT-1080 et MDA-MB 231 après 24 h et 48 h de traitement. (B): rapport d'expression MMP-14 / GAPDH.Le rôle de la MMP-14 dans la dégradation du collagène de type I dans la matrice interstitielle a été décrit dans plusieurs études. Cette MMP connue pour être particulièrement présente sur les protrusions cellulaires appelées invadopodia, connues pour être responsables de la dégradation de la matrice. La forme active de MMP-14 est sécrétée dans l'environnement extracellulaire dans les exosomes microvésiculaires. Ces exosomes sont connus pour contenir également de la MMP-2 qui est capable de dégrader le collagène de type IV dans la membrane basale. La MMP-14 module les propriétés migratoires des cellules cancéreuses du sein chez l'Homme et, lorsque son expression augmente, la métastase des cellules tumorales croît. Une inhibition sélective de MMP-14 est connue pour bloquer la migration des cellules tumorales et l'invasion. Conclusion GS2 semble un candidat potentiel pour diminuer l'activité MMP-14 dans les maladies métastatiques cancéreuses présentant un niveau élevé d'expression et d'activité de MMP-14. Un tel profil dans l'expression de MMP-14 a été décrit dans le cas de l'adénocarcinome endométrial humain, en particulier le type II qui n'est pas lié à la stimulation des oestrogènes et est caractérisé par un mauvais
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	GAGs ROS		Glycosaminoglycans Reactive oxygen species	
	GAPDH RPMI 1640	Glyceraldehyde 3-phosphate dehydrogenase enzyme Roswell park memorial institute cell media-1640
	Gly RT		Glycine Reverse transcription	
	GPx RT-PCR	Glutathione peroxidase enzyme Real time polymerase chain reaction	
	GS1 S.C.		2-(2-Hydroxybenzylamino)succinic acid chloro gallium Subcutenous
	SDS-PAGE	complex Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
	GS2 SEM		2-(5-Chloro-2-hydroxybenzylamino)succinic Scanning electron microscope	acid	chloro
	Ser		gallium complex Serine	
	HEPES buffer SOD	(4-(2-Hydroxyethyl)-1-piperazine ethansulfonic acid Superoxide dismutase enzyme
	HER-2 SSC	Humane epidermal growth factor receptor-2 Side Scatter flow cytometry	
	His TBS		Histidine Tris Buffered Saline	
	HRMS TBS-T		High-resolution mass spectrometry Tris Buffered Saline Tween	
	IC50 TFA		Inhibition concentration 50 Trifluoroacetic acid	
	IV. ICP-MS Conclusion and perspectives…………………………………………… Inductive coupled plasma mass spectroscopy TGF-β Tumor growth factor-β
	V. IGg THF	References……………………………………………………………… Immunoglobuline Tetrahydrofuran
	JNK Thr		Jun N-terminal kinase Threonine	
	KRas TIMP		Kirsten rat sarcoma Tissue inhibitor of metalloproteinase	
	Leu Trp		Leucine Tryptophane	
	Luc TrxR		Lucefirase Thioredoxine reductase enzyme	
	Lys UV		Lysine Ultraviolet	
	MAP VEGF		Mitogen-activated protein Vascular endothelial growth factor receptorV	
	MCA v/v		4-Methylcoumaryl-7-amides Volume per volume	
	9-MeG	9-Methylguanine	
	MeOBzl	4-Methoxybenzyl	
	Mito-Q	Mitoquinone	
	MMPs		Matrix metalloproteinase enzymes	
	mRNA		Messanger ribonucleic acid	
	MRP1		Multi drug resistance protein	
	MTT		3-[4,5-dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide
	m/z		Mass to charge ratio	
	NF-kB		Nuclear factor kappa light chain enhancer of activated B cells
	NK cells	Natural killer cells	
	NKG2D	Natural killer group 2, member D	
	NMR		Nuclear magnetic resonance	
	P-Akt		Phosphorylated Protein kinase B	
	PBS		Phosphate buffer saline	
	PCR		Polymerase Chain Reaction	
	PEG		Polyethylene glycol	
	PET		Positron emission tomography	
	PI3K/AKT	Phosphoinositide-3 kinase/Protein kinase B	
	ppm		Part per million	
	Pro		Proline	
	RIPA		RadioImmunoPrecipitation Assay buffer	
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3. Cancer chemotherapy with non-platinum metal derivatives I.3.1. Metals having reach clinical trial I.3.1.1. Ruthenium

  

	Arsenic trioxide is usually administrated by intravenous route for 4-8 weeks causing
	inconvenience, risks and expense to maintain suitable vascular access and hospitalization.
	Sturlan et al., developed an oral formulation and determined the systemic bioavailability of
	arsenic in patients compared to i.v. route. The oral arsenic trioxide solution appears more
	acceptable and cost effective [89].
	As previously notified, platinum complexes display a tremendous activity against some
	cancer types but they suffer from high side effects. Many studies proved that ruthenium
	complexes have a similar activity but with fewer side effects. Ruthenium is located into the
	group 8 of the periodic table, the same group that iron, letting suggest a possible binding
	capacity to iron transport protein transferrin and also to a wide range of biomolecules

I.

3.2. Metals in preclinical studies I.3.2.1. Gold

  

	Despite the absence of any clinical trial of a gold complex to date, a number of gold (I) and
	EtO 2 C	S	Br	N
	gold (III) complexes have been designed with the objective of overcoming the disadvantages N Au
	Cl associated with the platinum-based drugs for cancer treatment [105]. These gold complexes S Me Br Au Cl Cl
	don't bind to DNA but they are supposed to work through a lethal blockade of the respiratory AUL-12 2-[
	chain into the cell mitochondria. Furthermore, these complexes inhibit protein synthesis by
	causing DNA-protein cross-links [105]. Among the numerous gold complexes evaluated
	bipyridyl gold complexes, 2-[(dimethylamino)methyl] phenyl gold (III), Auranofin, 1,2-
	bis(diphenylphosphino)ethane and chloroquin gold (I) complexes were the most active one.
	Finally nano gold(0) particles were found to enhance DNA damage in combination with radio
	therapy or chemotherapy [105,106, 107]. The poor stability of gold (I) complexes due to their
	easy reduction into colloidal gold (0) makes these compounds less important than gold (III)
	complexes.			
	The first promising gold-containing molecule was the gold complex derived from 2-
	[(dimethylamino)methyl]phenyl] ligand (damp). It showed an excellent cytotoxic effect
	against several human cancer cell lines, comparable to cisplatin [108]. Another group of
	square planar gold (III) complexes such as trichloro(2-pyridylmethanol) gold(III), dichloro(N-
	Ti ethylsalicylaldiminato)gold(III), trichlorodiethylendiamine-gold(III), and trichlorobis-Cl Cl O Ti O OEt O NCCH 3 Ti Cl ethylendiamine gold(III) showed significant cytotoxic effects against the A2780 human OEt O FeCl 4 ovarian cancer cell line, comparable to, or even greater, than cisplatin, and they were able to
	overcome the resistance to cisplatin to a large extent [108]. Auranofin a gold (I) complex
	Titanocene dichloride made from thioglucose used to treat rheumatoid arthritis demonstrated anticancer activity in Titanocene chloride [(EtO) 2 (bzac) 2 Ti(IV)] acetonitrile complex vitro in ovarian cancer cells.
	Figure 12. Structure of some titanium-based anticancer drugs Recently, a number of highly active gold(III) dithiocarbamato complexes were reported.
	These compounds are 1-4-fold more cytotoxic than cisplatin, and are able to overcome
	I.3.1.3. Gallium resistance to cisplatin. A possible mechanism of action of the gold dithiocarbamato complexes
	AUL-12 has been suggested by Milacic et al. AUL-12 was found to inhibit the degradation
	Anticancer properties of gallium were described for the first time in 1971 by Hart et al [104]. activity of 20S and 26S proteasomes causing the accumulation of ubiquitinated proteins, and
	Ga(NO 3 ) 3 and GaCl 3 were evaluated in clinical trial. The anticancer properties of gallium salts finally the induction of apoptose and cell death. AUL-12 also triggers ROS production and
	and gallium complexes are reported in Chapter III. cell death. The role of ROS was confirmed by adding N-acetyl-L-cysteine, as a reducing
	agent, suggesting the involvement of redox activity [109] (Figure 13).

I.

(dimethylamino) methyl]phenyl] gold

  

				Me
				Me
	O OAc	S	Au	PEt 3
	AcO AcO	OAc		
	Auranofin		
	Figure 13. Chemical structures of AUL-12, (damp)PhAuCl 3 and Auranofin

I.3.2.2. Copper

Copper ions are found naturally into living cells. They participate into the respiration process and are the coenzyme of several important enzymes (e.g. superoxide dismutase, cytochrome oxidase, tyrosinase) which regulate the intracellular redox potential. Some copper complexes were screened for their anticancer activity such as [Cu(tris(hydroxymethyl)phosphane) 4 ][PF 6 ]

  Re radioisotope is used in the treatment of inflammatory joint damage of the shoulder, elbow, wrist, ankle and hip[161,162].188 Re is another radioactive beta-emitter isotope. It is used to synthesize

	rhenium complexes against lymphosarcoma, PC-3 prostate and myeloid leukemia cancer cell
	lines [168].					
	S. Lippard et al. have developed a set of phenanthroline-rhenium(V) oxo complexes that
	showed higher selectivity and higher efficiency towards tumor cells than platinum-based
	therapies.					
	This compound appears to work by inducing necroptosis (a process of programmed necrosis).
	Necroptotic therapy was found to be effective in inhibiting several chemo-resistant cell lines,
	such as ovarian carcinomas and colorectal adenocarcinoma, which normally have high
	resistance towards apoptosis-inducing drugs [169].			
	OC 5 H 11				
	OC OC	O Re CO	N N	H 3 N H 3 N Cl	O O O O	Re Re OH 2 Cl Cl Cl Cl Cl

radiopharmaceuticals for diagnostic and therapy of malignant tumors, bone metastases [163],

rheumatoid arthritis

[164] 

and other diseases. The advantage of

188 

Re is the presence of both beta-and gamma-radiation components with the first producing the therapeutic effect while the second allowing the diagnosis by imaging with conventional gamma-cameras. Thus, despite there is no cold rhenium-containing drug in clinical trial, these compounds appeared as promising candidates for clinical development. The main hurdle for the transposition to clinic of rhenium-based drugs is the lack of specificity towards cancer cells and the lack of knowledge of their mode of action. Over the past few years a growing number of studies have revealed the potential of rhenium organometallic complexes as anti-cancer agents. A recent review by G. Gasser et al. gave a full overview of the topic up to 2014 and pointed out the underestimated potential of rhenium complexes as anticancer agents [165]. The rhenium complexes can be categorized into two main groups according to the nature of their anti-proliferative activity, namely "traditional" cytotoxicity and photo-toxicity. Phototoxic rhenium compounds are used as photodynamic therapy photosensitizers-i.e. they transfer the energy received from light to oxygen present in tissues to generate reactive oxygen species (ROS). Although several promising photo-active rhenium complexes have been reported [166] the vast majority of anti-proliferative rhenium compounds acts as simple chemotherapeutic agents. Since the seminal review of Gasser, several promising complexes were reported. For example, C. Parson et al. recently developed novel Re(tricarbonyl)pentylcarbonato complexes whose the rhenium(I) atom is attached to a planer phenanthroline ligand [167]. The binding efficiency of this complex to DNA molecule was investigated and determined spectro-photometically by using UV-visible spectroscopy. In the same study Parson and his colleagues determined the cytotoxic effect in vitro of these Nevertheless, despite the design of very efficient potent anti-cancer agents, very few in vivo studies have been conducted on cold rhenium organometallic complexes. Among them a dirhenium(III) complex cis-[Re(III) 2 (GABA) 2 Cl 5 .(H 2 O)]Cl.2H 2 O with zwitterionic aminobutyrate ligands was prepared. The anticancer activity of this novel rhenium complex was evaluated on a Wistar rats model of tumor growth induced by inoculating tumor carcinoma Guerink cells. The administration of the compound according to the scheme of antioxidant therapy inhibited the tumor growth by ca. 60% and led to stabilization of red blood cells in the tumor-bearing organisms. The combined introduction of the compound and cisplatin had a significant impact on the tumor growth and the disappearance of the tumors in most of the animals.[170] (Figure 20).

  rhenium(I) tricarbonyl compounds have emerged as potential multifunctional anticancer drug scaffold that can integrate therapeutic and imaging capabilities by using their intrinsic luminescence properties in a single molecule. This subunit is easily available from commercially Re(CO) 5 Cl or Re 2 (CO) 10 and gives a stable template for complexation with ligands embedding suitable properties. In this context, P. Collery and the group of J. d'Angelo

	described in 2010 a series of rhenium tricarbonyl (I)-diselenoether complexes (1-4) in which a
	central rhenium tricarbonyl group is coordinated by a bidentate diselenoether ligand. This

design took into profit the stable rhenium-tricarbonyl moiety to stabilize rhenium, and two selenium atoms bringing redox properties, with the aim to combine the antiproliferative properties of rhenium with the unique apoptotic modulator properties of selenium

[171]

.

Table 1 )

 1 [171].

	Cell lines	IC 50 M
	HeLa	75.1
	A 549S	131
	HT-29	>500
	MCF-7	4.7

Table 1 .

 1 IC 50 of disodium salt of complex 4 against several human tumor cell lines

Table 2 .

 2 Figure 21. Structure of diselenoether complexes and synthesis of the water soluble complex 4. Concentration of Rhenium (Re) in the nucleus of malignant cells following treatment with Rhenium diseleno ether. MCF-7 are human breast cancer cells; MCF-7 S are sensitive cells, MCF-7 Mdr are multidrug-resistant cells and MCF-7 R are resistant cells; A549 cells derived from a human lung carcinoma and HeLa cells from a human cervix carcinoma.

							X-ray crystal structure of complex 2
					Re(CO) 5 Cl	HO 2 C	Se	Cl	Se	CO 2 H	NaHCO 3 , MeOH
	HO 2 C		Se Se 5	CO 2 H THF, 12 h 90 %		OC	Re CO	CO	4
								6
						1) KOH,EtOH, H 2 O, 2h, 20	°C
						2) NaBH 4 , 50 °C, 1h
	Br	Br	KSeCN, acetone reflux 4h 50%	SeCN SeCN	HO 2 C 3) BrCH 2 CO 2 Na, 16 h, 20 °C 4) H 3 O+ 65%	Se Se	CO 2 H
								5
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Table 3 .

 3 Tissue concentrations of Re and Se after oral administration to mice of 40 mg/kg/24 h of Re diseleno-ether, for 4 consecutive weeks, 5 days a-week. Data are the mean±SEM. carry out this in vivo experiments. Several significant changes were made in the synthetic procedure to adapt it to a larger scale, particularly in the synthesis of dicarboxylic acid 5. This publication describing in detail these efforts, the binding to guanine as a model oligonucleotide and the in vivo evaluation is reproduced below.

	μMol/kg Wet tissue

Finally, the biological activity of the rhenium (I)-diselenoether complex in experimental mice model of human breast cancer together with a potential mechanism involving interaction with DNA base was published in 2015 in Invest New Drugs [173]. In 2014, during my first stay in the Faculté de Pharmacie in Châtenay-Malabry, I synthesized several grammes of the rhenium complex required to II.2.

2. Article N° 1 Antitumor activity of a rhenium (I)-diselenoether complex in experimental models of human breast cancer

  France 3 Faculté de Pharmacie, Université Paris-Sud, UMR CNRS 8076, BIOCIS, Chatenay-Malabry, France 4 Department of Life Science, Imperial College of London, London, UK 5 Département de Pharmacologie, Centre Hospitalier Universitaire Pitié-Salpêtrière, Paris, France 6 Laboratoire de Cristallographie et RMN, Faculté de Pharmacie, UMR CNRS 8015, Université Paris Descartes, Paris, France 7 Laboratoire Cellvax, Ecole Vétérinaire Nationale d'Alfort, Maisons Alfort, France 8 Laboratoire de l'Office d'Equipement Hydraulique de Corse, Bastia, France

	Philippe Collery 1* , Ahmed Mohsen 2 , Anthony Kermagoret 3 , Samantha Corre 4 ,
	Gérard Bastian 5 , Alain Tomas 6 , Ming Wei 7 , François Santoni 8 , Nadia Guerra 4 ,
	Didier Desmaële 2 , Jean d'Angelo 3*
	(Article published in Invest. New Drugs (2015) 33: 848-860)

1 Société de Coordination de Recherches Thérapeutiques, Algajola, France 2 Faculté de Pharmacie, Université Paris-Sud, Institut Galien, UMR, CNRS 8612, Chatenay-Malabry, * Philippe Collery, philippe.collery@gmail.com * Jean d'Angelo, jrdangelo@free.fr

  (692 mg, 2.0 mmol) in THF (3 mL) and methanol (1 mL) was added a solution of LiOH.H 2 O (336 mg, 8.0 mmol) in 2 mL of water. The reaction mixture was stirred at room temperature for 16 h and the solvents were removed under reduced pressure. 3N HCl was added until pH = 1, and the mixture was extracted with ethyl acetate (3 × 15 mL). The combined organic layers were dried over MgSO 4 and concentrated under reduced pressure. The oily material was taken into a small amount of CH 2 Cl 2 and precipitate with petroleum ether. The solid was filtered, washed with diethyl ether, and dried under vacuum to give 540 mg (85% yield) of compound 4, which was unequivocally identified by comparison with an authentic sample. CO) 3 in THF (20 mL) was heated at 60 °C for 16 h. The mixture was cooled to room temperature and concentrated under reduced pressure to leave crude 5. Purification by chromatography over silica gel gave 5 as a colorless oil (278 mg, 68%); 1 H NMR (C 6 D 6 ): The presence of stereoisomers induced splitting of most signals δ 3.61 (dd, J = 14.1, 4.5 Hz, 1H), 3.42 (dd, Synthesis of 1 with optimized approach to key-intermediate 4. Reagents and conditions, i:

	Synthesis of dimethyl ester complex 5: Preparation of rhenate (tricarbonylchloro[2, 2'-[1, 3-
	propanediylbis(carbomethoxymethylseleno-)]]) (5): A mixture of diselenoester 3 (216 mg, 0.62 mmol)
	and ReCl(NCSe	SeCN	i		MeO 2 C MeO 2 C	Se Se Se Se Re OC Cl CO CO 5 v	CO 2 Me CO 2 Me
			2				3	
							ii	
	NaO 2 C	Se OC	Se CO CO Cl Re	CO 2 Na	iii, iv	HO 2 C	Se Se 4	CO 2 H
			1					
	Scheme 1: BrCH 2 CO 2 Me, NaBH 4 , EtOH, 16 h, 20 °C (82%); ii: LiOH.H 2 O, THF, MeOH, 16 h, 20 °C (85%); iii:
	ReCl(CO) 5 , THF, reflux, 16 h (72%); iv: 2.0 equiv. NaHCO 3 , MeOH,H 2 O, 0 °C (90%); v: ReCl(CO) 5 , THF,
	reflux, 16 h (68%).							

1 

H NMR (CDCl 3 ): δ 3.72 (s, 6H, OCH 3 ), 3.17 (s, 4H, CH 2 CO 2 Me), 2.82 (t, J = 7.2 Hz, 4H, SeCH 2 CH 2 CH 2 Se), 2.0 (quint, J = 7.2 Hz, 2H, SeCH 2 CH 2 CH 2 Se).

Preparation of (3-carboxymethylselanyl-propylselanyl)-acetic acid (compound 4):

To a solution of compound 3 J = 14.1, 6.9 Hz, 1H), 3.35-3.24 (m, 6H), 3.16-3.06 (m, 0.5H) , 2.99 (d, J = 13.8 Hz, 1H), 2.86 (m, 0.5H), 2.55-2.28 (m, 2 H), 1.5-1.2 (m, 4H).

  in Table 1 (Supplementary Table 1).

  Re-diselenoether complex is a promising new metal-based anticancer drug for the treatment of breast cancer. It proved to efficiently reduce tumor cell division in vitro. It may be orally administered, and the recommended dose is a non-toxic dose of 10 mg/kg/d for a treatment of at least four weeks. More recently Collery et al. reported that when breast tumor bearing mice were pretreated with total body irradiation to increase the tumor growth. The expected tumor regression was not observed with the rhenium-(I)-diselenoether complex, and there was even a significant increase of the tumor volume in mice treated with 10 mg/kg versus controls. Collery et al suggested that there is a possible negative impact of radiotherapy on the antitumor activity of the rhenium diseleno ether complex[174]. Clearly this compound deserves more investigation to delineate is scope of activity and to elucidated its mechanism of action.

  100 times higher than that of magnesium [183]. According to Hedley et al., gallium inhibits replicative DNA synthesis by inhibiting ribonucleotide reductase enzyme [184].Another hypothesis is that gallium competes with iron which is need by cancer cells for rapid cellular division. Because gallium is very similar to iron it binds to transferrin in blood and it uptakes cancer cells which over express transferrin receptors. Once inside cells, gallium is unable to catalyze the process controlled by iron and cancer cells do not proliferate. Thus it appears that Ga 3+ ion acts as an antagonist to the actions of Fe 2+ , but also of other divalent ions, including Mg 2+ , Zn 2+ and Ca 2+ [185].

  Bernstein. This compound successfully addresses the problem of the low stability of gallium salts in water[207]. It has been proposed that the main mechanism for gallium maltolate antiproliferative activity is the inhibition of ribonucleotide reductase by competion with Fe 3+ , an enzyme that promotes tumor growth. The ability of gallium maltolate to induce apoptosis more efficiently than gallium nitrate made this hit a candidate for further evaluation.[208]. The clinical phase I/II studies with gallium maltolate for the treatment of bladder cancer, lymphoma, multiple myeloma, and pro-static neoplasms were terminated in 2005; however, no results were published so far and the product seems discontinued. Nevertheless, there is ongoing studies to understand its mechanisms of action and to identify intracellular targets and molecular markers in lymphomas and other malignancies[209].

	Remarkably, this compound exhibits both antitumour and antihypercalcemic efficiency in
	preclinical tumour models. Orally administered KP46 shown a promising tolerability and
	evidence of clinical activity in renal cell carcinoma in Phase I clinical trial. These encouraging
	results highlight the potential usefulness of KP46 for the treatment of tumours and a prompt
	necessity for phase II testing, in which it could qualify for combinations with other drugs (e.g.
	cisplatin) for increased effect [204]. Remarkably, KP46 overcomes cancer cell resitance to
	most chemotherapy such as doxorubicin, cisplatin, vimblastine etc. Notably this effect is
	maintained when the cells are grown as aggregates or as spheroids [205,206] (Figure 22).

3

[203]

.

KP46 showed micromolar activity on a large panel of cancer cell lines including melanoma, ovary, breast, colon and lung cancer cells. It was highly active in animal tumor models, causing a reduction in tumor volume of more than 50%, without any significant toxicity.

Gallium maltolate is another orally active complex. The ability of gallium maltolate to induce apoptosis more efficiently than gallium nitrate makes it an attractive agent for further investigation. Gallium maltolate (Figure

22

) is another orally active complex first proposed by Lawrence R.

  2400, 1643, 1621, 1590, 1569, 1464, 1446, 1411, 1373, 1356, 1334, 1324, 1303, 1281, 1263, 1250, 1214, 1200, 1188, 1154, 1112, 1040, 1021, 921; 913, 882, 869; 1 H NMR (300 MHz,

Table 1 .

 1 NMR data for compounds 2a,b and gallium complexes GS1 and GS2 (3a,b) in D 2 O

			 (ppm)/J (Hz)		
	Compound	2a	2b	GS1 (3a)	GS2 (3b)
	H-2	3.72	3.59	3.50	3.50
	H-3a	2.76/17.4,3.3	3.15-2.80	2.98/18.2,4.2	2.99/18.5, 5.1
	H-3b	2.64/17.4,8.7	3.15-2.80	2.79/18.2,0.5	2.81/18.5, 2.4
	ArCH 2 N	4.26/12.9	4.00/13.2	3.97/12.9	3.95/12.9
	ArCH 2 N	4.20/12.9	3.77/13.2	3.68/12.9	3.65/12.9
	H-3'	7.35-7.26	7.16	7.13 /7.2	7.10/2.5
	H-4'	6.96-6.90	-	6.85-6.75	-
	H-5'	7.35-7.26	7.23/8.5,2.7	7.25/7.3	7.16/8.6,2.5
	H-6'	6.96-6.90	6.75/8.5	6.85-6.75	6.69/8.6

Table 2 .

 2 In vitro cytotoxic activities of complexes GS1 and GS2 against human cancer cell lines compared to GaCl 3 and betaine tetrachlorogallate

	Compound		IC 50 (M)	
		MDA-MB 231 HT-1080	MCF-7	K-562
	2b	154 ± 4.9	92 ± 3.9	_	_
	GS1 (3a)	564 ± 28.3	131 ± 15.5	246 ± 21.9	135 ± 26.2
	GS2 (3b)	52 ± 9.2	49 ± 7.1	90 ± 7.8	48 ± 6.3
	GaCl 3	439 ± 51.6	185 ± 50.2	478 ± 73.5	114 ± 6.4
	GaCl 4 -betaine	500 ± 7.1	144 ± 12.0	263 ± 24.0	119 ± 9.2

  INTRODUCTIONLe cisplatine a été préparé dès 1845 par un chimiste italien Michele Peyrone, mais son effet antiprolifératif contre les cellules cancéreuses n'a été découvert qu'un siècle plus tard par Barnett Rosenberg en étudiant l'effet du champ électrique avec des électrodes de platine sur la division bactérienne. Rosenberg a observé que la croissance bactérienne n'était pas affectée, mais la réplication bactérienne fortement inhibée. Par la suite, Rosenberg a découvert que cette inhibition était due au sel de Peyrone. Rosenberg a supposé que si ce complexe de platine avait la capacité d'inhiber la division cellulaire bactérienne, il pouvait avoir le même effet sur les cellules cancéreuses en division incontrôlées. En 1969, Rosenberg a publié son premier article sur l'effet du cisplatine sur la leucémie L1210 chez la souris et neuf ans plus tard, l'US Food and Drug Administration a confirmé que le cisplatine était l'un des médicaments antinéoplasiques potentiellement actifs. Le cisplatine est encore utilisé intensivement aujourd'hui pour le traitement du cancer du testicule, de l'ovaire épithélial, des tumeurs trophoblastiques gestationnelles et du cancer du poumon à petites cellules ainsi que pour les cancers de l'ovaire, du col de l'utérus, de l'oesophage, du sein et de la tête et du cou. Aujourd'hui, le cisplatine reste encore l'un des médicaments anticancéreux les plus efficaces, mais ses effets secondaires, néphrotoxicité, hépatotoxicité et cardiotoxicité limitent son utilisation. En outre, certaines tumeurs malignes sont intrinsèquement résistantes à la chimiothérapie au cisplatine ou développent une résistance dès les premiers cycles de traitement. Cette extraordinaire découverte a ouvert la voie à une intensive recherche d'autres composés métalliques pouvant présenter un meilleur index thérapeutique. De très nombreux métaux ont été étudiés, Toutefois, à ce jour sauf le platine et l'arsenic, aucun complexe métallique n'a été mis sur le marché pour le traitement du cancer. Un petit groupe de métaux, essentiellement le ruthénium, le titane et gallium ont accédé à des essais cliniques mais généralement avec une issue négative. Enfin la plupart des autres métaux étudiés (le cuivre, l'or, le rhodium, le rhénium, l'antimoine, le germanium, etc…) ont conduit à des composés parfois très actifs mais sans dépasser le stade des études précliniques. Dans ce contexte le rhénium tient une place particulière. En effet si aucun complexe du rhénium n'est utilisé en clinique pour le traitement du cancer en revanche les isotopes radioactifs ont une grande importance médicale. Le radioisotope 186 Re est utilisé dans le traitement des lésions inflammatoires articulaires, le188 Re quant à lui est un isotope bêta-émetteur utilisé pour synthétiser des produits radiopharmaceutiques pour le diagnostic et la thérapie des tumeurs malignes, des métastases osseuses, de la polyarthrite rhumatoïde et d'autres maladies. L'avantage du 188 Re est qu'il combine le rayonnement bêta possédant un effet thérapeutique avec un rayonnement gamma permettant le diagnostic par imagerie avec des gamma-caméras conventionnelles. Ainsi, bien qu'il n'y ait pas à ce jour de médicament contenant du rhénium froid en essais cliniques, ces composés apparaissent comme des candidats prometteurs pour la chimiothérapie anticancéreuse. Le principal obstacle à la transposition clinique des médicaments à base de rhénium est leur manque de spécificité vis-à-vis des cellules cancéreuses et le manque de connaissance de leur mode d'action.

treatment.

  Synthèse et structure des complexes de rhodium trichlorocarbonyle diséléniésCes composés ont été évalués sur diverses lignées cellulaires cancéreuses. Le complexe 4 a montré une cytotoxicité notable contre les lignées de cellules de cancer du sein MCF-7 (4,7 μM), alors que les composés lipophiles 1 et 2 se sont révélés être moins efficaces (Tableau 1). De nombreuses études ont montré que la cytotoxicité des complexes Re(CO) 3 est principalement due à la formation d'adduits 1,2-intra-brin de l'ADN, particulièrement entre l'atome N-7 de deux résidus guanine adjacents d'une manière similaire au cisplatine. L'accumulation de rhénium dans le noyau des cellules traitées avec le complexe 4 suggère par ailleurs une interaction possible avec les acides nucléiques.

	Se Se 5 acetone reflux 4h CO 2 H THF, 12 h 90 % Re(CO) 5 Cl KSeCN, SeCN SeCN 50% HeLa A 549S HT-29 MCF-7 Tableau 1. Cytotoxicité du complexe 4 sur diverses lignées cellulaires tumorales. HO 2 C Se Se HO 2 C CO 2 H Re CO OC CO Cl NaHCO 3 , MeOH 6 Br Br 5 Se Se HO 2 C 5 1) KOH,EtOH, H 2 O, 2h, 20 °C 2) NaBH 4 , 50 °C, 1h 3) BrCH 2 CO 2 Na, 16 h, 20 °C 4) H 3 O+ 65% X-ray crystal structure of complex 2 4 IC 50 M 75.1 131 >500 4.7 Pour évaluer l'éventuelle fixation de complexe 4 sur l'ADN, nous avons étudié la réaction de son ester CO 2 H de méthyle 5 avec la 9-méthylguanine (9-MeG) comme substitut simplifié d'une guanine dans l'ADN. L'analyse du mélange obtenu par spectrométrie de masse a indiqué qu'un mono-adduit [Re(CO) 3 (C 9 H 16 Se 2 O 4 ).9-MeG]+ BF 4 -(A, Fig. 2) est formé en petite quantité (10-15%). Le produit Fig. 1. Lignées cellulaires principal s'est avéré être le bis-adduit [Re(CO) 3 (9-MeG)(H 2 O) 2 ]+ BF 4 -(B, Fig.

  Ce complexe est actif sur les cellules du cancer du sein et de fibrosarcome. L'essentiel du travail a été d'étudier le mécanisme d'action de ce complexe. Une piste possible serait l'inhibition d'une enzyme impliquée dans le cycle cellulaire et l'apoptose. De plus ce complexe du gallium réduit l'activité des métalloprotéïnases matricielles impliquées dans le développement de métastases. Ces données semblent indiquer que ce complexe de gallium, en combinaison avec une chimiothérapie cytotoxique, serait un composé prometteur pour une thérapie anti-invasive et anticancéreuse.IntroductionDepuis les travaux de Hart en 1971, le gallium apparait comme l'un des composés métalliques les plus prometteurs en chimiothérapie anticancéreuse. Même, un simple sel comme le nitrate de Ga (III) présente une activité antitumorale importante et a été évalué dans des essais cliniques pour le traitement du lymphome et du cancer de la vessie. Cependant, ces essais n'ont pas démontré l'efficacité du gallium par perfusion intraveineuse à cause d'une néphrotoxicité importante même avec des doses fractionnées ou en association avec d'autres agents chimiothérapeutiques. Pour éviter la toxicité rénale associée à l'administration intraveineuse, l'administration orale quotidienne de trichlorure de Ga a été proposée chez les patients atteints de cancer du poumon. Cependant, il s'est avéré difficile de maintenir une concentration plasmatique suffisante en gallium. Ainsi, à la recherche de composés possédant une biodistribution plus favorable les complexes de Ga (III) ont été explorés. De nombreux complexes ont été proposés dans lesquels l'ion Ga (III) est fixé par des bases de Lewis multidentates telles que les thiosemicarbazones, les salicylidène-acylhydrazides, la bis (3hydroxypyridone)-EDTA, le pyrazole, les azoles, la naphtalène imine, les dérivés de la paullone. Cette quête d'un ligand approprié a abouti à la découverte du tris (8-quinolinolato) gallium (III) (KP46) et du tris(maltolato) gallium (III) deux antitumoraux actifs qui ont atteint des phases avancées des essais cliniques quoique sans résultats définitifs. Beaucoup de ces composés souffrent d'une faible solubilité dans l'eau (36 M pour KP46) entravant leur développement. Dans ce contexte, nous avons raisonné que le couplage d'un fragment d'acide aminé hydrophile à un ligand connu du Ga devrait donner un complexe hydrosoluble. Nous avons choisi la 2-hydroxybenzylamine comme élément de base à nos ligands. Ce design permet une modulation précise des propriétés physico-chimiques du ligand grâce au large éventail d'acides salicyliques substitués disponibles. Ces complexes ont été obtenus par simple amination réductrice suivie de complexation avec le chlorure de gallium. Ils présentent une cytotoxicité significative sur plusieurs lignées de cellules tumorales par rapport au GaCl 3 . En outre, le composé le plus actif est capable d'induire l'apoptose dans le carcinome du sein humain MDA-MB231 et les cellules HT-1080 de fibrosarcome.La condensation des salicylaldéhydes 1a,b avec le (L)-diméthyl-aspartate suivie d'une réduction par NaBH 3 CN de l'imine intermédiaire fournit les esters diméthyliques 2. L'hydrolyse des groupements ester par HCl au reflux conduit aux diacides 2a, b. Les complexes gallium solubles dans l'eau ont été obtenus directement en traitant GaCl 3 avec le ligand correspondant dans un rapport molaire 1: 1, dans de l'eau à 100 °C suivi d'un ajustement du pH à 3. Les complexes 3a, b ont été isolés sous la forme de solides amorphes avec un rendement de 75 à 85% après purification sur gel de silice RPC18. Leur caractérisation a été réalisée par FT-IR, RMN 1 H, RMN13 C, ESI-MS et analyse élémentaire. Toutes les tentatives pour obtenir des cristaux convenants pour une analyse par diffraction des rayons X ont été infructueuses. Néanmoins, les données analytiques sont cohérentes avec les structures [Ga(C 11 H 11 NO 5 )Cl] et [Ga(C 11 H 10 NClO 5 )Cl] dans lesquelles les groupes fonctionnels ArO, N, CO 2 H du ligand coordonnent l'ion gallium (III) tandis que le dernier groupement carboxylique reste libre, bien qu'il ne soit pas possible de déterminer exactement lequel des deux groupes acides est lié au centre métallique (
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GS2 at non-cytotoxic concentrations in collagen coated Boyden chamber and discuss whether between these effects and the ability of GS2 to regulate MMPs expression and activity.

Material and Methods

Reagents. Aspartic acid, gallium trichloride, and 4-chlorosalicylaldehyde were purchased from Sigma-Aldrich Chemical Co., and were used without purification. The ligand was obtained by reductive amination of 4-chlorosalicylaldehyde with dimethyl aspartate followed by acidic hydrolysis. [N-(5-chloro-2-hydroxybenzyl)-L-aspartato] chlorogallium (GS2) was obtained as previously reported [10]. Briefly, 1 equiv. of the ligand was dissolved into distilled water (3 mL/100 mg) and 1.2 equiv. of 1 M GaCl 3 aqueous solution was added. The mixture was refluxed under nitrogen for 2 h. The reaction mixture was concentrated under reduced pressure. The crude product was taken into water (10 mL/100 mg) and the pH was adjusted to 3 with few drops of 0.