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Metal centres provide unique foci for varied biological modes of action that often but not exclusively involve redox or metal-ligand reactions. Metal complexes offer alternative and flexible coordination geometries, electron and proton transfer sites, inner and outer sphere reactivities, sites for redox-active, hemi-labile, and non-innocent ligands, and a variety of potentially controllable properties for exploitation in a therapeutic or biological context. The discovery of the first anticancer, the metal-based compound cisplatin in 1965 by Barnett Rosenberg was a historical outstanding breakthrough and led to a new area of metal-drug discovery. Some metal-based compounds have FDA approval for clinical use, while some undergo clinical trials for various medical therapies. This mini-review focuses on recent progress on Mn-based complexes with potential anticancer, antibacterial, and antifungal activities.
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1 INTRODUCTION
Since the discovery of cisplatin and its analogs as anticancer drugs, the coordination chemistry of metal-based drugs has become immensely popular among scientists due to its various applications not only in cancer but also in viral, microbial, or fungal treatment (Liu et al., 2013; Dasari Tchounwou, 2014; Zhao et al., 2016). However, currently, scientists are mostly focused on the synthesis of various candidates for anticancer therapy, especially inorganic compounds with such metal ions as Cu, Pd, Au, and Ru. Many of them are now under comprehensive investigation for potential clinical applications (Dyson and Sava, 2006; Jakupec, et al., 2008; Singh et al., 2023). Nevertheless, until now there have been only a limited number of articles on the antitumor, antibacterial, or antifungal activity of manganese compounds. We believe that Mn inorganic compounds can be an interesting alternative for many toxic drugs and/or those that become inactive.
Manganese (Mn), found in all tissues and fluids (Schmidt and Husted, 2019), is one of the biocompatible core elements of metal enzymes playing many physiological roles in vivo (Wang et al., 2022). This essential trace element plays a variety of biological roles in the human body such as regulation of (i) immunity functions, (ii) blood glucose levels, (iii) cellular energy, (iv) growth of bones, and promotes cholesterol synthesis and coagulation of blood. It also plays a significant role in the body as a reactive oxygen species (ROS) antioxidant (Emsley, 2001; Bae and Kim, 2008; Horning et al., 2015; Alejandro et al., 2020; Kongot et al., 2020). Those facts cause an interest increase in manganese-based nanomaterials (e.g., MnO) (Hao et al., 2017; Kalaiselvan et al., 2022; Zheng et al., 2022) and potential therapeutics in anticancer, antibacterial, and antifungal therapies (Kalaiselvan et al., 2022).
Among several biologically abundant metals, manganese complexes are well known to participate in a diversity of significant biochemical processes (Liu et al., 2013; Dasari Tchounwou, 2014; Zhao et al., 2016). Interestingly, Mn received particular attention in the field of biological applications due to its different oxidation states. The most common manganese valence states are Mn2+, Mn3+, and Mn4+. Among them, Mn2+ ions show the best stability compared with Mn3+ ions and Mn4+ ions (Lin, et al., 2018; Ding, et al., 2019; Kalaiselvan, et al., 2022). The Mn(II) complexes are considered to be very effective and efficient antioxidants against ROS leading to lessen oxidative stress in the human body (Allardyce and Dyson, 2016). An increasing number of mono- and binuclear Mn(III/II) complexes with catalase activity have been reported in the literature, most of them with Schiff base ligands. Following the first publication of the Mn(II) complexes possessing bipyridine (bipy) and phenanthroline (phen) ligands by Fukuda and Sone in 1970, a large number of such compounds with different metals using mainly the same ligands were synthesized and published (Fukuda and Sone, 1970; Bailey, et al., 1980; Paulovicova, et al., 2001; Madalan, et al., 2004). Because of Mn compounds’ potential use as catalytic scavengers of H2O2 against oxidative stress, several mono- and binuclear inorganic compounds with various ligands were obtained and characterized in an effort to mimic the active sites of enzymes (Triller, et al., 2002; Reddig, et al., 2004; Wu, et al., 2004; Signorella, et al., 2007; Biava, et al., 2009; Biju and Rajasekharan, 2011; Vazquez-Fernandez, et al., 2011; Signorella and Hureau, 2012).
Currently, the synthesis/production of Mn nanomaterials has gained limitless attention in the medical sector. Interest in Mn and MnO nanoparticles (NPs) is increasing due to their specific physicochemical properties (Haque, et al., 2021). However, in literature, we can still find Mn complexes possessing interesting biological properties leading to the conclusion that Mn can be used in medicine not only in the form of nanomaterials but also as an inorganic compound. In this mini-review, we have selected publications presenting fifty Mn inorganic compounds possessing anticancer, antimicrobial, and antifungal properties with a description of their first insight into action modes, which have appeared as the most relevant in the ScienceDirect database. Additionally, we described the action mode for selected Mn complexes. The purpose of this review is to show what types of ligands and oxidation states of Mn are usually selected by researchers to obtain therapeutic Mn compounds.
2 ANTICANCER ACTIVITY
The anticancer properties of manganese inorganic compounds are underexplored. So far only several anticancer manganese (II/III) complexes containing Schiff base, porphyrin, flavonoids, and polypyridyl ligands have been characterized (Ansari et al., 2009a; Ansari et al., 2009b; Zhang, et al., 2009; Chen, et al., 2010). The cellular action mode of such complexes is extremely dependent on the nature of the ligands (Prudhomme, 2013). However, it has been proven in many publications that Mn coordination complexes increase intracellular ROS generation leading to oxidative stress in various cell types (e.g., cancer, bacterial or fungal) (Ansari et al., 2009a; Ansari et al., 2009b; Slator, et al., 2017; Kellet, et al., 2011; Liu, et al., 2015; Farghadani, et al., 2017). Moreover, it was reported that the Mn(II) compounds exhibit similar or higher cytotoxic effects, for instance on the human lung adenocarcinoma (A549), breast cancer (MCF-7) cell lines or breast cancer cell stems 3D cultures, in comparison to the Cu(II) and Fe(III) ones with phenanthroline and pyridine derivatives with simultaneous nontoxicity towards normal cell lines, e.g., epithelial isolated from the mammary gland (MCF-10A) (Eskandari and Suntharalingam, 2019; Icsel, et al., 2020). Therefore, by using Mn compounds over other complexes with more common endogenous metal ions such as Cu and Fe, it will be possible to take advantage of the many physiologically accessible oxidation states of Mn and its ability to undergo Fenton-type reactions to potentially kill cancer cells via efficient ROS production with better selectivity. (Eskandari and Suntharalingam, 2019; Icsel, et al., 2020).
Indeed, a series of di-nuclear manganese (II)-phenanthroline complexes exhibited a significant increase in intracellular ROS levels leading to high cytotoxicity in human-derived colorectal cancer lines (Kellet, et al., 2011). Similarly to a novel, Mn(II) complex (Figure 1; 1) (Ghosh, et al., 2013) with N-(2-hydroxy acetophenone)glycinate synthesized by R.D. Ghosh and coworkers. This compound can induce apoptosis in multidrug-resistant CEM/ADR5000 leukemia cells, most probably through reactive oxygen species production. The authors proved that complex 1 exhibits significant efficacy in overcoming drug-resistant cancer. Moreover, the application of 1 at non-toxic doses caused a significant increase in the lifespan of Swiss albino mice bearing sensitive and doxorubicin-resistant subline of Ehrlich ascites carcinoma cells (Ghosh, et al., 2013). Two Mn complexes ([(Etdpa)MnCl2] (Figure 1; 2) and [(Adpa)Mn(Cl) (H2O)] (Figure 1; 3)) with different ligands: ethyl bis(2-pyridylmethyl)amino-2-propionate (Etdpa) and bis(2-pyridylmethyl)amino-2-propionic acid (Adpa) showed significant activity against the four cancer cells (MCF-7, ECA-109 (esophageal squamous cell carcinoma), U251 (glioblastoma), HeLa (cervical carcinoma)) (Qiu-Yun, et al., 2010). Complex 3 turned out to be more active and inhibited the proliferation of glioma cells (with IC50 9.5 μM) MCF-7 cells (with IC50 6.5 μM) and U251 cells (with IC50 9.5 μM) with a much lower concentration than complex 2. Such high activity was linked by Qiu-Yun and coauthors with the significant decrease of mitochondrial membrane potential (MMP) by studied complexes, especially 3. The binding mode between this manganese(II) complexes (2) and (3) and ct-DNA was weak, however, the authors demonstrated that such compounds inhibited the induced swelling of Ca2+-loaded mitochondria and caused the decrease of mitochondria membrane potential (Δψm). Importantly, it was shown that MMP values determined for tumor cells were higher than those calculated for normal cells. Therefore, with higher permeability of the mitochondria membrane in cancer cells, the Mn compounds 2 and 3 could more efficiently accumulate and interact with the specified organelle. This phenomenon can be one of the main factors in determining the selectivity of Mn complexes (Qiu-Yun, et al., 2010).
[image: Figure 1]FIGURE 1 | Schematic view of Mn complexes (1–8) exhibiting anticancer properties.
K.R. Enikeeva and coworkers have synthesized manganese(II) complexes (Enikeeva, et al., 2023) (Figure 1; 4, 5, 6) with Mn2Cl2 and more rare Mn2O2 cores based on the diisopropyl (pyridin-2-yl)phosphine oxide and diethyl (pyridin-2-yl)phosphine oxide ligands. The cytotoxic effect of these Mn complexes on the HeLa (cervical carcinoma) and HuTu80 (intestine) cancer cell lines and Chang liver normal cell lines has been studied. It was found that Mn(II) complex 5 with the Mn2O2 core was the effective hydrogen catalyst and exhibited high cytotoxicity towards the cancer HuTu80 cell line (selectivity index = 7.6) and very low toxicity against healthy Chang liver cells, making it very promising for further biomedical studies (Enikeeva, et al., 2023). However, the Authors did not study the precise mode of action of those complexes, so it is hard to speculate if ROS had any impact on cancer cell death. Another mononuclear complex [Mn(NO3) (sac) (H2O) (bzimpy)]·2DMF (Figure 1; 7) (Icsel, et al., 2020), (sac = saccharinate and bzimpy = 2,6-bis(2-benzimidazolyl)pyridine) was synthesized by C. Icsel and coworkers. The authors assessed the anticancer effect of compound 7 against a few cancer cell lines: A549 (lung), MCF-7 (breast), HT29 (colon), and one healthy one: MCF10A (normal human breast epithelial). The obtained results were compared with those of the well-known anticancer drug cisplatin and the starting ligand bzimpy. Mentioned Mn inorganic compounds exhibited potential cytotoxic activity, especially towards MCF-7 and A549 cell lines, and luckily it was inactive towards the normal cells. Mechanistic studies on A549 cells performed for complex 7 indicated that it induced G0/G1 arrest leading to significant intracellular ROS levels increased. This phenomenon caused both mitochondrial dysfunction and double-strand DNA breaks. The up-regulated Bax and down-regulated Bcl-2 expression levels, caspase-3/7 activation, and reduced Fas expression indicated that complex 7 induced ROS-dependent mitochondria-mediated intrinsic apoptosis in A549 cells (Icsel, et al., 2020). Nevertheless, the authors cannot omit the strong impact of compound 7 on DNA damage, which can play an important role in the final action mode.
Next Mn compound possessing potential anticancer activity was Mn2 (μ-O,O′-4-Mebz)2 (bpy)2 (μ2-H2O) (4-Mebz)2] (Figure 1; 8) (Bhattacharyya, et al., 2019) (where bpy=2,2′-bipyridine, 4-Mebz=4-methyl benzoate) obtained and characterized by M.K. Bhattacharyya and coworkers. Interestingly, the action mode of this complex was not linked to ROS production. The antiproliferative activity of complex (8) has been studied in T-cell lymphoma cell line by (i) MTT assay, (ii) apoptosis assay, and (iii) molecular docking simulation. Complex 8 exhibited satisfying cytotoxicity leading to apoptotic cell death with unimportant activity (∼5–10%) in normal cells. It is worth mentioning that Mn(II) complex interacted with overexpressed cancer target proteins with a higher binding affinity comparable with the affinity of reference inhibitors (Bhattacharyya, et al., 2019). One of the biological characteristics of cancer cells is the expression or overexpression of their specific groups of proteins or receptors (Fath, et al., 2022). Each of them plays a key role at specific stages of cancer growth and progression. Overexpressed proteins are involved, for example, in DNA repair, signaling and metabolic pathways, apoptosis, and more cellular processes. This leads to cancer initiation, progression, angiogenesis and could promote the invasion of tumor cells into ambient tissues (Pessoa, et al., 2022). Therefore, targeting the interactions between tumor proteins and new chemotherapeutic agents has become an attractive approach in cancer treatment (Welsh et al., 2003; Fath, et al., 2022; Pessoa, et al., 2022).
The first example of Mn complex that reached clinical trials was synthesized by I. Batinić-Haberle and coworkers (Batinić-Haberle, et al., 2002; Florido, et al., 2019). Manganese (III) porphyrin (Figure 2; 9) is mimicking behavior of superoxide dismutase (SOD) and it has a significant impact on anticancer effects in combination treatment with chemo- and radiotherapy. Despite the ongoing clinical trials, unfortunately, scientists still do not know the effect of 9 on metastasis, which is crucial for further cancer treatments. The co-treatment of cancerous cells with non-toxic concentrations of complex 9 and anticancer drug doxorubicin altered intracellular ROS, and significantly increased the concentration of H2O2.
[image: Figure 2]FIGURE 2 | Schematic view of Mn complexes (9–15) exhibiting anticancer properties.
While 9 alone did not influence cell migration, the mixture of doxorubicin and compound 9 led to a reduction in collective cell migration and chemotaxis. In addition, compound 9 reduced the doxorubicin-induced increase in random migration of human breast cancer cells (MDAMB-231). Treatment with either compound 9 or doxorubicin led to the decrease of MDAMB231 cells. It is worth mentioning that the authors obtained various results, some of them dependent on cell line and migration type, however, the cytotoxic effect induced by 9 in doxorubicin-treated cells was always favorable (Florido, et al., 2019). Interesting results have been obtained by A.T. Gordon and coworkers. They synthesized Mn complex [Mn (theo)2(H2O)4] (Figure 2; 10) (Gordon, et al., 2022), which possessed limited activity compared to compound 9. The anticancer activity of this Mn complex was evaluated against several cell lines, representing breast-, lung-, colorectal-, and pancreatic cancer, as well as glioblastoma and neuroblastoma. However, the authors did not notice significant anticancer activity of this complex 10. Nevertheless, preliminary analysis of the action mode of the Mn complex and cell morphology studies indicates the absence of necrotic cell death. Interestingly, this type of compound caused paraptosis of the cell leading to the formation of cytoplasmic vacuoles. Due to those processes and decreased binding of Hoechst 33342 to the nuclei, the authors speculate that complex 10 may affect cellular DNA function of the human cancer cells (neuroblastoma, SY-SH5Y; breast adenocarcinoma, MDA-MB-231; pancreatic, MIA PaCa-2) (Gordon, et al., 2022). Paraptosis is reported to be induced via several mechanisms, e.g.,: (i) the expression of insulin growth factor 1 receptor (IGF1R), (ii) proteasome inhibition and ER stress, (iii) reactive oxygen species (ROS) production, (iv) Ca2+ influx into mitochondria or (v) opening of the ion channel, etc. (Hanson, et al., 2023). The authors concluded, taking into account the above facts, that Mn compound (10) is taking part in direct or indirect ROS production. A series of binuclear manganese–oxo-complexes (Figure 2; 11-15) (Kurz, 2009) was prepared by P. Kurz and coworkers. The authors proved that all manganese compounds were able to generate molecular oxygen in an aqueous solution (Welch et al., 2009).
Summing up, presented here Mn complexes exhibited brilliant or moderate anticancer properties towards different cancer cells. Mostly their mode of action was checked in the direction of the overproduction of ROS and/or destruction of the DNA helix, which is one of the known pathways leading to the induction of apoptosis by metal complexes. However, there are also many other mechanisms of action of transition metal compounds on cancer cells described in the literature, such as DNA binding and damage, mitochondrial dysfunction, endoplasmic reticulum stress, enzyme and protein inhibition, and cell cycle arrest (Ndagi et al., 2017, Abdolmaleki et al., 2024) Additionally, it is also puzzling why the scientist did not investigate other cell death pathways. As is well known, ROS molecules regulate not only pyroptosis, apoptosis, and necrosis, but can also cause ferroptosis (Yu et al., 2021). Ferroptosis is a new type of cell death that is considered as a more desirable and immunogenic process than apoptosis. This mechanism is iron-dependent, and oxidative cell death is caused by reactive oxygen species in the Fenton reaction and subsequent lipid peroxidation (Kuang et al., 2020; Tang et al., 2020). Moreover, the combination of several mechanisms sometimes allows to achieve the anticancer effect of transition metal complexes. That’s why more investigation should be done by scientists to grasp the molecular mechanisms and biological targets of newly synthesized complexes with more promising anticancer potential.
3 ANTIBACTERIAL ACTIVITY
Antimicrobial resistance (AMR) is becoming one of the leading reasons of death in the world. In 2019, there were an estimated 5 million deaths associated with AMR, of which 1.3 million were directly attributable to resistant infections. This number is expected to reach 10 million deaths per year worldwide by 2050, or even sooner due to the widespread antibiotics’ over-prescription to patients with COVID-19 over the last 3 years. Unfortunately, conventional therapy based on organic chemistry has failed and in 2022, there were only forty-five traditional antibiotics in clinical development (Frei, et al., 2023). That is why new approaches leading to the next generations of antibiotics discovery are urgently needed. However, increasing bacterial resistance to well-known antibiotics (O’Connell, et al., 2013) and extremely limited treatment possibilities for tropical diseases (Renslo and Mckerrow, 2006; Nagle, et al., 2014) led to the exploration of metal complexes as a future antibacterial drug (Sanchez-Delgado, et al., 2004). The inorganic compounds studied for potential antibacterial activity are very often based on relatively weak metal–ligand interactions and what is more their reactivity in biological media is not enough characterized. Nevertheless, there are some exceptions, especially organometallic compounds, among which has been found ferroquine, an organometallic antimalarial drug candidate in advanced clinical trials (Biot and Dive, 2010; Biot, et al., 2011; Biot, et al., 2012; Navarro, et al., 2012; Patra, et al., 2012; Patra, et al., 2013; Lewandowski, et al., 2015). Particularly, numerous organometallic gold compounds (Glisic and Djuran, 2014) as well as ruthenium (II) ones (Gambino and Otero, 2012) received important attention due to facile structural variation important for structure–activity relationship studies (Demoro, et al., 2012; Arancibia, et al., 2014; Cipriani, et al., 2014). There are still other metal–ligand architectures that have been not studied enough, especially those with Mn ions. That is why, in this paper, we wanted to know more about Mn compound possessing antibacterial activity.
A. A. Osowole with coworkers use the ketoamine, 2-(1,3-benzothiazol-2-ylamino)naphthalene-1,4-dio-ne (HL) to synthesize Mn(II) complex (Osowole, et al., 2016) (Figure 3; 16) which was evaluated in vitro against K. oxytoca, P. aeruginosa, E. coli, B. cereus, and S. aureus. The research revealed that the Mn compound (16) showed broad-spectrum moderate antibacterial activities against the selected bacteria strains (with MIC 8.0–25.0 mM). Interestingly, molecular docking studies showed good molecular interactions between compound 16 and all the bacterial receptors which were also consistent with the observed antibacterial effects, e.g., the manganese complex with the lowest activity exhibited the poorest binding affinities across the investigated enzymes (Osowole, et al., 2016). Another group of compounds has been obtained and characterized by E.A. Ermakova and coworkers. They synthesized mixed-ligand manganese (II) complexes (Ermakova, et al., 2021), [Mn (dmphen)2L2] (Figure 3; 19 17), [Mn2 (dmbipy)2L2(OAc)2] (Figure 3; 18) and [Mn3 (bipy)2L4(OAc)2] (Figure 3; 17 19), where L—5-phenyltetrazolate anion, bipy—2,2′ -bipyridine, dmbipy—2,2′ -bi-4-picoline, dmphen—4,7-dimethyl-1,10-phenanthroline. The antimicrobial effects of complexes 18 and 19, as well as starting ligands, were investigated towards E. coli, S. aureus, P. italicum and C. steinii. The antimicrobial activity study revealed that the manganese inorganic compounds show noticeable protistocidal properties, but no bacteriostatic activity (except [Mn3 (bipy)2L4(OAc)2] (17)) and fungistatic activity. Protistocidal properties of [Mn (dmphen)2L2] (19) have been comparable to medicinal chloroquine. A study of antioxidant properties of examined complexes 17, 18, and 19 showed that all compounds possess radical scavenging activity, comparable to antioxidant properties of ascorbic acid, which was measured using ABTS•+ radical (Ermakova, et al., 2021).
[image: Figure 3]FIGURE 3 | Schematic view of Mn complexes (16–31) exhibiting antibacterial properties.
The novel 2D manganese polymeric complex (Figure 3; 20) (Ashouri, et al., 2020) with diclofenac, a non-steroidal anti-inflammatory drug, was effectively synthesized by F. Ashouri and coworkers. The in vitro antibacterial activity of the manganese complex 20 was screened towards four bacterial strains including S. aureus, B. subtilis, E. coli, and P. aeruginosa. The study revealed that the obtained polymeric complex acts as antibacterial active inorganic polymers towards both Gram-positive and Gram-negative bacteria. Manganese polymer exhibited good inhibitory activity compared to substrates (Ashouri, et al., 2020).
Two new manganese (II) complexes (Ahmed, et al., 2023) were synthesized in the reaction of manganese (II) nitrate tetrahydrate with bisaroylhydrazone derivative in acetonitrile at room temperature by R.K. Ahmed and coworkers: [MnII(L1)2(NO3)2] (Figure 3; 21) and [MnII(L2)2(NO3)2] (Figure 3; 22). Interestingly, their structure–activity relationship and binding energies for the most suitable conformation, as well as the bond between Mn(II) complexes and enzymes, have been calculated by time-dependent DFT (TD-DFT). Additionally, in vitro enzyme inhibition and antimicrobial activity were investigated. The authors found that inorganic compound 21 showed a competitive inhibition for α-glucosidase enzyme, while 22 inhibited in a non-competitive way. The antimicrobial activity study of ligands, 21, and 22 towards a few selected pathogenic bacteria (B. cereus, S. aureus, E. coli, and P. aeruginosa) exhibited good activity. The brilliant in vitro inhibition potency of studied manganese compounds suggests their potential use in treating urease and α-glucosidase-associated problems (Ahmed, et al., 2023). This investigation suggests that these newly discovered molecules may be promising drug candidates for further structural optimization and even better antibacterial properties.
Novel Schiff base octaazamacrocyclic complexes of Mn(II) (Figure 3; 23-25) (Mamta et al., 2023) were obtained by A. Chaudhary and coworkers using macrocyclic ligands derived from Schiffbase ligand and dicarboxylic acids. The antimicrobial activity of the Mn-synthesized compounds 23, 24, and 25 were evaluated towards bacterial (E. coli, B. subtilis) and fungal strains (C. albicans, F. oxysporum). The results showed that the macrocyclic Mn(II) complexes have more antimicrobial potential when compared with parent macrocyclic ligands. Interestingly, complex 23 has been described as an excellent antimicrobial agent for studied microorganisms. Based on these phenomena, manganese may be an interesting subject for more research in the investigation of possible metal-based compounds with antimicrobial properties (Mamta et al., 2023). Manganese complexes with macrocyclic appear to possess interesting antibacterial properties, which is why a series of binuclear manganese (III) complexes (Figure 3; 26 31) (Archana and Sreedaran, 2023) were synthesized by B. Archana and coworkers from the macrocyclic ligands 1,8-[bis(3-formyl- 2-hydroxy-5-methyl)benzyl]-1,4,8,11-tetraazacyclotetradecane and 1,8-[bis(3-formyl-2-hydroxy-5-bromo) benzyl]-1,4,8,11-tetraazacyclotetradecane by a Schiff base condensation with the appropriate aliphatic or aromatic diamines, MnCl2⋅4H2O and triethylamine. Antimicrobial effects studied by the cup plate method showed much better results obtained for aromatic manganese complexes than aliphatic ones. The authors concluded that even small variations in the ligand framework, such as changing the length of the carbon chain and the nature of the para substituent of the phenoxide to the phenyl ring, can significantly affect the properties and applications of the manganese complexes. Additionally, some DNA binding activity experiments have been performed which suggest that the manganese complexes can bind to DNA via the intercalation processes. The enhanced DNA binding affinity of complexes 28 and 30 is due to the presence of the electron-donating -CH3 group, leading to a hydrophobic interaction with the hydrophobic DNA surface. On the other hand, the weakest DNA binding affinity has been attributed to complexes 26 and 29 possessing electron-withdrawing Br atoms. The DNA cleavage experiments were in good agreement with the binding studies (begins at a low concentration of 25 μM and reaches a maximum cleavage in concentration of 100 μM) (Archana and Sreedaran, 2023).
The interaction of Mn2+ with α-diimine such as 1,10-phenanthroline (Figure 4; 32), 2,2′ -bipyridine (Figure 4; 33) or 2,2′ -bipyridylamine (Figure 4; 34), lead to the formation of five manganese (II) complexes of the formula [Mn (X-salo)2 (α-diimine)] (Figure 4; 32-34) (Ntanatsidis, et al., 2022). The antibacterial activity of such type of manganese complexes was tested in vitro towards S. aureus and X. campestris bacterial strains and was found moderate. The best antimicrobial effects among all described Mn inorganic compounds were found for complex 32 (MIC = 50 μg/mL, 93 μM). Additionally, the ability of the 32, 33, and 34 to scavenge DPPH, hydroxyl, and ABTS radicals was checked in the context of their antioxidant properties. Unfortunately, the DPPH-scavenging ability of the Mn complexes was low. On the other hand, the manganese complexes exhibited quite interesting and strong affinity to hydroxyl and ABTS radicals which led authors to the conclusion that such Mn compounds are potent scavengers especially compounds 33 and 34—the most active towards hydroxyl radicals. Formulated conclusion by the authors clearly shows that such manganese (II) complexes exhibiting the ability of radical scavenging may be attributed to the biological occurrence of manganese in enzymes such as Mn–SOD and catalase whose biological role is to scavenge reactive oxygen species in nature (Ntanatsidis, et al., 2022).
[image: Figure 4]FIGURE 4 | Schematic view of Mn complexes (32–44) exhibiting antibacterial properties.
An interesting idea had A. Barmpa and coworkers who synthesized and characterized the manganese (II) complexes (Figure 4; 35 and 36) (Barmpa, et al., 2018) with the quinolone antimicrobial agent flumequine (Hflmq) in the absence or presence of the N,N-donor heterocyclic ligands 1,10-phenanthroline (phen, 35) and 2,2-bipyridylamine (bipyam, 36). The antimicrobial activity of the Mn inorganic compounds showed that the Mn(II)–flumequine complexes 35 and 36 revealed similar or slightly better activity towards the four bacterial strains compared to the free flumequine drug. The interaction of the complexes with two serum albumins human (HAS) and bovine (BSA) demonstrates that complexes 35 and 36 can bind to both albumins with relatively high binding constants. Furthermore, the authors proved that 35 and 36 can bind tightly to ctDNA in an intercalative mode allowing them to compete with strong intercalator EB (ethidium bromide) (Barmpa, et al., 2018). A novel manganese (II) complex (Figure 4; 37) (Firuzabadi and Asadi, 2021) of the quinolone antibacterial agent gemifloxacin (gem) was synthesized and characterized by F.D. Firuzabadi and coworkers. The antimicrobial properties of the Mn inorganic compound were tested on four different microorganisms (E. coli, S. aureose, P. aeruginosa, E. faecalis) and the results revealed that Mn–gem complex exhibited much higher biological efficiency than the parent quinolone antibiotic. The theoretical studies of the interaction of 37 with DNA led to the conclusion that this Mn complex exhibited much higher binding affinity to DNA, presumably by partial intercalation and/or groove binding, than the parent antibiotic Gemifloxacin (Firuzabadi and Asadi, 2021). J.-l. Tian and coworkers used a different quinolone antibiotic: enrofloxacin (EFX), a third-generation fluoroquinolone drug, to synthesize the Mn complex (Figure 4; 38) (Tian, et al., 2023). In vitro antibacterial activity test showed that complex 38 exhibits strong growth inhibition of many pathogenic bacterial strains in turn to parent antibiotic enrofloxacin. Interestingly, for two Gram-negative bacterial strains, E. coli and S. typhi, 38 showed higher bactericidal effects than the antibacterial drug itself (Tian, et al., 2023).
M.L. Lawrence with coworkers synthesized and characterized a new large group of mixed Fe-Mn compounds CORMs (Figure 4; 39-43) (Lawrence, et al., 2020). The authors proved that all mixed Mn-Fe complexes possess efficient inhibitory properties for the growth of both Gram-positive and Gram-negative bacterial strains. In addition, these mixed manganese-iron inorganic compounds show exceptionally good activity towards Gram-negative bacteria, which was the biggest finding especially since therapeutics for these types of bacteria are difficult to find. Presented results also demonstrate that current-generation CORMs display moderate antibiotic properties against both prokaryotic and eukaryotic cells (Lawrence, et al., 2020).
In the literature, we can find much more information about manganese inorganic compounds possessing antibacterial activity than about anticancer Mn compounds. Mostly, it was discovered that the best antibacterial activity was for Mn complexes with macrocyclic ligands. The most hypothesized mode of action of antimicrobial activity relates to DNA interactions. Most of the compounds exhibited antioxidant properties. However, the study on antibacterial or even bactericidal mechanism of action for Mn complexes should be more investigated. Besides the examination of MIC and MBC (minimal bactericidal concentration) values, in the literature, there are not a lot of experiments on bacteria itself, just isolated biomolecules to determine the type of interactions. Furthermore, scientists that specialize in the examination of the antibacterial activity of metal-based complexes should find more precise answers, if studied compounds are effective in overcoming the processes due to bacteria resistance, like biofilm production, bypass, efflux pump expression, or inactivation of the enzymes (Schillaci et al., 2017; Bailey et al., 2019).
4 ANTIFUNGAL ACTIVITY
The worldwide number of invasive candidiasis has significantly increased in recent decades, being the fourth and sixth leading cause of various blood infections in the United States of America and Europe, respectively (Richardson and Lass-Flori, 2008; Caggiano, et al., 2015; Sanguinetti, et al., 2015). On the other hand, infections caused by non-albicans Candida species, are becoming increasingly more common in hospitals. Unfortunately, it was found that such non-albicans Candida species are more resistant to the various classes of antifungal drugs becoming serious a clinical challenge (Abu-Elteen and Hamad, 2012; Ramos, et al., 2015). This trend is also being observed for fungal infections caused by other uncommon species (Candida haemulonii, Candida duobushaemulonii and C. haemulonii) (Almeida, et al., 2012; Cendejas-Bueno, et al., 2012; Muro, et al., 2012).
Manganese (II) complexes (Figure 5; 45) (Ali and iqbal, 2017; Kongot, et al., 2020) derived from methimazole, azomethinobenzene sulphonamide-thiadiazole Schiff base, aminopyrimidine-isatin Schiff base have exhibited exceptional antifungal activity. The synthesized Mn compound 45 induced a significant inhibition (93%) of a widespread fungal pathogen, Cryptococcus neoformans. The manganese complex 45 also was found to induce the uptake of glucose (83%) by insulin resistance cells (Kongot, et al., 2020).
[image: Figure 5]FIGURE 5 | Schematic view of Mn complexes (45–50) exhibiting antifungal properties.
Five mononuclear Mn(II) complexes (Kani, et al., 2016), Mn (phen)2 (ba) (H2O)](ClO4) (CH3OH) (Figure 5; 46), [Mn (phen)3](ClO4)2(H2CO3)2 (Fig. ;47), [Mn (phen)2(ClO4)2] (Figure 5; 48), [Mn (bipy)3](ClO4)2) (Figure 5; 49), [Mn (bipy)2(ClO4)2] (Figure 5; 50) and, where bipy = 2,2′-bipyridine, phen = 1,10-phenanthroline, and ba = benzoic acid were prepared by I. Kani and coworkers. The authors proved that the presence and number of phen ligands improved the antifungal activity of Mn compounds more than those complexes with the bipy ligand. Inorganic compounds 48 and 46, which contain more basic phen ligands, disproportionate H2O2 much faster than complexes 49 and 50, with a lower number of bipy ligands. The in vitro antifungal (anticandidal) activities of the Mn(II) complexes were remarkably higher than the reference drug ketoconazole (Kani, et al., 2016).
There are still not many Mn inorganic compounds in the literature possessing antifungal properties. Even though we were able to find a few examples, authors still do not study the mode of antifungal action. Clearly, Mn compounds in a fight with fungus is a very new idea, worth further exploration.
5 CONCLUSION
Manganese inorganic compounds are still not enough discovered, analyzed, or described by scientists. In the literature, we can find a limited number of examples of Mn compounds possessing biological activities. In the case of Mn complexes with anticancer activity, described here, these compounds were found to exhibit brilliant or moderate anticancer properties. Mostly their mode of action was based on ROS production leading to apoptotic cancer cell death even though some of them were able to cause paraptotic cell death. However, for some Mn compounds strong interaction with DNA can still be observed leading even to this acid cleavage. Dominant numbers of structures of such complexes are dedicated to antibacterial therapies. The most hypothesized mode of action of antimicrobial activity relates to DNA interactions, however, there is not much information about the precise action mode. In the case of Mn compound with antifungal activities, there are only a few examples without precise explanation of their activity mode of action.
Our review showed that the most common ligands used to obtain Mn compounds are -N (especially polyamines and phenanthroline derivatives), -O, and sometimes -S donor ligands. Many described here structures of the Mn compounds possess phenanthroline derivatives because they stabilize the Mn(II) oxidation state. However, since it is well-known that phenanthroline or phenanthroline derivatives are genotoxic and can be responsible for the high toxicity of resulting compounds, there is a need to prepare new Mn compounds with different types of N-, S-, or even P- donor ligands. It was demonstrated that Mn2+ is the most common manganese valence state, which shows the best stability compared with Mn3+ ions and Mn4+ ions. In literature, we can find complexes exhibiting biological properties mostly with Mn(II) or Mn(III) ions. Researchers should also focus on understanding the action mode of Mn complexes–it will help, in the future, to design structures with high activity against cancer, bacteria, or fungus and low toxicity towards normal cell lines.
Summing up, the Mn inorganic compounds are still not enough explored group in terms of their biological use. However, the examples we found in the literature suggest that manganese compounds can be an extremely attractive alternative to currently well-known metal-based drugs.
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