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Abstract

:

Inflammation is the primary biological reaction to induce severe infection or injury in the immune system. Control of different inflammatory cytokines, such as nitric oxide (NO), interleukins (IL), tumor necrosis factor alpha-(TNF-α), noncytokine mediator, prostaglandin E2 (PGE2), mitogen activated protein kinases (MAPKs) and nuclear factor kappa B (NF-κB), facilitates anti-inflammatory effect of different substances. Coordination metal complexes have been applied as metallo-drugs. Several metal complexes have found to possess potent biological activities, especially anticancer, cardioprotective, chondroprotective and anti-parasitosis activities. Among the metallo drugs, ruthenium-based (Ru) complexes have paid much attention in clinical applications. Despite the kinetic nature of Ru complexes is similar to platinum in terms of cell division events, their toxic effect is lower than that of cisplatin. This paper reviews the anti-inflammatory effect of novel synthetic Ru complexes with potential molecular mechanisms that are actively involved.
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1. Introduction


Microorganisms such as bacteria, viruses or fungi induce inflammation when they typically enter the body, exist in specific tissues and/or flow in the blood [1,2]. Various processes such as tissue injury, cell death, cancer, ischemia and degeneration may also induce inflammation [3,4,5]. Different types inflammatory responses secret inflammatory mediators, which are normally separated into two main categories such as pro- and anti-inflammatory mediators. Inflammatory mediators that have been widely investigated in response with human pathological conditions are cytokines, chemokines and strong inflammatory transcription factor nuclear factor κ B (NF-κB).



Tumor necrosis factor (TNF)-α is a vital pro-inflammatory cytokine secreted from various cells and shows several cellular effects [6,7]. This cytokine has been connected with several disease states in humans, including cancer and psychiatric disorders. Interleukins (IL-1α) is another important cytokine, which mostly exerts a pro-inflammatory activity [8,9]. IL-1α has also been acted as anti-inflammatory cytokine. Similarly, IL-6 acts as a pro-inflammatory cytokine but it has some anti-inflammatory effects. In contrast, IL-10 is a potent anti-inflammatory cytokine which obstructs the action of many pro-inflammatory mediators [10,11]. The transcription factor NF-κB is a noticeable controller of immune and inflammatory responses, as it is extremely associated in the pathophysiology of cancer [12,13]. In a resting (un-stimulated) condition NF-κB exists in the cytoplasm, however upon activation by various inflammatory stimuli, this transcription factor translocates into the nucleus and stimulate transcription of several genes that are associated with inflammatory events [13].



Nuclear factor erythroid 2-related factor2 (Nrf2) signaling molecule is reported to inhibit inflammation-mediated neuronal toxicity via its anti-inflammatory mechanism. Studies have found the increased neuroinflammatory M1 markers cyclooxygenase (COX-2) and induced nitric oxide synthase (iNOS) and decreased M2 markers (IL-4, IL-10, and Arg1) in neurotoxins induced Nrf2-deficient mice [14,15]. Moreover, other investigation was proposed that Nrf2 may be a regulator of the M2 phenotype [15]. Association of Nrf2 in microglia immunomodulation, mainly, oxidative stress-induced neuroinflammation was found to protect by heme oxygenase-1 (HO-1), a crucial enzyme for cellular protection [16]. For instance, activation of HO-1 inhibits lipopolysaccharide (LPS)-induced inflammation in mouse peritoneal macrophages and microglia [17]. Microglial activation has been noted in the penumbra after middle cerebral artery occlusion (MCAO) injury [18]. Recently, researchers have been paid attention to recover post stroke induced inflammation by controlling microglia function using various drugs and/or natural products [19]. Therefore, controlling of proinflammatory mediators and NF-κB/Nrf2/HO-1 by any substances may reduce neuroinflammation and its related diseases.




2. Metal Complexes in Anti-Inflammatory Therapy


Recently, organometallic complexes have been used in chemotherapeutic studies because of their chemical structure diversity and easy control of the hydrophobic nature of the arene or the cyclopentadienyl moiety [20,21,22]. The arene and cyclopentadienyl rings of metal complexes demonstrated potent effects because of their good cellular uptake and for the functional mode toward biological targets [23]. Cisplatin has been considered as the best alternate for the treatment of various tumors; however, it has limitations because of its cellular toxicity and drug-resistance [24]. Copper-aspirin complex has found to be effective in vivo anti-inflammatory effects than the well-established anticancer drug aspirin [25]. Zinc complex has been reported to condense carrageenan induced inflammatory edema in the paws of rats [26]. Anti-inflammatory properties of copper (II), cobalt (II) and manganese (II) complexes have also been well studied [27]. Despite various types of metal complexes having been established for the treatment of inflammatory diseases, they still have some limitations, including dose-limiting side effects and resistance after several use in treatment. Therefore, development of suitable metal complexes for anticancer treatment has received much attention.




3. Anti-Inflammatory Ruthenium Metal Complexes


Application of organometallic ruthenium complexes have been increased for the different types of cancer treatment, and also regularly applied as potential alternatives for existing therapeutic strategies. This metal complex is also a prominent alternative to platinum as it is suitable for balanced anticancer drug design [28]. Thus, ruthenium metal complexes are measured as the most inspiring anticancer agents. So far, NAMI-A and KP1019 ruthenium complexes have entered clinical trials. NAMI-A is an active drug against lung cancer [29]. Studies on the anticancer activity of ruthenium (II) complexes have significantly increased, as numerous Ru(II) complexes display encouraging anticancer effects [30,31]. The increasing use of Ru(II) complexes on cancer cells provides more insight into their bioactivity, to support several medical claims. We identified the antiplatelet and antithrombotic effects of several new ruthenium complexes [32,33,34]. Novel ruthenium complexes, such as [Ru(pyridin-2-yl)-quinoline)(η6-p-cymene)Cl]BF4 (TQ-1), [Ru(2-(pyridin-2-yl)-quinoxaline)(η6-p-cymene)Cl]BF4 (TQ-2), [Ru(diphenyl-2(pyridin-2-yl)-quinolin-6-yl)-amine)(η6-p-cymene)Cl]BF4 (TQ-4) and [Ru(2-(1H-benzoimidazol-2-yl)-quinoline)(η6-p-cymene)Cl]BF4 (TQ-6) have been prepared according to the method described by Li et al. [35] for their anti-inflammatory evaluation. Synthetic methods of the ligands and complexes are shown in Figure 1A,B.




4. Ruthenium Compounds Recover Inflammatory Mediators


Alanine transaminase (ALT) and aspartate transaminase (AST) are the major liver marker enzymes increased in serum could specify the loss of hepatocyte structural integrity and liver injury [36]. One study has found that among the TZP (1,2,4)triazole[4,3-a]pyridine derivatives, derivative 8d expressively reserved concanavalin A-induced ALT and AST activities in mice liver [37]. L6H21, a derivative of chalcone, had been found to reduce ethanol and LPS induced inflammation by reducing ALT and AST [38]. Consistent with these findings, our group have discovered that among the tested ruthenium (TQ) compounds, TQ 4 strikingly reduces the serum levels of ALT and AST in the LPS-injected mice, whereas TQ-1 and 2 did not alter these enzymes [39].



Lipopolysaccharide induce inflammatory events via increasing proinflammatory cytokines TNF-α, IL-6 and IL-1β, thus reduction of these cytokines could decrease inflammatory responses. The increased expression of iNOS induces inflammation and liver injury via the production of NO, an additional activator involves in oxidative stress mediated inflammation [40]. Furthermore, in the LPS induced inflammation, a considerable amount of NO is found to increase by the elevated synthesis of iNOS. In this regard, it can be considered as NO activation might be an initial marker in inducing liver damage, and hence inhibition of NO could be a target for controlling inflammation. NO are produced by macrophages. Microglia respond strongly to an LPS exposure and induce NO along with several inflammatory cytokines. NO is regarded as a toxic mediator in microglia-mediated brain inflammation [41]. Also, LPS induce macrophage activation through NO production. Our studies have found TQ compounds TQ-4 inhibits NO and iNOS [39], and TQ-6 inhibits NO, iNOS and COX-2 in LPS induced macrophages and microglia [42], respectively, as shown in Figure 2 and Figure 3.




5. Anti-Inflammatory Mechanisms of Ruthenium Compounds


Several types of signaling molecules play critical role in the progress of cellular structures and function [43]. Therefore, it is imperative to understand how ruthenium complexes interact with definite targets within cells to investigate the anti-inflammatory mechanism.



5.1. Involvement of MAPKs in Anti-Inflammatory Ruthenium Complexes


Proteins that are associated with mitogen-activated protein kinases (MAPKs) and NF-κB pathway have been scrutinized to distinguish the mechanisms of TQ compounds on their protective effects against inflammatory events. Studies have projected that over activation of MAPKs, including ERK, p38 and JNK involve in controlling inflammatory cytokines and mediators in activated macrophages, and hence, suppression of MAPK activation is reported to reduce the expression of inflammatory mediators and improves inflammatory disease [44]. Our previous study found increased phosphorylation of p38MAPK, ERK and JNK in LPS induced macrophages [39]. Jayakumar et al. have found that among the compounds tested (TQ-1, 2 and 4) only TQ-4 inhibits the phosphorylation of JNK, but not p38 and ERK in the LPS-induced mice liver and RAW cells (Figure 4) [39]. Similarly, a study has detected the anti-inflammatory effects of selenium coated nanoparticles via inhibition JNK1/2, but not ERK1/2 phosphorylation of [45]. From these results, it can be proposed that JNK contributes critical role for the anti-inflammatory effects of ruthenium TQ-4.




5.2. Targeting NF-κB and Nrf2 in Anti-Inflammatory Ruthenium Compounds


Nuclear factor kappa B (NF-κB) transcription factor is an upstream regulator of inflammatory mediator NO, and a major target for treating inflammatory diseases [46]. Evidence has proved that NF-κB activation in microglia stimulates the expression of proinflammatory cytokines and activators [47]. Inhibition of NF-κB signaling in microglia was proposed as the major target of drugs to exhibit the protective effect against the neuropathology of ischemic stroke [48]. As shown in Figure 2 and Figure 3, LPS induces NF-κB activation and its nuclear translocation and IκBα degradation in LPS treated macrophages was found to be recovered by TQ-4 [39] and TQ-6 [42].



Nuclear factor erythroid 2-related factor 2 (Nrf2), a key transcription factor, plays a vibrant role in controlling oxidative stress-mediated inflammatory responses. Normally, Nrf2 is stored in the cytoplasm with its inhibitor Keap1. In an activated state, like NF-κB, this transcription factor translocates into the nucleus and regulates the transcription of antioxidant enzyme HO-1 [49]. An investigation stated that Nrf2 deficient mice are more vulnerable to LPS-induced neuroinflammation [50]. Additionally, Nrf2 activation in microglia attenuates neuroinflammation via inhibiting NF-κB-associated inflammatory mediators [14]. For instance, thymoquinone, a major component of Nigella sativa inhibits neuroinflammation by activating Nrf2 and inhibiting NF-κB [51]. Thus, we also explored the anti-inflammatory effects of TQ-6 through NF-κB and Nrf2 signaling; the results determined that TQ-6 inhibited NF-κB expression and its nuclear translocation, and also increased the expression of Nrf2 and HO-1 [42]. Nrf2 protects brain cells from ischemic stroke injury, as evidenced by increasing cerebral infarction ratio and neurological deficits score in Nrf2 knockout ischemic reperfusion induced rats [52]. The novel ruthenium compound TQ-6 potently reduced brain infarct volume and edema in middle cerebral artery occlusion (MCAO) induced mice (Figure 5) [42]. Consequently, the protective effect of TQ-6 in microglia by regulating Nrf2/HO-1 could be regarded as an ideal therapeutic target for the treatment of stroke associated inflammatory events.




5.3. Target of Free Radicals for Anti-Inflammatory Ruthenium Compounds


Reactive oxygen species (ROS) are generated by a host of exogenous routes. Environmental substances including non-genotoxic carcinogens directly produce or indirectly stimulate ROS in cells. ROS-mediated oxidative stress has been reported to stimulate in response to several xenobiotic compounds. LPS induces generation of ROS and NO along with several proinflammatory cytokines [53]. Several studies have proposed that NF-κB and ROS are the major targets for treating inflammatory diseases via inhibiting pro-inflammatory mediators and liver injury. In the event of ischemia-induced neuronal injury, ROS contribute destructive role by damaging lipids, proteins and nucleic acids, resulting to brain damage and cellular death [54]. An earlier finding discovered hydroxyl radicals (OH•) dramatically increased in LPS-stimulated microglia [42]. LPS stimulates liver injury via increased ROS production and thus antioxidants are regarded as the greatest choice to repair this injury [55]. In this regard, our study had found that Ru compound TQ-6 and TQ-4 potently condensed the raised level of LPS-induced OH•; TQ-4 also potently scavenged (Fenton reaction, Figure 6), signifying that the defending effects of TQ-6 and TQ-4 in microglia and macrophage activation and ischemic stroke may partly be associated with OH• inhibition.





6. Conclusions


Progressive research work in inorganic medicinal chemistry has created new vision in the field of synthesis of novel metal complexes with high therapeutic values. As platinum and ruthenium complexes have recognized their contribution as antineoplastic agents and gold complexes are being applied in the treatment of arthritis, innovative metal complexes with better efficiency and less side effects are being developed with new practices. This review shortly summarizes anti-inflammatory activity and the underlying mechanisms of action of few novel ruthenium complexes. Ruthenium compounds show attractive anti-inflammatory activity both in vitro and in vivo animal models. Future research on ruthenium complexes as anti-inflammatory agents will confidently prove positive in advancing inorganic metal complexes as chemical spaces.
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Figure 1. Scheme of synthesis of ligands (A) and complexes (B) of ruthenium compounds. 
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Figure 2. In vitro anti-inflammatory mechanism of TQ-4 compound: TQ-4 inhibits NO production and iNOS expression, JNK phosphorylation, IκBα degradation, NF-κBp65 phosphorylation and its nuclear translocation in LPS-induced RAW 264.7 cells. 
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Figure 3. TQ-6 effectively reduced inflammatory mediators NO, iNOS, COX-2 and NF-κB p65 phosphorylation and its nuclear translocation in LPS-stimulated microglia. TQ-6 increased the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and hemeoxygenase-1(HO-1). 
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Figure 4. In vivo anti-inflammatory mechanism of TQ-4: TQ-4 effectively reduced LPS-induced serum alanine transaminase (ALT), aspartate transaminase (AST), TNF-α, IL-1β, iNOS, NF-κB p65 and JNK phosphorylation in LPS-induced mice liver tissues. 
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Figure 5. TQ-6 reduced infarct volume and edema in middle cerebral artery occlusion (MCAO)-induced mice brain tissues. Nrf2 protects brain cells from ischemic stroke injury by decreasing cerebral infarction ratio and neurological deficits score in ischemic reperfusion induced rats. 
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Figure 6. Ruthenium compounds TQ-4 and TQ-6 show anti-inflammatory effects via inhibiting OH• radical in LPS induced microglia/macrophages. 
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