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ABSTRACT
Amiodarone (AMD) is a powerful antiarrhythmic drug preferred for treatments of tachycardias. Brain can be affected negatively when some drugs are used. Antiarrhythmic drugs have been reported to have an ability to affect brain. S-methyl methionine sulfonium chloride (MMSC) is a well-known sulfur containing substance and a novel powerful antioxidant. It was intended to investigate the protective effects of MMSC on amiodarone induced brain damage. Rats were divided to four groups as follows, control (given corn oil), MMSC (50 mg/kg per day), AMD (100 mg/kg per day), AMD + MMSC (same doses). The brain glutathione and total antioxidant capacity levels, catalase, superoxide dismutase, glutathione peroxidase, paraoxonase, and Na+/K+-ATPase activities were decreased, lipid peroxidation and protein carbonyl, total oxidant status, oxidative stress index and reactive oxygen species levels, myeloperoxidase, acetylcholine esterase and lactate dehydrogenase activities were increased after AMD treatment.  Administration of MMSC reversed these results. We can conclude that MMSC ameliorated AMD induced brain injury probably due to its antioxidant and cell protective effect.
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1. Introduction
Amiodarone (AMD), 2-butyl-3-(3’,5’-diiodo-4--diethylamino ethoxy benzoyl)-benzofurane, is an effective antiarrhythmic drug used all around the world for decades. According to the four Vaughan-Williams classification, AMD strongly belongs to class III antiarrhythmic drug (AAD),1 although it shows all the effects of all electrophysiological characteristics of this classification. This drug inhibits myocardial potassium channels and alters the activity of fast sodium channels in heart.2 Albeit its positive effect on arrhythmia treatment, AMD has been declared as having many toxic effects, due to its highly lipophilic nature, and in turn accumulation tendency on many organs like liver, lung, lens, skin, gingiva.3-6 Likewise, AMD can easily cross blood brain barrier (BBB).7 In addition to this, the cardiac and nerve systems (conductive cells and neurons) share the same histologically specialized cells, sodium-potassium channels, excitability, and conductivity.8 This phenomenon can facilitate AADs penetrating through brain. AMD also triggers free radical formation by transforming into a radical itself via interaction with electron transport chain (ETC).9 If the high oxygen demand of brain is considered, brain damage will be inevitable owing to its metabolic interactions.
S-methyl methionine sulfonium chloride (MMSC) is also known as Vitamin U, is a sulfur-containing derivative of the essential amino acid L-methionine. Nevertheless, it is not actually in the vitamin classification, but this substance is called as vitamin due to its vitamin-like effects.10 It is mainly found in raw cabbage, tomatoes, spinach, and garlic.11 Their consumption has been growing day by day following knowledge of their protective effects. MMSC has been reported to have many protective activities including antiulcer, lipid lowering, wound healing, hepatoprotective, renoprotective, and anti-thrombotic.6, 12–16 In addition, the most amazing and breath-taking attention of this sulfur containing compound is its antioxidant property, which has been proven by many researchers.17-19   
In the current study, the protective effects of MMSC on amiodarone induced brain damage was investigated.

2. Materials and methods
2.1. Animals
In this study, 3.5-4.0 months old male Sprague Dawley rats were obtained from Istanbul University Experimental Medical Research and Application Institute, DETAE. The experimental procedures were approved by the local Animal Care and Use Committee of Istanbul University (with the certification number 2012/127). All the animals were fed with standard animal pellet food and tap water ad libitum.

2.2. Experimental design
AMD dose was chosen by considering the method of Reasor et al.20 and MMSC dose was applied according to the method of Sokmen et al.21
Rats were divided randomly into 4 groups as follows: Group I; control group, which received corn oil (for 7 days and n=6). Group II; MMSC group, received MMSC at a dose of 50 mg/kg by gavage technique (for 7 days and n=7). Group III; AMD group; received AMD at a dose of 100 mg/kg by gavage technique (for 7 days and n=8). Group IV; AMD+MMSC group; animals receiving MMSC for 7 days 1 h prior to the administration of AMD at the same doses and time (n=8). On the 8th day, all the animals, which were fasted overnight, then sacrificed. Brain tissues were taken from animals under anesthesia. All the tissues were homogenized with 0.9% NaCl, and all the homogenates were centrifuged. The supernatants were collected for the biochemical analysis and kept frozen until the experiments were done.  


2.3. Biochemical experiments
From the supernatants, reduced glutathione (GSH),22 lipid peroxidation (LPO),23 protein carbonyl (PC),24 total antioxidant capacity (TAC),25 total oxidant status (TOS),26 oxidative stress index (OSI),25,26 and reactive oxygen species (ROS)27 levels, catalase (CAT),28 superoxide dismutase (SOD),29 glutathione peroxidase (GPx),30 paraoxonase (PON),31 myeloperoxidase (MPO),32 acetylcholine esterase (AChE),33 lactate dehydrogenase (LDH)34 and Na+/K+-ATPase35 activities were performed. The protein levels were determined using the Lowry et al.36 method.

2.4. Statistical analyses
Statistical analysis of biochemical results was performed via GraphPad Prism 6.0 (GraphPad Software, San Diego, California, USA). The values were expressed as means ± standard deviation (SD). The results were evaluated using an unpaired t-test and analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests. The value of p < 0.05 was considered statistically significant. The biochemical results were also evaluated by using Origin for performing principal component analysis (PCA).

3. Results
Brain GSH, LPO and PC levels are presented in Figure 1. AMD caused a significant decrease in GSH levels (P < 0.05) and significant increase in LPO and PC levels when comparison were made with control group (P < 0.05; P < 0.01, respectively). MMSC altered GSH and LPO levels significantly in AMD group (P < 0.05; P < 0.001) (Figure 1).  
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Figure 1. The brain (A) reduced glutathione (GSH), (B) lipid peroxidation (LPO) and (C) protein carbonyl (PC) levels of all groups. Each column represents mean ± SD. aP < 0.05 versus control group, bP < 0.05 versus AMD group, cP < 0.001 versus AMD group, dP < 0.01 versus control group. AMD: Amiodarone, MMSC: S-methyl methionine sulfonium chloride.

In Figure 2, brain TAC, TOS, OSI and ROS levels are shown. AMD administration decreased TAC levels significantly (P < 0.05), increased TOS and OSI (P < 0.05) significantly in control group. The alteration of ROS levels in AMD group was very significant when compared to control group (P < 0.0001). Administration of MMSC reversed all parameters mentioned in Figure 2 in a significant manner (P < 0.01; P < 0.0001). 
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Figure 2. The brain (A) total antioxidant capacity (TAC), (B) total antioxidant status (TOS), (C) oxidative stress index (OSI) and (D) reactive oxygen species (ROS) levels of all groups. Each column represents mean ± SD. aP < 0.05 versus control group, bP < 0.01 versus AMD group, cP < 0.0001 versus control group, dP < 0.0001 versus AMD group.  AMD: Amiodarone, MMSC: S-methyl methionine sulfonium chloride.

The brain CAT, SOD and GPx activities are given in Figure 3. MMSC significantly (P < 0.01) decreased SOD activity in control group. AMD decreased SOD and GPx activities in a significant manner when compared to control group (P < 0.0001; P < 0.01).  In AMD+MMSC group, all enzyme activities showed a tendence of significant elevation as compared to AMD group (P < 0.01, P < 0.001) (Figure 3). 
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Figure 3. The brain (A) catalase (CAT), (B) superoxide dismutase (SOD) and (C) glutathione peroxidase (GPx) activities of all groups. Each column represents mean ± SD. aP < 0.01 versus AMD group, bP < 0.01 versus control group, cP < 0.0001 versus control group, dP < 0.001 versus AMD group. AMD: Amiodarone, MMSC: S-methyl methionine sulfonium chloride.

Brain PON, MPO, AChE, LDH and Na+/K+-ATPase activities of all groups are seen in Figure 4. The PON and Na+/K+-ATPase activities of AMD group were found to decrease (p < 0.05), while MPO, AChE and LDH activities were found to increase significantly as compared to control group (p < 0.01, p < 0.001, respectively). Administration of MMSC reversed these activities significantly in AMD group (p < 0.01, p < 0.001, respectively) (Figure 4).
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Figure 4. The brain (A) paraoxonase (PON), (B) myeloperoxidase (MPO), (C) acetylcholine esterase (AChE), (D) lactate dehydrogenase (LDH) and (E) Na+/K+-ATPase activities of all groups. Each column represents mean ± SD. aP < 0.05 versus control group, bP < 0.01 versus AMD group, cP < 0.01 versus control group, dP < 0.001 versus control group, eP < 0.001 versus AMD group. AMD: Amiodarone, MMSC: S-methyl methionine sulfonium chloride.


Principal component analysis (PCA) was used to determine the correlation between all biochemical parameters (Figure 5). According to the PCA, the first two components were determined around 70.51% (as total result). PC1 and PC2 values were calculated as 61.11% and 9.40%, respectively. At the first component part, PC, LDH, GSH, MPO, AChE, OSI, TOS, ROS and LPO data were observed to be clustered together. These parameters were negatively correlated with PON, TAC, GPx, CAT, Na+/K+-ATPase and SOD (Figure 5B).
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Figure 5. Principal component analysis (PCA) results for all biochemical parameters. (A) Plot presentation, (B) the presentation of PCA total result as 70.51% with PC1 and PC2. 

4. Discussion
The cardiac and neuronal systems share some common features. Both systems are associated with sodium inward and potassium outward currents. Likewise, it has been reported that the cardiorespiratory system was tightly regulated with autonomic nervous system.8 AMD is a trigger for inducing oxidative stress, and in turn ROS formation by either itself or its radical form.9 The oxidative stress, which will occur for many reasons, may harm lipid membranes, interfere with DNA structure, and interrupt cellular respiration system.37 By the way, oxidative stress is responsible for many brain diseases like Alzheimer’s disease (AD) and Parkinson’s disease, via increased protein modification and LPO levels.38 
GSH is a vital tripeptide and unique antioxidant whose levels are considered for determining oxidative damage. Its sulfhydryl group helps GSH to scavenge free radicals.39 When this happens, GSH is transformed to oxidized glutathione, GSSG. In particular, the brain ratio of these molecules must be balanced for regulating redox homeostasis and NADPH levels, as well as activities of GSH dependent enzymes like GPx.40 When a dramatic diminishment of GSH occurs in cell media, elevated ROS is experienced. Likewise, LPO metabolisms is affected due to the existence of ROS. Elevated LPO means that there is an alteration in structure of membrane integrity and permeability.41 In different brain disorders like Alzheimer’s disease, LPO is directly associated with amyloid beta plaque formation.42 AMD is a free radical initiator, both AMD and other pharmacological agents like AADs directly target membrane structure by changing ion transport flux.43 In another angle, PC products that likely occur as LPO are also unwanted threats for brain and many tissues. These products are formed directly by oxidation of side chains of amino acids via LPO products.44 Increased PC products change cell viability. According to the research of Zheng et al.,45 most of the PC product have tendency to accumulate in mitochondria. In the present study, AMD decreased GSH levels and increased LPO and PC levels dramatically. Administration of MMSC reversed these levels in brain tissue. This ameliorating effect can be associated with membrane structure protection and antioxidant effect of MMSC, which has been published by different researchers indicating various toxicity models.46,47       
Under normal conditions, the brain is the most oxygen consuming organ in the body, although its weight is approximately 2% when proportioned. This high demand of oxygen is mainly used for ATP production via oxidative phosphorylation.48 At the end of AMD metabolism, excess iodine is released while the rest of the molecule becomes trigger for ROS formation.49 Secondly, AMD like other cationic amphiphilic drugs, enters the cell as neutral. Thereafter, tertiary amine group is protonated because of the pH difference between inner and outer mitochondrial membrane. When protonated, AMD enters matrix, and a proton is released due to the more alkaline matrix media versus matrix intermedia. Hence, AMD accumulation begins in this way.50 Due to these reasons, excess formation of superoxide anion will be needed to transform hydrogen peroxide (H2O2) by SOD, H2O2 will be scavenged by CAT via transforming the molecule to water and molecular oxygen.48 Their activities were found to be decreased in AMD induced brain tissues. GPx activity was also decreased in this group, probably due to elevated levels of H2O2 and decreased GSH levels. An in turn, TAC levels of brain tissue dramatically decreased, and in turn TOS, OSI and ROS levels were increased. The present results are in accordance with antioxidant enzyme activities study of Hazineci et al.46 on AMD induced heart damage. These enzymes and biochemical parameter levels are the main defense system, but their existence must be supported by some supplements. Sulfur containing food and other compounds like garlic, white cabbage, taurine, and N-acetyl cysteine have been reported to protect brain and other organ against damages induced by oxidative stress.46, 51-53 MMSC reversed these activities and levels in brain tissue. Its protective effect can be explained by its unique antioxidant capacity due to its sulfur content. 
PON enzymes are very sensitive during the existence of oxidative stress. In brain tissue, PON2 exist at various region, it is highly active and enhances coenzyme Q function in ETC. This helps to decrease excessive ROS production.54 MPO catalyzes the conversion of H2O2 in the presence of chloride ions to hypochlorous acid (HOCl). The acid formed is capable of attacking different amino acid residues of various proteins, e.g. tyrosine residues.55 In addition to that, HOCl may inhibit mitochondrial respiration system, thereby leading to decreased of NAD levels and distorted cellular ATP metabolism.56 Altered PON and MPO activities have been reported in different brain disorders related to ROS elevation.57,58 In this study, the outcomes suggest that AMD administration caused a significant diminishment of PON, and elevation of MPO activities probably due to its ability to increase ROS levels. MMSC administration reversed these activities in AMD group probably by successfully decreasing ROS levels.
Acetyl choline (ACh), an important neurotransmitter, is degraded by AChE. The activity of this enzyme is related to various neurologic problems like Alzheimer’s disease.59 In addition to that, age and age-related oxidative stress are correlated with degenerative effects on brain, as well as memory and learning problems. These problems may also occur by increasing AChE activity, and the excess degradation of ACh.60 In the present study, AMD increased AChE activity as compared to control group. MMSC decreased this activity in AMD group. This effect of MMSC on this enzyme can be related to its sulfur group. The anti-AChE activity of sulfur groups has been published by Osmaniye et al.61
LDH is a key enzyme for glycolysis. Its activity is important for brain NADH/NAD+ transformation, a vital marker for brain redox balance.62 AMD has been reported to increase LDH activity in various pulmonary and hepatic toxicity models, by promoting cell death.63,64 This elevation has been associated with altered mitochondrial capacity and NADH/NAD+ ratio. In this study, increased activity of LDH in brain tissues of AMD group was observed. The situation caused by AMD was reversed by MMSC probably due to its antioxidant activity. 
Na+/K+-ATPase is an essential membrane bound enzyme. It stimulates Na+/K+ inward/outward movements through ATP hydrolysis. Harris et al.65 indicates that this enzyme accounts for half of the total consumption of ATP in healthy brains. Its activity is also vital for protecting the membrane potential.66 In many neurological diseases, there is a well-known connection between ROS and oxidized products, LDH activity, affected antioxidant enzyme metabolism and diminished Na+/K+-ATPase activity.67 In the present study, a diminished activities of this enzyme in AMD treated group was observed. This diminishment may be either due to ROS-triggering effect and metabolic alterations caused by AMD. Gray et al.68 and Pitt et al.69 revealed that AMD inhibited this enzyme in cardiac tissue. The present findings are coherent with the functional relationship between cardiovascular system and nervous system as Borowicz and Banach8 mentioned. MMSC administration increased this activity in AMD group. This effect may be due to membrane repairing and antioxidant effects of MMSC, as earlier indicated by Rácz et al.,47 Turkyilmaz and Yanardag,70 and Topaloglu et al.,18 respectively.
Our biochemical results for antioxidant and other toxicity parameters were proven to be in accordance with performing correlation analysis with PCA. These results showed that the elevations of toxicity parameters and, diminishments of antioxidant levels and enzyme activities were evidence for existence of conditions formed by AMD. 

5. Conclusion
To summarize, the present study was aimed at investigating the protective effects of MMSC (an important sulfur containing substance) on AMD induced brain injury. The present finding proves that the antioxidant property of MMSC had excellent scavenging effect on ROS and protected redox balance by reversing the deleterious effects of AMD in brain tissue.

Data Availability Statement
The author declares that [the/all other] data supporting the findings of this study are available within the article.
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