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Abstract:



Fibromyalgia is a chronic syndrome characterized by widespread musculoskeletal pain and an extensive array of other symptoms including disordered sleep, fatigue, depression and anxiety. Important factors involved in the pathogenic process of fibromyalgia are inflammation and oxidative stress, suggesting that ant-inflammatory and/or antioxidant supplementation might be effective in the management and modulation of this syndrome. Recent evidence suggests that melatonin may be suitable for this purpose due to its well known ant-inflammatory, antioxidant and analgesic effects. Thus, in the current study, the effects of the oral supplementation of melatonin against fibromyalgia-related skeletal muscle alterations were evaluated. In detail, 90 Sprague Dawley rats were randomly treated with reserpine, to reproduce the pathogenic process of fibromyalgia and thereafter they received melatonin. The animals treated with reserpine showed moderate alterations at hind limb skeletal muscles level and had difficulty in moving, together with significant morphological and ultrastructural alterations and expression of inflammatory and oxidative stress markers in the gastrocnemius muscle. Interestingly, melatonin, dose and/or time dependently, reduced the difficulties in spontaneous motor activity and the musculoskeletal morphostructural, inflammatory, and oxidative stress alterations. This study suggests that melatonin in vivo may be an effective tool in the management of fibromyalgia-related musculoskeletal morphofunctional damage.
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1. Introduction


Fibromyalgia (FM) is a multifactorial chronic syndrome [1,2] that occurs in up to 6% of the population [3,4]; it is one of the most common pathological conditions seen in primary health care [2,5]. FM is a musculoskeletal condition characterized by chronic pain and tenderness (generalized allodynia/hyperalgesia) accompanied by other somatic and psychological symptoms including fatigue, sleep disturbances, irritable bowel, restless leg, tension or migraine headaches, dysmenorrhea and cognitive difficulties including memory problems, concentration difficulties and psychological and emotional distress [6,7].



Despite significant developments in understanding its pathophysiology, the etiology of FM is still unknown [8]. Liptan [9] underlined the role of a generalized inflammation of the muscle fascia leading to widespread pain and central sensitization and proposed that the fascial dysfunction in FM could be caused by inadequate deep sleep and insufficient growth hormone release. Furthermore, a possible peripheral pathogenic factor involved in FM etiopathogenesis is an imbalance between pro- and anti-inflammatory cytokines [10,11], as this derangement seems, in turn, to play an important role in induction and maintenance of chronic pain [8], fatigue [12] and muscle stiffness [13]. Sprott and colleagues [14] demonstrated that patients with FM are characterized by abnormalities in muscle tissue that include increased DNA fragmentation, impaired expression of constitutive enzymes and changes in the number and size of mitochondria. Regarding this hypothesis, cyclooxygenase-1 (COX-1) seems to be a key enzyme. COX-1 is a constitutive enzymatic isoform involved, at skeletal muscle level, in the regulation of microcirculation, basal turnover and in various stages of myogenesis [15] and so it may also be involved in fibromyalgic pathogenesis. Furthermore, the decrease in mitochondrial mass and the rise in production of mitochondria derived radical oxygen species (ROS) have recently been proposed as relevant events in the fibromyalgia-related alterations [16]. Many studies have noted a correlation between the increase of ROS and the reduction of endogenous antioxidant defenses, including superoxide dismutase (SOD), catalase (CAT) and glutathione, is strictly linked with the symptoms of FM [17]. Recently, nucleotide oligomerization domain like receptor 3 (NLRP3) inflammasomes was found to be related to mitochondrial oxidative stress. ROS production is induced by many NLRP3 inflammasome stimulators and, at the same time, elevated ROS are essential for inflammasome activation [18]. Interestingly, in fibromyalgia patients, after ROS-mediated activation, NLRP3 promotes the production of pro-inflammatory cytokines [19].



The association of FM with inflammation and oxidative stress suggest that ant-inflammatory and/or antioxidant therapy might be important in FM management and modulation. The degree of improvement achieved by many drugs prescribed for FM is modest at best; in fact, 40–60% of patients do not respond to drug therapy [20] and most fibromyalgia patients are sensitive to the side effects of these medications [21]. Consequently, efforts to identify and promote new therapeutic strategies for fibromyalgia patients are still under consideration.



Recent evidence suggests that melatonin may be suitable and useful because of its multitasking properties as shown in several clinical studies [22,23,24]. Melatonin is a small, highly conserved indoleamine with important chronobiological features [25]. In addition to its chronobiological role, additional beneficial effects of melatonin have been reported including antioxidant, ant-inflammatory, antidepressant, sedative and analgesic activities [26,27,28,29,30]. It is a pleiotropic agent that has been proven safe and remarkably well tolerated in human and animal models over a wide range of doses [31].



Data supporting the claim that melatonin may have efficacy as a FM treatment are slight. Herein, we used a validated fibromyalgia animal model, the reserpine-induced myalgia rat (RIM), to obtain data related to this issue. We initially investigated motor activity, morphological, ultrastructural and oxidative stress and inflammatory changes at skeletal muscle level to document the basis of fibromyalgia etiopathogenesis and we studied in detail the involvement of NLRP3 inflammosome in the model of this disease. We also evaluated the effects of melatonin and its mechanism(s) of action to better understand the pathogenesis of this disorder.



The results provide evidence that melatonin, dose and duration of treatment dependently, reduced significantly the difficulties in spontaneous motor activity, alterations in musculoskeletal cytoarchitecture and induction of inflammatory and oxidative stress processes. Regarding the effect of melatonin on the inflammosome NLRP3, we report that its expression is significantly attenuated. Thus, we suggest that melatonin may be useful for minimizing the pathological processes related to FM disease.




2. Results


2.1. Body Weight Time-Course


All animals survived the treatments. During the interval of reserpine administration (from its first administration until the first day post-reserpine injection), the animals exhibited a significant reduction in food intake (analysis of variance: ANOVA, p ≤ 0.05); this adverse event was closely link to reserpine treatment and its severity decreased progressively after the last dose with food intake returning to control levels. There were no significant changes in food consumption among all the experimental groups following reserpine treatment.



A progressive increase in body weight was observed in animals of all experiment groups during the treatment period. The RIM animals, however, showed a significantly slower rate of body weight gain during the period of reserpine treatment, an effect directly associated with the significant reduction of food intake in these animals. This lower rate of weight gain progressively diminished up to one month after treatment with reserpine. The melatonin-treated RIM rats, without differences between the doses of melatonin administration, did not suffer the slower body weight gain observed in RIM rats. Moreover, the animals treated only with 0.5% glacial acetic acid (vehicle for reserpine) or 1% ethanol dissolved in drinking water for up to 60 days (vehicles for melatonin) showed no significant differences in food intake and body weight gain compared to untreated controls.




2.2. Voluntary Motor Activity


We confirmed that treatment with reserpine duplicated some of the FM symptoms since the motor activity of these rats was significantly reduced compared with controls (ANOVA, p ≤ 0.05). Furthermore, we observed that treatment with melatonin, at both doses tested (2.5 mg/kg and 5 mg/kg) and at 30 and 60 days after reserpine administration, led to an improvement in number of spontaneous accesses to the wheel and in running distance traveled, compared RIM animals not given melatonin. In detail, the improvement is significantly higher after the melatonin treatment at the dose of 5 mg/kg and duration two months (ANOVA, p ≤ 0.05). It is also important to underline that rats treated with reserpine and then not given melatonin, but only tap water for 30 or 60 days, also exhibited a progressive, but not significant, improvement in bout/hours of voluntary running activity, as observed in rats given melatonin continually. The experimental animals treated only with 0.5% glacial acetic acid (vehicle for reserpine) and with 1% ethanol dissolved in drinking water (vehicle for melatonin) showed no significant differences compared control rats (Figure 1).


Figure 1. Voluntary locomotor activity. The graphs summarize: the number of spontaneous bouts (A); and the distance travelled expressed in meters (B) of all experimental groups, evaluated during 1 h of spontaneous locomotor activity. ANOVA, two-way analysis of variance; * p ≤ 0.05 vs. Reserpine four days; # p ≤ 0.05 vs. Reserpine plus tap water; + p ≤ 0.05 vs. Reserpine plus melatonin 5 mg/kg/day for 2 months and ° p ≤ 0.05 vs. Controls. H2O: tap water; MEL: melatonin; Res: reserpine.
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For the reported analyses (food intake, body weight and motor activity), the experimental animals treated only with melatonin or reserpine vehicles showed no significant difference compared with age-related untreated controls. For this reason, these experimental groups will be considered in the subsequent analyses as a single group defined generically as “control”. In addition, in the previous reported evaluations, melatonin had no beneficial effects when administered with reserpine (four days); thus, for the analyses of muscle atrophy, inflammatory and oxidative stress markers the experimental groups treated with melatonin for three days were not reported.




2.3. Morphological Evaluations on Gastrocnemius


Treatment with reserpine caused a significant gastrocnemius weight reduction compared with age-related control groups (ANOVA, p ≤ 0.05), as expected from RIM experimental animals. Furthermore, treatment with melatonin, at both doses and duration of treatments, caused a significant increment in gastrocnemius weight compared with the RIM group (ANOVA, p ≤ 0.05); this improvement is significantly higher at the melatonin dose of 5 mg/kg after both treatment for one month and two months (ANOVA, p ≤ 0.05), so it appeared to be mainly dose-dependent. Even rats treated with reserpine and then with only tap water showed some recovery from muscle atrophy, but not significant in respect to melatonin treatment at both doses and duration of treatments (Figure 2A). At the light microscopic level another skeletal muscle atrophy marker, the myotube diameter, was examined. This analyses showed the same trend observed for gastrocnemius weight, briefly, the Feret’s diameter of gastrocnemius myotubes decrease significantly in the experimental group treated with reserpine compared with controls (ANOVA, p ≤ 0.05); in contrast, treatment with melatonin had significant beneficial effects, especially when administered at the dose of 5 mg/kg for two months, with respect to RIM experimental group and also with respect to experimental groups treated with reserpine and then only with tap water (Figure 2B).


Figure 2. Skeletal muscle atrophy. The graphs summarize: the gastrocnemius muscle weight, normalized to body weight, expressed in grams (A); and the Feret’s myotube diameter of gastrocnemius skeletal muscle, expressed in µm (B). ANOVA, two-way analysis of variance; * p ≤ 0.05 vs. Reserpine four days; # p ≤ 0.05 vs. Reserpine plus tap water; + p ≤ 0.05 vs. Reserpine plus melatonin 5 mg/kg/day for 2 months and ° p ≤ 0.05 vs. Controls. H2O: tap water; MEL: melatonin; Res: reserpine.
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2.4. Ultrastructural Evaluation of Gastrocnemius Muscle


The ultrastructural evaluation of RIM gastrocnemius muscles showed different sarcomeric lengths, heterogeneous and altered interfibrillar and subsarcolemmal mitochondria, and dilated and deformed sarcoplasmic reticulum that appeared associated to mitochondria (Figure 3A,B). Control muscle cells showed normal nuclei with active nucleoli, regular mitochondria distribution and sarcoplasmic reticulum (data not shown). Rats treated with reserpine and then with only tap water for either one or two months of treatment had a weak, but not significant, recovery of the gastrocnemius ultrastructure (Figure 3B,C). However, under melatonin, at both doses and duration of treatments, we observed regular satellite cell nucleus and sarcomeric structure, enhanced mitochondria development and significant reduction of abnormal cristae of both interfibrillar and subsarcollemal mitochondria. In detail, the ultrastructural recovery is significant and evident after melatonin treatment at the dose of 5 mg/kg and two months of duration (ANOVA, p ≤ 0.05). Figure 3D,E shows the gastrocnemius muscle of the RIM treated with melatonin at the dose of 5 mg/kg/day for two months, illustrating the main melatonin beneficial effects at ultrastructural level.


Figure 3. Skeletal muscle ultrastructure. Transmission electron microscopy photomicrographs of: reserpine-induced myalgia rats (A,B); rats treated with reserpine and then with only tap water for two months (C,D); and rats treated with reserpine and then with melatonin at the dose of 5 mg/kg/day for two months (E,F). Scale bar: 1 μm. (m) identifies the mitochondria.
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2.5. TSH Level Assessment


RIM experimental animals showed significantly lower gastrocnemius TSH level compared to controls (ANOVA, p ≤ 0.05). We observed also that treatment with melatonin, at both doses and duration of treatments (without significant differences among dose or duration of melatonin treatment), increased significantly the levels of TSH in the gastrocnemius muscle compared rats treated only with reserpine (ANOVA, p ≤ 0.05). Interestingly, the TSH levels observed in the experimental group treated with reserpine and melatonin, at both doses and duration of treatment, were significantly higher than the values observed in age-related controls (ANOVA, p ≤ 0.05). Probably, this increment of TSH level depends on the activation of compensatory mechanism(s) against FM—induced oxidative stress. The increment of TSH level in skeletal muscle was observed also in the experimental groups treated with reserpine, but significantly lower relative to melatonin treatments (ANOVA, p ≤ 0.05). Control rats after two months showed significantly lower levels of TSH than the control group at one month (ANOVA, p ≤ 0.05), which may be related to physiological aging and oxidative stress. In Figure 4, the TSH gastrocnemius levels of all experimental groups are summarized.


Figure 4. Total thiols. The graph summarizes the gastrocnemius total thiol levels of all experimental groups, expressed as µmol/grams. ANOVA, two-way analysis of variance; * p ≤ 0.05 vs. Reserpine four days; # p ≤ 0.05 vs. Reserpine plus tap water; + p ≤ 0.05 vs. Reserpine plus melatonin 5 mg/kg/day for 2 months and ° p ≤ 0.05 vs. Controls. H2O: tap water; MEL: melatonin; Res: reserpine; TSH: total thiol.
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2.6. Inflammatory and Oxidative Stress Markers Analyses


At the gastrocnemius level, we observed that the RIM experimental rats had significantly decreased expression of endogenous antioxidant enzymes (SOD1 and CAT) and of constitutive molecules, also involved in inflammatory, oxidative stress, aging and myogenesis processes (COX-1 and SIRT3) (ANOVA, p ≤ 0.05). Treatment with melatonin induced a significant increase of SOD1 expression (red staining) (ANOVA, p ≤ 0.05) and this significant enhancement was observed also after treatment with reserpine and tap water (ANOVA, p ≤ 0.05); however, treatment with 2.5 mg/kg/day of melatonin for one month did not show significant differences compared with age-related animals treated with reserpine and tap water (Figure 5A–E). The analysis of immunopositivity for CAT (red staining) showed a trend similar to that observed for SOD1, even though the melatonin beneficial effects is significantly higher after two months of treatment (ANOVA, p ≤ 0.05), but not showed difference due to the duration of treatment. Moreover, the experimental rats treated with reserpine and tap water showed a significantly lower immunopositivity compared with the animals treated with melatonin (ANOVA, p ≤ 0.05); only the rats of two months showed a significantly higher immunopositivity than the RIM experimental animals (ANOVA, p ≤ 0.05) (Figure 5F–L).


Figure 5. Skeletal muscle oxidative stress and constitutive markers expression. Immunofluorescence photomicrographs of: gastrocnem us skeletal muscle superoxide dismutase 1 (A–E); catalase (F–L); cyclooxygenase-1 (M–Q); and sirtuin 3 (R–V) expression of: reserpine-induced myalgia rats (A,F,M,R); controls (B,G,N,S); rats treated with reserpine for two months (C,H,O,T); rats treated with reserpine and then with melatonin at the dose of 2.5 mg/kg/day for two months (D,I,P,U); and rats treated with reserpine and then with melatonin at the dose of 5 mg/kg/day for two months (E,L,Q,V). Nuclei were stained with DAPI (blue). Scale Bar: 20 µm. The quantitative measurement of the immunopositivity of both antioxidant enzymes and constitutive molecules of all experimental animals are shown in Figure 6A–D.
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We also analyzed COX-1 (red staining) and observed that in RIM animals it was significantly reduced, while its expression after treatment with melatonin is significantly higher after melatonin treatment at the dose of 5 mg/kg and duration of two months (ANOVA, p ≤ 0.05), reaching a level comparable to that in the age-related control animals. It is important to underline also that the melatonin treatment with 2.5 mg/kg/day showed similar COX-1 immunopositivity compared with the experimental groups treated with reserpine (Figure 5M–Q). We analyzed also the constitutive molecule SIRT3 (red staining) and we observed that the trend of its immunopositivity is similar to COX-1 expression, although the control group two months showed significant lower levels compared with the control rats at one month (ANOVA, p ≤ 0.05). This decrease may be related to physiological aging process. As for COX-1, the main effect of melatonin treatment is observed at the dose of 5 mg/kg administered for two months and the treatment with melatonin at the dose of 2.5 mg/kg/day showed similar levels of immunopositivity compared with age-related group treated with reserpine (Figure 5R–V). Figure 5A–V shows only the immunofluorescence data of gastrocnemius muscle of the experimental animals treated for two months.



Finally, we estimated that NLRP3 (green staining) is significantly expressed in rats treated with reserpine compared with the controls (ANOVA, p ≤ 0.05); moreover, treatment with melatonin at both doses and duration of melatonin treatments induced a significant reduction of the expression of this inflammasome (ANOVA, p ≤ 0.05). The experimental rats treated with reserpine and then with tap water showed a significant decrease of the expression of NLRP3 respect RIM (ANOVA, p ≤ 0.05); this decrease was significantly less compared with the groups treated with melatonin (ANOVA, p ≤ 0.05). Furthermore, we observed that there are no significant differences between the melatonin treatment at 2.5 mg/kg and 5 mg/kg for two months and that the expression of NLRP3 in control animals two months is greater compared with the expression in rats at one month (Figure 7A–F).


Figure 7. Skeletal muscle inflammatory markers. Immunofluorescence photomicrographs of gastrocnemius muscle inflammosome NLRP3 expression of: reserpine-induced myalgia rats (A); controls (B); rats treated with reserpine for two months (C); rats treated with reserpine plus melatonin at the dose of 2.5 mg/kg/day for two months (D); and rats treated with reserpine and then with melatonin at the dose of 5 mg/kg/day for two months (E). Nuclei were stained with DAPI (blue). Scale Bar: 20 µm. The graph summarizes the histomorphometrical analyses, expressed in arbitrary units (AU), of inflammosomeNLRP3. ANOVA, two-way analysis of variance; * p ≤ 0.05 vs. Reserpine four days; # p ≤ 0.05 vs. Reserpine plus tap water; + p ≤ 0.05 vs. Reserpine plus melatonin 5 mg/kg/day for 2 months and ° p ≤ 0.05 vs. Controls. H2O: tap water; MEL: melatonin; Res: reserpine.
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3. Discussion


Herein, we showed that the reserpine treated animals presented: (1) a significant decrease in number of spontaneous bouts and running distance traveled; (2) skeletal muscle atrophy due to the alteration of the gastrocnemius weight and diameter of myotubes and significant musculoskeletal ultrastructural alterations; (3) significant rise of TSH and, interestingly, also NLRP3 expressions in skeletal muscle levels; and (4) significant reduction of expression of endogenous antioxidant enzymes (SOD1 and CAT) and of constitutive molecules involved in inflammation, oxidative stress and myogenesis processes (COX-1 and SIRT3). Similar results have also been recorded in previous studies [1,32,33] in which reserpine treatment causes a reduction in locomotor activity that could be related to long-lasting muscular mechanical hyperalgesia, tactile allodynia and tenderness, but also to depression characteristic of FM pathogenesis [34]. Moreover, Blasco-Serra and colleagues [35] documented the depressive-like symptoms in RIM group; they observed the rats had significant aversion to eating in a novel environment. In our study, rats treated with reserpine showed a clear decrease in food consumption and consequently in body weight. In addition, the atrophy of muscle fiber described by Bonaterra et al. [32] is consistent with our results. According other authors [19,36], the underlying mechanisms of these alterations could be inflammation and oxidative stress processes characteristic of FM and also in the RIM model. In particular, our data provide information on the possible mechanisms showing an increase in morphological damage caused by ROS and a reduction in endogenous antioxidants, including SOD and CAT, in gastrocnemius. We also evaluated COX-1, a constitutive marker of myogenesis in different muscles including cardiomyocytes [15]. In particular, we showed that COX-1 was decreased in RIM animals, as already reported by De Almeida and colleagues [37]. Therefore, we suggest that COX-1 has an important musculoskeletal protective role. Moreover, we studied SIRT3 expression and we demonstrated it to be highly expressed in RIM rats. Considering its role in redox regulation by deacetylating mitochondrial proteins like acetyl-coenzyme A synthetase 2, glutamate dehydrogenase and SOD [38], we propose that it has important protective effects against oxidative stress also in FM syndrome [39]. Related to this finding, we noted that the levels of SOD1 and SIRT3 of the control rats at two months were lower compared with control group at one month and, in agreement with other authors [40], we considered this reduction to be a result of physiological aging and oxidative stress process.



After obtaining these data and, in particular, considering the morphological and ultrastructural alterations of mitochondria, we analyzed the expression of NLRP3, which is a prominent marker of mitochondrial ROS generation and inflammation processes [19]. Interestingly, NLRP3 is increased in rats treated with reserpine but not in the control animals at two months, due to age-related alterations. It is known that NLRP3 promotes inflammation, oxidative stress and cell death through the activation of inflammatory caspase 1 and caspase 5 [41]. Our findings suggest that NLRP3 is important for progression of fibromyalgic disease as well as in diabetic cardiopathy [42] and renal dysfunction [43].



However, in addition to an adequate fibromyalgic-animal model that is needed for the identification of markers related to pathogenesis, it is also very important to study appropriate treatments and pharmacological therapies against FM. Thus, the present study also evaluated the potential beneficial effects of melatonin administration against the alterations induced in the RIM model. In accordance with several previous studies conducted with fibromyalgic patients [4,24,44,45,46], our results showed that melatonin reduces significantly the damage induce by FM pathogenic process. In fact, we observed that the treatment with melatonin improved the in volountary motor activity compared with the RIM experimental group and with the group treated with reserpine and then with only tap water. Probably, melatonin treatment causes an improvement in rat’s spontaneous running activity because of its antioxidants and ant-inflammatory mechanisms of action, well known melatonin properties [47,48,49,50,51]. Although these beneficial effects are potentially related also to analgesic [30,52,53,54,55] melatonin properties, experimental studies as well as clinical trials in humans have demonstrated that melatonin has an analgesic properties in chronic, acute, inflammatory and neuropathic pain conditions, including fibromyalgia [44,56,57,58]. Importantly, these effects seem MT2 receptor-mediated, as shown by the group of Granados-Soto describing that selective MT2 receptor partial agonists have analgesic properties through modulation of brainstem descending anti-nociceptive pathways [28,59,60]. Furthermore, in our study, we evaluated the effects of melatonin treatment on skeletal muscle cell atrophy induced by reserpine observing that melatonin causes a significant increment in muscle weight and in myotubes diameter compared with RIM experimental group and the animals treated with reserpine and then only with tap water. In addition previous studies reported that melatonin reduces skeletal muscle atrophy and oxidative stress [49,61,62]. In order to confirm the antioxidant, ant-inflammatory and protective roles of melatonin, we evaluated the skeletal muscle expression of endogenous antioxidant and of constitutive molecules and we found that melatonin modulates muscoloskletal ultrastructure, increases expression of SOD1, CAT, COX-1 and SIRT3 and decreaes NLRP3 compared with RIM experimental group and also with the groups treated reserpine and then only with tap water.



In summary, we suggest that melatonin thought its important inhibiting effect against NLRP3 activation together with its known antioxidant, ant-inflammatory and analgesic properties may block the fibromyalgic pathological processes (Figure 8).


Figure 8. Potential melatonin mechanism(s) of action. A proposed mechanism by which melatonin protects the gastrocnemius skeletal muscle against fibromyalgic alterations through the block of NLRP3 activation. Up arrow indicates an increase in the expression, whereas the down arrow a decrease.
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However, further studies on this topic are mandatory to better assess the potential melatonin mechanism(s) of action.




4. Materials and Methods


4.1. Animal Treatment


90 Sprague Dawley male rats (4–5 weeks old) were housed in standard cages located in a temperature-controlled animal facility (+20 °C) with a 12-h/12-h light-dark cycle for a period up to 3 months. Before the beginning of the treatment with reserpine or melatonin, rats were left housed in the animal facility for at least 1 week. The RIM animal model is based on the hypothesis that dysfunction of biogenic amine-mediated control in the central nervous system (CNS) leads to a disease condition mimicking FM [34,63,64]. In fact, reserpine is an indole alkaloid that depletes catecholamine and so blocks irreversibly the vesicular monoamine transport, causing a marked reduction in the amount of dopamine, norepinephrine and serotonin in various brain regions inducing, in turn, muscle hyperalgesia and tactile allodynia which persist for one week or longer and increases immobility time, an indicator of pain and depression [65]. In the present study, reserpine was injected subcutaneously into the back of rats once a day for 3 consecutive days at a final dose of 1 mg/kg body weight; it was dissolved in 0.5% glacial acetic acid [63,64,66]. Since reserpine treatment may cause a significant decrease in food consumption, during the treatment food pellets was placed directly in the cages, so the RIM experimental animals could feed with less difficulty.



The treatment with melatonin (Melapure™ kindly provided by Flamma S.p.A., Chignolo d’Isola, Italy), in combination or not with reserpine, was administered in two different dosages and three different duration of treatments: melatonin was administrated orally for three days (simultaneously to the treatment of reserpine), or for one month or for two months at a final dose of 2.5 mg/kg body weight for day [67] or at a final dose of 5 mg/kg body weight for day [68]. Powdered pure melatonin was given after being dissolved in 1% of ethanol and then in drinking tap water. In addition to the groups identified above, in the current study were also assessed rats without any treatment (control), rats treated with reserpine and then with only tap water for one month or two months, rats treated for three days with subcutaneous injection of 0.5% glacial acetic acid (vehicle of treatment with reserpine) and rats treated orally with 1% ethanol dissolved in drinking water for one month or two months (vehicles of treatment with melatonin).



The animals of all experimental groups were monitored for weight gain, food consumption and spontaneous motor activity. At the end of treatments period, the animals were killed by decapitation and both gastrocnemius muscles were carefully removed, weight (normalized to body weight) and processed for morphometric, ultrastructural, sulfydryl group (SH) level and immunofluorescence analyses.




4.2. Assessment of Volountary Locomotor Activity


The present study used a non-reflexive measures of locomotor activity that require voluntary decision and integrations of multiple CNS centers. The running wheel is of particular interest as a motor test in experimental animals because the locomotion is not forced and potentially reflects whether the activity is painful [69,70]. Voluntary locomotor activity was assessed in polycarbonate cages with free access to stainless steel activity wheels (Bioseb, In Vivo Research Instruments, Vitrolles, France). The wheel (diameter 23 cm; width 5 cm) could be turned in both direction and it is connected to an analyzer that automatically recorded the running activity. The animals had food and water available ad libitum. In this study we evaluated the distance travelled (expressed in meters) and the number of spontaneous accesses to the wheel during 1 h of evaluation session for each animal. No experimenters were present in the room during the recording period. Rats were habituated in an individual activity cage for three sessions over at least three days [33]. A baseline measurement was recorded one day after the last habituation. The rats that refused to run in the wheel during the baseline measurement were discarded from further evaluation (representing 2–4% of the animals tested).



All the protocols were approved by the Animal Care and Use Committee (OPBA) of the University of Brescia (Brescia, Italy) and by the Italian Ministry of Health (558/2015-PR-22/06/2015) and comply the commonly-accepted “2Rs” indication.




4.3. Total Thiol Evaluation


The total thiol (TSH) levels of gastrocnemius samples were evaluated as previously described by Oliveira and colleagues [71,72]. Briefly, 200 µL of proteic supernatant fraction were precipitated with 200 µL of 4% trichloroacetic acid (v/v) by centrifugation (1050× g for 10 min). Then, the colorimetric analyses were carried out in 1 M phosphate-buffered, pH 7.4. A curve using glutathione as standard was constructed to calculate the total TSH of each sample.




4.4. Morphometrical Analysis


Gastrocnemius samples were fixed in 4% buffered paraformaldehyde for 24 h, dehydrated in progressive ethanol solutions, xylene and embedded in paraffin wax, following the standard procedures. Subsequently, 7 mm-thick paraffin sections were cut with a microtome and so the serial paraffin sections were dewaxed in xylene, rehydrated through decreasing scale of ethanol and stained with haematoxylin-eosin, following standard protocol. Then the sections were observed with an optical light microscope (Olympus, Deutschland, Germany) at the final magnification of 200×. Digital images of gastrocnemius were captured and the Feret’s diameter (expressed in µm) of 50 myotubes for each animal muscle was determined using an image analyser (Image Pro Premier 9.1, Media Cybernetics, Rockville, MD, USA) by two observers blinded to the treatment, whose evaluation was assumed to be correct if the values were not significantly different. In case of dispute concerning interpretation, the case was reconsidered to reach an agreement [73,74].




4.5. Ultrastructural Transmission Electron Microscopy Evaluation


A piece of gastrocnemius muscle of each rat was treated for ultrastructural analysis [74]. Briefly skeletal muscle tissue was fixed by immersion in 2.5% glutaraldehyde in cacodilate buffer 0.1 M (pH 7.4) for 3 h at +4 °C and postfixed in 2% osmium tetroxide in cacodilate buffer for 1 h at +4 °C. Dehydration process was performed in increasing ethanol concentrations and propylene oxide, then the samples were embedded in Araldite-Epon resin. Semithin sections (1 µm-thick) were collected at an UltraCut E ultramicrotome stained by toluidine blue and observed at a light microscope (Olympus, Deutschland, Germany) to assess the morphological structure of the skeletal muscle. Subsequently, from representative blocks, 70–80 nm-thick ultrathin sections were obtained using a diamond knife, collected on formvar coated copper grids, double stained with uranyl acetate and lead citrate and observed under a transmission electron microscopy (Tecnai G2 Spirit) at 80 kV.




4.6. Immunofluorescence Evaluations


Serial paraffin sections were dewaxed in xylene, rehydrated through decreasing scale of ethanol and then washed with phosphate buffer solution 1× (PBS 1×). The blocking step was performed by incubating gastrocnemius sections with specific serum (diluted 1:50 in PBS 1×) for 1 h in a humid chamber. Subsequently, the sections were incubated 1 h at room temperature and then overnight at 4 °C in a humid chamber with the following primary antibodies: rabbit polyclonal antibody against superoxide dismutase 1 (SOD1, diluted 1:300, Santa Cruz Biotechnology Inc., Dallas, TX, USA), goat polyclonal antibody against catalase (CAT, diluted 1:200, Santa Cruz Biotechnology Inc., Dallas, TX, USA), rabbit polyclonal antibody against sirtuin3 (SIRT3, diluted 1:200, Santa Cruz Biotechnology Inc., Dallas, TX, USA), mouse monoclonal antibody against cyclooxygenase 1 (COX-1, diluted 1:100; Cayman Chemical, Ann Arbor, MI, USA) and rabbit polyclonal antibody against Nod-like receptor protein 3 antibody against (NLRP3, diluted 1:650, Novus Biologicals, Milano, Italy). Sections were then washed in PBS 1× and labelled using specific conjugated secondary antibodies (diluted 1:200 in PBS 1×; Invitrogen, Paisley, UK): goat anti-rabbit Alexa Fluor-488, goat anti-rabbit Alexa Fluor 546, rabbit anti-goat Alexa Fluor 546 and goat anti-mouse Alexa Fluor 546. Finally, the samples were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for 8 min [75,76]. The samples were mounted with fluorescent medium and observed with a fluorescent microscope (i50 Eclipse, Nikon, Düsseldorf, Germany) at final magnification of 400× [71]. Sections without primary antibody and in the presence of isotype-matched IgG served as negative immunofluorescent controls.



Twenty random fields, each with an area of 0.04 mm2, from a total of five sections for each rat’s gastrocnemius were analyzed and the immunostaining for each primary antibody were calculated using an image analyzer (Image Pro Premier 9.1, MediaCybernetics, Rockville, MD, USA). Two blinded investigators, whose evaluation was assumed to be correct if the values were not significantly different, made the evaluation of positive immunostaining. In the case of dispute concerning interpretation, the case was reconsidered to reach an agreement [73,74].




4.7. Statistical Analysis


The data obtained in the current study were presented as means ± SD. Statistical analyses were performed using a two-way analysis of variance test corrected by Bonferroni, evaluating both dose and duration of treatments as different variable. Differences among groups were considered statistically significant at p ≤ 0.05.








Acknowledgments


The authors sincerely thank Russel J. Reiter for his kind and extensive English and editing revision; FLAMMA S.p.A.—Italy (http://www.flammagroup.com) for courteously providing melatonin and for the precious grant donation and Fondazione Cariplo e Regione Lombardia “New opportunities and ways towards ERC” (Project 2014-2256) for travel grant donation. The Authors also thank Castrezzati Stefania, Giugno Lorena and Bozzoni Giovanni for their fundamental technical supports.




Author Contributions


Conceived and designed the experiments: Gaia Favero, Rita Rezzani and Luigi Fabrizio Rodella performed the experiments: Gaia Favero, Antonio Lavazza, Alessandra Stacchiotti and Valentina Trapletti analyzed the data: Gaia Favero, Rita Rezzani and Luigi Fabrizio Rodella contributed reagents/materials/analysis tools: Gaia Favero, Francesca Bonomini, Antonio Lavazza, Alessandra Stacchiotti, Rita Rezzani, Luigi Fabrizio Rodella and Valentina Trapletti wrote the paper: Gaia Favero and Rita Rezzani.




Conflict of Interest


The Authors declare no conflict of interest.




References


	1. 
Bortolato, B.; Berk, M.; Maes, M.; McIntyre, R.S.; Carvalho, A.F. Fibromyalgia and bipolar disorder: Emerging epidemiological associations and shared pathophysiology. Curr. Mol. Med. 2016, 16, 119–136. [Google Scholar] [CrossRef] [PubMed]

	2. 
Clauw, D.J. Fibromyalgia: A clinical review. JAMA 2014, 311, 1547–1555. [Google Scholar] [CrossRef] [PubMed]

	3. 
McBeth, J.; Jones, K. Epidemiology of chronic musculoskeletal pain. Best Pract. Res. Clin. Rheumatol. 2007, 21, 403–425. [Google Scholar] [CrossRef] [PubMed]

	4. 
Reiter, R.J.; Acuna-Castroviejo, D.; Tan, D.X. Melatonin therapy in fibromyalgia. Curr. Pain Headache Rep. 2007, 11, 339–342. [Google Scholar] [CrossRef] [PubMed]

	5. 
Arnold, L.M.; Gebke, K.B.; Choy, E.H. Fibromyalgia: Management strategies for primary care providers. Int. J. Clin. Pract. 2016, 70, 99–112. [Google Scholar] [CrossRef] [PubMed]

	6. 
Goldenberg, D.L. Diagnosis and differential diagnosis of fibromyalgia. Am. J. Med. 2009, 122, S14–S21. [Google Scholar] [CrossRef] [PubMed]

	7. 
Bradley, L.A. Pathophysiologic mechanisms of fibromyalgia and its related disorders. J. Clin. Psychiatry 2008, 69, 6–13. [Google Scholar] [PubMed]

	8. 
Christidis, N.; Ghafouri, B.; Larsson, A.; Palstam, A.; Mannerkorpi, K.; Bileviciute-Ljungar, I.; Löfgren, M.; Bjersing, J.; Kosek, E.; Gerdle, B.; et al. Comparison of the levels of pro- inflammatory cytokines released in the vastus lateralis muscle of patients with fibromyalgia and healthy controls during contractions of the quadriceps Muscle—A microdialysis study. PLoS ONE 2015, 10, e0143856. [Google Scholar] [CrossRef] [PubMed]

	9. 
Liptan, G.L. Fascia: A missing link in our understanding of the pathology of fibromyalgia. J. Bodyw. Mov. Ther. 2010, 14, 3–12. [Google Scholar] [CrossRef] [PubMed]

	10. 
Chung, C.P.; Titova, D.; Oeser, A.; Randels, M.; Avalos, I.; Milne, G.L.; Morrow, J.D.; Stein, C.M. Oxidative stress in fibromyalgia and its relationship to symptoms. Clin. Rheumatol. 2009, 28, 435–438. [Google Scholar] [CrossRef] [PubMed]

	11. 
Cordero, M.D.; Alcocer-Gómez, E.; Cano-García, F.J.; De Miguel, M.; Carrión, A.M.; Navas, P.; Sánchez Alcázar, J.A. Clinical symptoms in fibromyalgia are better associated to lipid peroxidation levels in blood mononuclear cells rather than in plasma. PLoS ONE 2011, 6, e26915. [Google Scholar] [CrossRef] [PubMed]

	12. 
Iqbal, R.; Mughal, M.S.; Arshad, N.; Arshad, M. Pathophysiology and antioxidant status of patients with fibromyalgia. Rheumatol. Int. 2011, 31, 149–152. [Google Scholar] [CrossRef] [PubMed]

	13. 
Boomershine, C.S. Fibromyalgia: The prototypical central sensitivity syndrome. Curr. Rheumatol. Rev. 2015, 11, 131–145. [Google Scholar] [CrossRef] [PubMed]

	14. 
Sprott, H.; Salemi, S.; Gay, R.E.; Bradley, L.A.; Alarcón, G.S.; Oh, S.J.; Michel, B.A.; Gay, S. Increased DNA fragmentation and ultrastructural changes in fibromyalgic muscle fibres. Ann. Rheum. Dis. 2004, 63, 245–251. [Google Scholar] [CrossRef] [PubMed]

	15. 
Carroll, C.C.; O’Connor, D.T.; Steinmeyer, R.; Del Mundo, J.D.; McMullan, D.R.; Whitt, J.A.; Ramos, J.E.; Gonzales, R.J. The influence of acute resistance exercise on cyclooxygenase-1 and -2 activity and protein levels in human skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R24–R30. [Google Scholar] [CrossRef] [PubMed]

	16. 
Cordero, M.D.; Alcocer-Gómez, E.; Marín-Aguilar, F.; Rybkina, T.; Cotán, D.; Pérez-Pulido, A.; Alvarez-Suarez, J.M.; Battino, M.; Sánchez-Alcazar, J.A.; Carrión, A.M.; et al. Mutation in cytochrome b gene of mitochondrial DNA in a family with fibromyalgia is associated with NLRP3-inflammasome activation. J. Med. Genet. 2016, 53, 113–122. [Google Scholar] [CrossRef] [PubMed]

	17. 
Meeus, M.; Nijs, J.; Hermans, L.; Goubert, D.; Calders, P. The role of mitochondrial dysfunctions due to oxidative and nitrosative stress in the chronic pain or chronic fatigue syndromes and fibromyalgia patients: Peripheral and central mechanisms as therapeutic targets? Expert. Opin. Ther. Targets 2013, 17, 1081–1089. [Google Scholar] [CrossRef] [PubMed]

	18. 
Gurung, P.; Lukens, J.R.; Kanneganti, T.D. Mitochondria: Diversity in the regulation of the NLRP3 inflammasome. Trends Mol. Med. 2015, 21, 193–201. [Google Scholar] [CrossRef] [PubMed]

	19. 
Harijith, A.; Ebenezer, D.L.; Natarajan, V. Reactive oxygen species at the crossroads of inflammasome and inflammation. Front. Physiol. 2014, 5, 352. [Google Scholar] [CrossRef] [PubMed]

	20. 
De Souza Nascimento, S.; Desantana, J.M.; Nampo, F.K.; Ribeiro, E.A.; da Silva, D.L.; Araújo-Júnior, J.X.; da Silva Almeida, J.R.; Bonjardim, L.R.; de Souza Araújo, A.A.; Quintans-Júnior, L.J. Efficacy and safety of medicinal plants or related natural products for fibromyalgia: A systematic review. Evid. Based Complement. Altern. Med. 2013, 2013, 149468. [Google Scholar] [CrossRef] [PubMed]

	21. 
Ablin, J.N.; Buskila, D. Fibromyalgia syndrome—Novel therapeutic targets. Maturitas 2013, 75, 335–340. [Google Scholar] [CrossRef] [PubMed]

	22. 
Blumenthal, D.E.; Malemud, C.J. Recent strategies for drug development in fibromyalgia syndrome. Expert. Rev. Neurother. 2016, 16, 1407–1411. [Google Scholar] [CrossRef] [PubMed]

	23. 
Danilov, A.; Kurganova, J. Melatonin in chronic pain syndromes. Pain Ther. 2016, 5, 1–17. [Google Scholar] [CrossRef] [PubMed]

	24. 
Pernambuco, A.P.; Schetino, L.P.; Viana, R.S.; Carvalho, L.S.; d’Ávila Reis, D. The involvement of melatonin in the clinical status of patients with fibromyalgia syndrome. Clin. Exp. Rheumatol. 2015, 33, S14–S19. [Google Scholar] [PubMed]

	25. 
Johnston, J.D.; Skene, D.J. 60 years of neuroendocrinology: Regulation of mammalian neuroendocrine physiology and rhythms by melatonin. J. Endocrinol. 2015, 226, T187–T198. [Google Scholar] [CrossRef] [PubMed]

	26. 
Reiter, R.J.; Tan, D.X.; Galano, A. Melatonin: Exceeding expectations. Physiology 2014, 29, 325–333. [Google Scholar] [CrossRef] [PubMed]

	27. 
Manchester, L.C.; Coto-Montes, A.; Boga, J.A.; Andersen, L.P.; Zhou, Z.; Galano, A.; Vriend, J.; Tan, D.X.; Reiter, R.J. Melatonin: An ancient molecule that makes oxygen metabolically tolerable. J. Pineal Res. 2015, 59, 403–419. [Google Scholar] [CrossRef] [PubMed]

	28. 
Ambriz-Tututi, M.; Granados-Soto, V. Oral and spinal melatonin reduces tactile allodynia in rats via activation of MT2 and opioid receptors. Pain 2007, 132, 273–280. [Google Scholar] [CrossRef] [PubMed]

	29. 
Reiter, R.J.; Mayo, J.C.; Tan, D.X.; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as an antioxidant: Under promises but over delivers. J. Pineal Res. 2016, 61, 253–278. [Google Scholar] [CrossRef] [PubMed]

	30. 
Andersen, L.P. The analgesic effects of exogenous melatonin in humans. Dan. Med. J. 2016, 63, B5289. [Google Scholar] [CrossRef] [PubMed]

	31. 
Andersen, L.P.; Gögenur, I.; Rosenberg, J.; Reiter, R.J. The safety of melatonin in humans. Clin. Drug Investig. 2016, 36, 169–175. [Google Scholar] [CrossRef] [PubMed]

	32. 
Bonaterra, G.A.; Then, H.; Oezel, L.; Schwarzbach, H.; Ocker, M.; Thieme, K.; Di Fazio, P.; Kinscherf, R. Morphological alterations in gastrocnemius and soleus muscles in male and female mice in a fibromyalgia model. PLoS ONE 2016, 11, e0151116. [Google Scholar] [CrossRef] [PubMed]

	33. 
Cobos, E.J.; Ghasemlou, N.; Araldi, D.; Segal, D.; Duong, K.; Woolf, C.J. Inflammation- induced decrease in voluntary wheel running in mice: A nonreflexive test for evaluating inflammatory pain and analgesia. Pain 2012, 153, 876–884. [Google Scholar] [CrossRef] [PubMed]

	34. 
Nagakura, Y.; Oe, T.; Aoki, T.; Matsuoka, N. Biogenic amine depletion causes chronic muscular pain and tactile allodynia accompanied by depression: A putative animal model of fibromyalgia. Pain 2009, 146, 26–33. [Google Scholar] [CrossRef] [PubMed]

	35. 
Blasco-Serra, A.; Escrihuela-Vidal, F.; González-Soler, E.M.; Martínez-Expósito, F.; Blasco-Ausina, M.C.; Martínez-Bellver, S.; Cervera-Ferri, A.; Teruel-Martí, V.; Valverde-Navarro, A.A. Depressive-like symptoms in a reserpine-induced model of fibromyalgia in rats. Physiol. Behav. 2015, 151, 456–462. [Google Scholar] [CrossRef] [PubMed]

	36. 
Chen, C.N.; Chang, K.C.; Lin, R.F.; Wang, M.H.; Shih, R.L.; Tseng, H.C.; Soung, H.S.; Tsai, C.C. Nitric oxide pathway activity modulation alters the protective effects of (−) Epigallocatechin-3-gallate on reserpine-induced impairment in rats. Behav. Brain Res. 2016, 305, 198–211. [Google Scholar] [CrossRef] [PubMed]

	37. 
De Almeida, P.; Lopes-Martins, R.Á.; Tomazoni, S.S.; Silva, J.A., Jr.; de Carvalho Pde, T.; Bjordal, J.M.; Leal Junior, E.C. Low-level laser therapy improves skeletal muscle performance, decreases skeletal muscle damage and modulates mRNA expression of COX-1 and COX-2 in a dose-dependent manner. Photochem. Photobiol. 2011, 87, 1159–1163. [Google Scholar] [CrossRef] [PubMed]

	38. 
Kim, H.S.; Patel, K.; Muldoon-Jacobs, K.; Bisht, K.S.; Aykin-Burns, N.; Pennington, J.D.; van der Meer, R.; Nguyen, P.; Savage, J.; Owens, K.M.; et al. SIRT3 is a mitochondria-localized tumor suppressor required for maintenance of mitochondrial integrity and metabolism during stress. Cancer Cell 2010, 17, 41–52. [Google Scholar] [CrossRef] [PubMed]

	39. 
Tao, R.; Coleman, M.C.; Pennington, J.D.; Ozden, O.; Park, S.H.; Jiang, H.; Kim, H.S.; Flynn, C.R.; Hill, S.; Hayes McDonald, W.; et al. Sirt3-mediated deacetylation of evolutionarily conserved lysine 122 regulates MnSOD activity in response to stress. Mol. Cell. 2010, 40, 893–904. [Google Scholar] [CrossRef] [PubMed]

	40. 
Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483–495. [Google Scholar] [CrossRef] [PubMed]

	41. 
Narayanan, K.B.; Park, H.H. Purification and analysis of the interactions of caspase-1 and ASC for assembly of the inflammasome. Appl. Biochem. Biotechnol. 2015, 175, 2883–2894. [Google Scholar] [CrossRef] [PubMed]

	42. 
Luo, B.; Li, B.; Wang, W.; Liu, X.; Liu, X.; Xia, Y.; Zhang, C.; Zhang, Y.; Zhang, M.; An, F. Rosuvastatin alleviates diabetic cardiomyopathy by inhibiting NLRP3 inflammasome and MAPK pathways in a type 2 diabetes rat model. Cardiovasc. Drugs Ther. 2014, 28, 33–43. [Google Scholar] [CrossRef] [PubMed]

	43. 
Wang, M.; Zhao, J.; Zhang, N.; Chen, J. Astilbin improves potassium oxonate-induced hyperuricemia and kidney injury through regulating oxidative stress and inflammation response in mice. Biomed. Pharmacother. 2016, 83, 975–988. [Google Scholar] [CrossRef] [PubMed]

	44. 
De Zanette, S.A.; Vercelino, R.; Laste, G.; Rozisky, J.R.; Schwertner, A.; Machado, C.B.; Xavier, F.; de Souza, I.C.; Deitos, A.; Torres, I.L.; et al. Melatonin analgesia is associated with improvement of the descending endogenous pain-modulating system in fibromyalgia: A phase II, randomized, double-dummy, controlled trial. BMC Pharmacol. Toxicol. 2014, 15, 40. [Google Scholar] [CrossRef] [PubMed]

	45. 
Citera, G.; Arias, M.A.; Maldonado-Cocco, J.A.; Lázaro, M.A.; Rosemffet, M.G.; Brusco, L.I.; Scheines, E.J.; Cardinali, D.P. The effect of melatonin in patients with fibromyalgia: A pilot study. Clin. Rheumatol. 2000, 19, 9–13. [Google Scholar] [CrossRef] [PubMed]

	46. 
Hussain, S.A.; Al-Khalifa, I.I.; Jasim, N.A.; Gorial, F.I. Adjuvant use of melatonin for treatment of fibromyalgia. J. Pineal Res. 2011, 50, 267–271. [Google Scholar] [CrossRef] [PubMed]

	47. 
Favero, G.; Stacchiotti, A.; Castrezzati, S.; Bonomini, F.; Albanese, M.; Rezzani, R.; Rodella, L.F. Melatonin reduces obesity and restores adipokine patterns and metabolism in obese (ob/ob) mice. Nutr. Res. 2015, 35, 891–900. [Google Scholar] [CrossRef] [PubMed]

	48. 
Marseglia, L.; D’Angelo, G.; Manti, S.; Aversa, S.; Arrigo, T.; Reiter, R.J.; Gitto, E. Analgesic, anxiolytic and anaesthetic effects of melatonin: New potential uses in pediatrics. Int. J. Mol. Sci. 2015, 16, 1209–1220. [Google Scholar] [CrossRef] [PubMed]

	49. 
Park, J.H.; Chung, E.J.; Kwon, H.J.; Im, S.S.; Lim, J.G.; Song, D.K. Protective effect of melatonin on TNF-α-induced muscle atrophy in L6 myotubes. J. Pineal Res. 2013, 54, 417–425. [Google Scholar] [CrossRef] [PubMed]

	50. 
Ramis, M.R.; Esteban, S.; Miralles, A.; Tan, D.X.; Reiter, R.J. Protective effects of melatonin and mitochondria-targeted antioxidants against oxidative stress: A review. Curr. Med. Chem. 2015, 22, 2690–2711. [Google Scholar] [CrossRef] [PubMed]

	51. 
Rodriguez, C.; Mayo, J.C.; Sainz, R.M.; Antolín, I.; Herrera, F.; Martín, V.; Reiter, R.J. Regulation of antioxidant enzymes: A significant role for melatonin. J. Pineal Res. 2004, 36, 1–9. [Google Scholar] [CrossRef] [PubMed]

	52. 
Wilhelmsen, M.; Amirian, I.; Reiter, R.J.; Rosenberg, J.; Gögenur, I. Analgesic effects of melatonin: A review of current evidence from experimental and clinical studies. J. Pineal Res. 2011, 51, 270–277. [Google Scholar] [CrossRef] [PubMed]

	53. 
Deng, Y.K.; Ding, J.F.; Liu, J.; Yang, Y.Y. Analgesic effects of melatonin on post-herpetic neuralgia. Int. J. Clin. Exp. Med. 2015, 8, 5004–5009. [Google Scholar] [PubMed]

	54. 
Carpenter, J.S.; Abelmann, A.C.; Hatton, S.N.; Robillard, R.; Hermens, D.F.; Bennett, M.R.; Lagopoulos, J.; Hickie, I.B. Pineal volume and evening melatonin in young people with affective disorders. Brain Imaging Behav. 2016. [Google Scholar] [CrossRef] [PubMed]

	55. 
Sun, X.; Wang, Y.; Wang, M.; Lian, B.; Sun, H.; Wang, G.; Li, Q.; Sun, L. Melatonin produces a rapid onset and prolonged efficacy in reducing depression-like behaviors in adult rats exposed to chronic unpredictable mild stress. Neurosci. Lett. 2017, 642, 129–135. [Google Scholar] [CrossRef] [PubMed]

	56. 
Srinivasan, V.; Lauterbach, E.C.; Ho, K.Y.; Acuña-Castroviejo, D.; Zakaria, R.; Brzezinski, A. Melatonin in antinociception: Its therapeutic applications. Curr. Neuropharmacol. 2012, 10, 167–178. [Google Scholar] [CrossRef] [PubMed]

	57. 
Da Silva, N.R.; Laste, G.; Deitos, A.; Stefani, L.C.; Cambraia-Canto, G.; Torres, I.L.; Brunoni, A.R.; Fregni, F.; Caumo, W. Combined neuromodulatory interventions in acute experimental pain: Assessment of melatonin and non-invasive brain stimulation. Front. Behav. Neurosci. 2015, 9, 77. [Google Scholar] [CrossRef] [PubMed]

	58. 
Lawson, K. Potential drug therapies for the treatment of fibromyalgia. Expert Opin. Investig. Drugs 2016, 25, 1071–1081. [Google Scholar] [CrossRef] [PubMed]

	59. 
Lopez-Canul, M.; Palazzo, E.; Dominguez-Lopez, S.; Luongo, L.; Lacoste, B.; Comai, S.; Angeloni, D.; Fraschini, F.; Boccella, S.; Spadoni, G.; et al. Selective melatonin MT2 receptor ligands relieve neuropathic pain through modulation of brainstem descending antinociceptive pathways. Pain 2015, 156, 305–317. [Google Scholar] [CrossRef] [PubMed]

	60. 
Posa, L.; De Gregorio, D.; Gobbi, G.; Comai, S. Targeting melatonin MT2 receptors: A novel pharmacological avenue for inflammatory and neuropathic pain. Curr. Med. Chem. 2017. [Google Scholar] [CrossRef] [PubMed]

	61. 
Lee, S.; Shin, J.; Hong, Y.; Lee, M.; Kim, K.; Lee, S.R.; Chang, K.T.; Hong, Y. Beneficial effects of melatonin on stroke-induced muscle atrophy in focal cerebral ischemic rats. Lab. Anim. Res. 2012, 28, 47–54. [Google Scholar] [CrossRef] [PubMed]

	62. 
Favero, G.; Rodella, L.F.; Nardo, L.; Giugno, L.; Cocchi, M.A.; Borsani, E.; Reiter, R.J.; Rezzani, R. A comparison of melatonin and á-lipoic acid in the induction of antioxidant defences in L6 rat skeletal muscle cells. Age 2015, 37, 9824. [Google Scholar] [CrossRef] [PubMed]

	63. 
Nagakura, Y.; Takahashi, M.; Noto, T.; Sekizawa, T.; Oe, T.; Yoshimi, E.; Tamaki, K.; Shimizu, Y. Different pathophysiology underlying animal models of fibromyalgia and neuropathic pain: Comparison of reserpine-induced myalgia and chronic constriction injury rats. Behav. Brain Res. 2012, 226, 242–249. [Google Scholar] [CrossRef] [PubMed]

	64. 
Ogino, S.; Nagakura, Y.; Tsukamoto, M.; Watabiki, T.; Ozawa, T.; Oe, T.; Shimizu, Y.; Ito, H. Systemic administration of 5-HT(2C) receptor agonists attenuates muscular hyperalgesia in reserpine-induced myalgia model. Pharmacol. Biochem. Behav. 2013, 108, 8–15. [Google Scholar] [CrossRef] [PubMed]

	65. 
Sanna, M.D.; Ghelardini, C.; Thurmond, R.L.; Masini, E.; Galeotti, N. Behavioural phenotype of histamine H(4) receptor knockout mice: Focus on central neuronal functions. Neuropharmacology 2017, 114, 48–57. [Google Scholar] [CrossRef] [PubMed]

	66. 
Murai, N.; Fushiki, H.; Honda, S.; Murakami, Y.; Iwashita, A.; Irie, M.; Tamura, S.; Nagakura, Y.; Aoki, T. Relationship between serotonin transporter occupancies and analgesic effects of AS1069562, the (+)-isomer of indeloxazine, and duloxetine in reserpine-induced myalgia rats. Neuroscience 2015, 289, 262–269. [Google Scholar] [CrossRef] [PubMed]

	67. 
Raghavendra, V.; Naidu, P.S.; Kulkarni, S.K. Reversal of reserpine-induced vacuous chewing movements in rats by melatonin: Involvement of peripheral benzodiazepine receptors. Brain Res. 2001, 904, 149–152. [Google Scholar] [CrossRef]

	68. 
Abílio, V.C.; Vera, J.A., Jr.; Ferreira, L.S.; Duarte, C.R.; Carvalho, R.C.; Grassl, C.; Martins, C.R.; Torres-Leite, D.; Bignotto, M.; Tufik, S.; et al. Effects of melatonin on orofacial movements in rats. Psychopharmacology 2002, 161, 340–347. [Google Scholar] [PubMed]

	69. 
Luna-Sánchez, M.; Díaz-Casado, E.; Barca, E.; Tejada, M.Á.; Montilla-García, Á.; Cobos, E.J.; Escames, G.; Acuña-Castroviejo, D.; Quinzii, C.M.; López, L.C. The clinical heterogeneity of coenzyme Q10 deficiency results from genotypic differences in the Coq9 gene. EMBO Mol. Med. 2015, 7, 670–687. [Google Scholar] [CrossRef] [PubMed]

	70. 
Pan, Q.; Zhang, W.; Wang, J.; Luo, F.; Chang, J.; Xu, R. Impaired voluntary wheel running behavior in the unilateral 6-hydroxydopamine rat model of Parkinson’s disease. J. Korean Neurosurg. Soc. 2015, 57, 82–87. [Google Scholar] [CrossRef] [PubMed]

	71. 
Oliveira, V.A.; Oliveira, C.S.; Ineu, R.P.; Moraes-Silva, L.; de Siqueira, L.F.; Pereira, M.E. Lactating and non-lactating rats differ in sensitivity to HgCl2: Protective effect of ZnCl2. J. Trace Elem. Med. Biol. 2014, 28, 240–246. [Google Scholar] [CrossRef] [PubMed]

	72. 
Oliveira, V.A.; Favero, G.; Stacchiotti, A.; Giugno, L.; Buffoli, B.; de Oliveira, C.S.; Lavazza, A.; Albanese, M.; Rodella, L.F.; Pereira, M.E.; et al. Acute mercuri exposition of virgin, pregnant, and lactating rats: Histopathological kidney and liver evaluations. Environ. Toxicol. 2016, 32, 1500–1512. [Google Scholar] [CrossRef] [PubMed]

	73. 
Agabiti-Rosei, C.; Favero, G.; De Ciuceis, C.; Rossini, C.; Porteri, E.; Rodella, L.F.; Franceschetti, L.; Maria Sarkar, A.; Agabiti-Rosei, E.; Rizzoni, D.; et al. Effect of long-term treatment with melatonin on vascular markers of oxidative stress/inflammation and on the anticontractile activity of perivascular fat in aging mice. Hypertens. Res. 2017, 40, 41–50. [Google Scholar] [CrossRef] [PubMed]

	74. 
Stacchiotti, A.; Favero, G.; Lavazza, A.; Golic, I.; Aleksic, M.; Korac, A.; Rodella, L.F.; Rezzani, R. Hepatic macrosteatosis is partially converted to microsteatosis by melatonin supplementation in ob/ob mice non-alcoholic fatty liver disease. PLoS ONE 2016, 11, e0148115. [Google Scholar] [CrossRef] [PubMed]

	75. 
Rezzani, R.; Favero, G.; Stacchiotti, A.; Rodella, L.F. Endothelial and vascular smooth muscle cell dysfunction mediated by cyclophylin A and the atheroprotective effects of melatonin. Life Sci. 2013, 92, 875–882. [Google Scholar] [CrossRef] [PubMed]

	76. 
Rodella, L.F.; Rossini, C.; Favero, G.; Foglio, E.; Loreto, C.; Rezzani, R. Nicotine-induced morphological changes in rat aorta: The protective role of melatonin. Cells Tissues Organs 2012, 195, 252–259. [Google Scholar] [CrossRef] [PubMed]























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijms-18-01389


  
    		
      ijms-18-01389
    


  




  





media/file8.jpg





media/file11.png
+ -
. # 80
601
= 60 -
2 i
-~ \-40 )
3301 <
o 3)
7)) 20 -
] 0 -
Control Res + H,0 Res+ MELRes + MEL Control Res + H,0 Res + MEL Res + MEL
2.5mg/kg 5 mglkg 2.5mg/kg 5 mg/kg
100 N 0
c « # Ju D

COX-1 (AU)

Control

* #

[+]

Res + H,O Res + MEL Res + MEL
2.5 mg/kg 5 mg/kg

SIRT3 (AU)
N
(@)

Control

Res + H,O Res + MEL Res + MEL
2.5 mg/kg 5 mg/kg

04 days 1 month B 2 months






media/file6.jpg
&

TSH (umol)ttissue (g)
N
8

g

Control

Reserpine + H,0 Res+MEL Res +MEL

25 mgkg

5 mg/kg

04 days M1 month B2 months






media/file1.png
60 -

+
o = H#
c o
S’ i 4+ ©
% 40 *# * #
p= te z |2
= -
g o -
nl
= |=
0
Control Res + H,O0 Res+ MEL Res+ MEL Vehicles
2.5 mg/kg/day 5 mg/kg/day
04 days M1 month B 2 months
80 -
E
o ©60-
O
5
@ 40- H
O ~ C e
20 - i [
Y —
(TN LU SR
0 g = =

Control

Res + H,O Res+ MEL Res+ MEL
2.5 mg/kg/day 5 mg/kg/day

Vehicles






media/file13.png
NLRP3 (AU)

N
O
!

N
o
1

Control

Res + H,O Res+ MEL Res + MEL

2.5 mg/kg

S mg/kg






media/file10.jpg
tos+ H;0 Res + MELRes + MEL

25mglg 5 mgkg

‘Contrl

Res + H,0 Res + MEL Res + MEL
25mghg 5 mgkg

B}

Control Res + H,0 Res + MEL Res + MEL

25mghg5myhg

Control

Res + H,0 Res + MEL Res + MEL
25mglg 5 mgkg

Deen






media/file7.png
TSH (umol)itissue (g)

600

400

2007

Control

Reserpine + H,O Res+ MEL Res+ MEL
2.5 mg/kg > mg/kg

[ 4 days M1 month @ 2 months






media/file12.jpg
NLRP3 (AU)

0]

o

Control

e

-A”

Res+H,0 Res+MEL Res+ MEL
25mgig 5 mokg






media/file9.png





media/file14.jpg
| Skeetal muscle morohologicaland
irastructual aorations.

. s

'REDUCTION OF SKELETAL.
MUSCLE ATROPHY AND
TENDERNESS






media/file5.png





media/file15.png
‘Skeleml muscle morphological and
ultrastructural alterations

: B

REDUCTION OF SKELETAL
MUSCLE ATROPHY AND
TENDERNESS






media/file3.png
wieght normalized (g)

Gastrochemius muscle

Control Res + H,0O Res + MEL Res + MEL
2.0 mg/lkg 5 mg/kg

[0 4 days 1 month B 2 months

o).
-

LN
O

1

N
-

Feret’s myotube
diameter (um)

* + . # B

#

Control Res + H,O Res+ MEL Res+ MEL
2.5mg/kg 5 mg/kg






media/file4.jpg





media/file0.jpg
2
o]

£
T 40
5
2 =
3 z
|§ 20 <l
=
o
0 =
Control  Res+H,0 Res+MEL Res+MEL  Vehicles
2.5 mg/kglday 5 mo/kg/day
014 days W1 month B 2 months
80
£ e ‘o “#
g 60 = &
8
2 =
a a o
20 I < |
4 o &
o4 1= =
Control  Res+H,O Res+MEL Res+MEL  Vehicles

2.5 mg/kglday 5 mg/kg/day






media/file2.jpg
- o

o
@

Gastrocnemius muscle
‘wieght normalized (g)

o

Control

Res + H,0

Res + MEL Res + MEL

2.5 mglkg

5mglkg

04 days W1 month B2 months.

60

N
8

Feret's myotube
diameter (um)
N
8

+

#

.4 B

Control

Res + H,0

Res + MEL Res + MEL

25mglkg

5 mglkg






