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Abstract

:

Spirulina platensis is a “super-food” and has attracted researchers’ attention due to its anti-inflammatory, antioxidant, and analgesic properties. Herein, we investigated the antinociceptive effects of Spirulina in different rodent behavior models of inflammatory pain. Male Swiss mice were treated with Spirulina (3–300 mg/kg, p.o.), indomethacin (10 mg/kg, p.o.), or vehicle (0.9% NaCl 10 mL/kg). Behavioral tests were performed with administration of acetic acid (0.6%, i.p.), formalin 2.7% (formaldehyde 1%, i.pl.), menthol (1.2 µmol/paw, i.pl.), cinnamaldehyde (10 nmol/paw, i.pl.), capsaicin (1.6 µg/paw, i.pl.), glutamate (20 µmol/paw, i.pl.), or naloxone (1 mg/kg, i.p.). The animals were also exposed to the rotarod and open field test to determine possible effects of Spirulina on locomotion and motor coordination. The quantitative phytochemical assays exhibited that Spirulina contains significant concentrations of total phenols and flavonoid contents, as well as it showed a powerful antioxidant effect with the highest scavenging activity. Oral administration of Spirulina completely inhibited the abdominal contortions induced by acetic acid (ED50 = 20.51 mg/kg). Spirulina treatment showed significant inhibition of formalin-induced nociceptive behavior during the inflammatory phase, and the opioid-selective antagonist markedly blocked this effect. Furthermore, our data indicate that the mechanisms underlying Spirulina analgesia appear to be related to its ability to modulate TRMP8 and TRPA1, but not by TRPV1 or glutamatergic system. Spirulina represents an orally active and safe natural analgesic that exhibits great therapeutic potential for managing inflammatory pain disorders.
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1. Introduction


Functional foods are hopeful for good health and an essential part of a healthy lifestyle [1]. According to Henry [2], the idea around functional foods follows the oriental philosophy that established “medicine and food have a common origin” [2]. In this context, when associated with a balanced diet and physical activity, functional foods’ consumption could be linked to beneficial health effects [3,4]. It includes their ability to reduce heart disease risk, mitigate neurodegenerative diseases, and prevent metabolic disorders such as type 2 diabetes mellitus (T2DM) [5,6,7]. Despite its benefits, functional foods still lack definition since this term has not been universally accepted [3]. However, it is possible to characterize them with active components, consumed as part of the usual diet, and they have been scientifically proven to provide a health benefit beyond essential nutrition [3,8]. Indeed, diets based on vegetable origin foods are considered excellent sources of ingredients [8,9], including omega-3 (ω-3), omega-6 (ω-6), omega-9 (ω-9), tocopherols, phenolic acids, beta-carotene, and others, which mediate anti-inflammatory and antioxidant effects through the activation of multiple cellular pathways [10,11]. In this way, previous studies demonstrated that functional food consumption can activate, for example, peroxisome proliferator-activated receptors (PPAR)—a nuclear transcription factor involved in lipid metabolism—which has been shown to prevent dyslipidemia and obesity [6,12,13,14]. Functional foods and their bioactive substances also affect gut homeostasis and stimulate the growth of specific intestinal microbiota members [15,16]. Short-chain fatty acids (SCFAs) derived from dietary fiber’s fermentation can bind to the ‘metabolite sensing’ receptor, such as G-protein-coupled receptor 43 (GPR43) on colonic epithelial cells, leading to NLR family pyrin domain-containing 3 (NLRP3) inflammasome activation [15]. In turn, the inflammasome pathway mediates the release of both the pro-inflammatory cytokines IL-1β and IL-18, providing protection against bacterial, viral, and protozoal infections [17]. Plant foods naturally rich in polyphenols such as strawberry and cranberry also improved insulin sensitivity in overweight and obese non-diabetic, insulin-resistant human subjects [18]. Still, according to Alkhatib [19], functional foods could optimize the immune system capacity to prevent and control pathogenic viral infections [19]. Altogether, it is possible to understand that functional foods can be considered essential tools in maintaining a healthy lifestyle and contributing to the prevention and treatment of different disorders. However, these effects’ underlying mechanisms have not yet been fully elucidated and need to be studied.



In this context, great attention has been focused on Spirulina platensis, a filamentous cyanobacterium used as a supplement food with highly nutritious potential feed resources and humanitarian instruments in fighting against severe malnutrition worldwide [10,20], because it is not expensive and is considered by the World Health Organization (WHO) as one of the most curative and prophylactic components of nutrition in the twenty-first century, and for this reason, some researchers have even recognized it as “super-food” [20,21]. In turn, some animal and human studies have reported anti-inflammatory, antioxidant, and immunomodulatory properties linked to this microalga [10]. These effects are associated with its rich nutrient Spirulina composition, including proteins (65%), minerals (7%), carbohydrates (20%), fatty acids (5–7%), essential amino acids, vitamins (vitamin B1, vitamin B12), antioxidants, γ-linolenic acid, chlorophyll, carotenoids, and phycocyanin [10,22,23,24], although its exact mechanism of action still remains unclear. In such a way, given its high nutritional value, the medicinal properties of Spirulina have been previously investigated. A recent study demonstrated that streptozotocin (STZ)-induced diabetic rats given oral Spirulina (500 mg/kg/day, for one month) showed lower pain scores in a formalin test when compared to the control group (untreated), suggesting that Spirulina could modulate nociceptive pathways [25]. Reddy and colleagues reported that C-phycocyanin-pigment-binding protein isolated from Spirulina is a selective inhibitor of cyclooxygenase-2 (COX-2), a mechanism by which the microalga could exert its anti-inflammatory and antinociceptive activity [26]. Moreover, immunohistochemical data from 6-hydroxydopamine (6-OHDA)-lesioned rat’s striatum showed that treatment with Spirulina (50 mg/kg, p.o.) significantly reduced inducible nitric oxide synthase (iNOS) and COX-2 immunoreactivity [27]. Another study also showed that Spirulina exerts analgesic effects in rats exposed to acetic acid-induced writhing response and hot plate test, associated with reduced IL-6, tumor necrosis factor (TNF), IL-1β, nitric oxide (NO) levels, and prostaglandin E(2) (PGE2), and suppressed the activities of COX-2 and iNOS [28]. However, there is still a lack of literature about the Spirulina mechanisms underlying anti-inflammatory and antinociceptive activities [28]. One way to evaluate the involvement of possible mechanisms involved in nociceptive responses is to use a test such as formalin that acts specifically on primary afferent sensory neurons through a direct action on transient receptor potential ankyrin 1 (TRPA1), a member of the potential transient receptor family of cationic channels that is highly expressed by a subset of C fiber nociceptors [29]. Keeping the above data in mind, the purpose of the present study was to investigate the Spirulina antinociceptive effect and its mechanism of action related to ascending pain control.




2. Materials and Methods


2.1. Drugs and Reagents


The following materials were used: acetic acid and absolute ethyl alcohol (Neon, São Paulo, Brazil), L-glutamic acid (glutamate) (Vetec, Rio de Janeiro, Brazil), capsaicin, cinnamaldehyde, indomethacin (Sigma-Aldrich, St. Louis, MO, USA), ketamine hydrochloride, xylazine hydrochloride (Syntec, São Paulo, Brazil), naloxone hydrochloride (Cristália, São Paulo, Brazil), formalin (Dinâmica, São Paulo, Brazil), sodium hydroxide (Nuclear, São Paulo, Brazil), menthol (A Essência, Santa Catarina, Brazil), and tween 80 (Labsynth, São Paulo, Brazil). The drugs were dissolved in 0.9% NaCl solution (saline) before administration, except cinnamaldehyde (1% tween 80 in saline), glutamate (saline solution at pH 7), and menthol (1.6% absolute ethyl alcohol + 0.01% tween 80 in saline). Capsaicin was prepared from a 0.5% capsaicin stock solution dissolved in absolute ethyl alcohol, and the 0.1% solution was prepared at the time of use by mixing the stock solution with tween 80 and 2:1:7 saline solution.




2.2. Plant Material and Extract Preparation


Powdered biological Spirulina, originally from China—Certiplanet PTBIO-04 [29], was obtained from Iswari®, Portugal, dissolved in 0.9% NaCl solution at room temperature. The composition of the Spirulina was provided by the supplier and is shown in Table 1.



In a new set of experiments, 2 g of Spirulina dried powder were weighted in a glass vial and extracted with 20 mL of water by a heating plate at 45 °C for 60 min under shaker. The mixture was centrifuged at 3000 rpm for 10 min (Fanem 002CB, São Paulo, Brazil), and then filtered through a filter paper. The extraction process was carried out in triplicate. The obtained filtered extracts were used for determination of total phenolic compounds, total flavonoid compounds, and antioxidant activity [30,31,32].




2.3. Total Phenolic Compound Determination


The concentration of total phenolic compounds in Spirulina was determined according to the Folin–Ciocalteu method [33,34]. Briefly, samples (200 μL) were introduced into test tubes in which 1 mL of Folin–Ciocalteu’s reagent (previously diluted 10× with water) and 1 mL of sodium carbonate (20%, w/v) were added. The tubes were mixed and allowed to stand in darkness at room temperature for 30 min. Absorption at 765 nm (for gallic acid) and 720 nm (for chlorogenic acid) against a blank was measured using anultraviolet–visible (UV/VIS) Spectrophotometer (Global Trade Technology UV GT7220, São Paulo, Brazil). A blank sample of extract was used for background subtraction. The total phenolic content was expressed as mg/mL gallic acid or chlorogenic acid equivalents using a calibration curve. All measurements were carried out in triplicate and expressed as mean ± standard deviation (SD).




2.4. Flavonoid Compound Determination


Flavonoid content was assessed according to the procedure of Dutra et al. [35] based on the aluminum chloride complex formation. To 1 mL of Spirulina extract, 0.1 mL of 10% (w/v) AlCl3 methanolic solution and 0.1 mL of 5% (w/v) NaNO2 solution were added. The mixture was allowed to react for 11 min at room temperature and the absorbance was read at 420 nm (for quercetin) and 510 nm (for catechin) against a blank. A blank sample of extract was used for background subtraction. The flavonoid content was expressed as mg/mL quercetin or catechin acid equivalents using a calibration curve. All measurements were carried out in triplicate and expressed as mean ± standard deviation (SD).




2.5. Antioxidant Activity


The improved Trolox Equivalent Antioxidant Capacity (TEAC) assay was used [36]. Briefly, a solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH) (125 mM) in ethanol and 0.05 mol/L acetate buffer (pH 5.5) were prepared. A dilution 1/5 of the extracts was performed for the assay in order to fall in the linear range of the response. The mixture was vortexed immediately after adding DPPH and allowed to stand at room temperature in a dark environment for 30 min, and the absorbance was read at 517 nm by a spectrophotometer. The antioxidant activity was obtained using a standard curve plotted with varying concentrations of Trolox (0 to 250 μg/mL). Determinations were made in triplicate and results were expressed as %Trolox equivalent (μg/mL)/100 g of Spirulina. All data are expressed as mean ± standard deviation (SD).




2.6. Animals


The experiments were performed on a total of 218 male Swiss mice (40–50 g, 60–90 days of age) obtained from the Universidade Federal de Santa Catarina (UFSC). Animals (maximum of 12 mice per group, housed in clear, transparent plastic cages with dust-free sawdust bedding) were kept under a 12 h light/dark cycle (artificial light on at 7:00 a.m.) and temperature (22 ± 2 °C). They were fed a pelleted and extruded mouse diet ad libitum and had unrestricted access to drinking water. Animals were acclimatized to laboratory settings for at least 1 h before testing and were used only once throughout the experiments. Mice were randomly assigned before treatment or behavioral evaluation. The treatment and evaluations were always performed at the same time and respecting the light/dark cycle. All procedures in this study were performed following the National Institute of Health Guide for the Care and Use of Laboratory Animals [37] and were approved by the Animal Ethics Committee of the Universidade Federal de Santa Catarina (CEUA-UFSC, protocol number 3914220319—approved on 10 May 2018). The mice were randomly assigned to groups before treatments, and behavioral evaluations were performed between 8:00 a.m. and 5:00 p.m. All behavioral analyses were measured manually, and the observer was blinded to the experimental protocols. Moreover, the number of animals and the intensity of the noxious stimuli used were the minima necessary to demonstrate consistent effects. All of the experimental procedures were conducted according to the guidelines of CONCEA and CEUA/UFSC, based on the principles of the 3Rs (Replacement, Reduction, and Refinement).




2.7. Antinociceptive Activity


2.7.1. Abdominal Writhing by Intraperitoneal Injection of Acetic Acid


The abdominal constriction induced by intraperitoneal injection of acetic acid (0.6%) was carried out according to the procedures described previously by Beirith et al. [38]. Animals were pre-treated with different Spirulina doses (3–300 mg/kg, p.o.) or indomethacin (10 mg/kg, p.o., used as positive control) 60 min before testing. The vehicle group received 0.9% of NaCl (10 mL/kg, p.o.). After the challenge, mice were placed in separate boxes, and the number of abdominal constrictions was cumulatively counted for 30 min [39] (Figure 1).




2.7.2. Formalin Test


The procedure used was similar to that described previously from Hunskaar and Hole [40]. In this model, two distinct periods can be evaluated, the neurogenic period, called the early phase (Phase I), identified in the first 5 min of the test, and the inflammatory period, named as late phase (Phase II), lasting 20 to 30 min after the injection of formalin [39]. In this way, 20 µL of 2.7% formalin solution (1% formaldehyde) was injected under the skin of the dorsal surface of the right hind paw. The animals were pre-treated with Spirulina (30 mg/kg, p.o.) or indomethacin (10 mg/kg, p.o., used as a positive control) 60 min before the test. The vehicle group received 0.9% NaCl (10 mL/kg). After the injection of the formalin solution, the animals were evaluated for 30 min (Figure 1). The quantification was based on the total time spent in different behavioral states, timed with a chronometer, and considered indicative of hyperalgesia, which was characterized by the animal elevating, licking, biting, or shaking the injected paw, or reducing the weight put on it.





2.8. Open Field and Rotarod Test


To assess whether Spirulina could change the locomotor activity of animals, an open field test was carried out, in which the numbers of crossings (indicative of locomotor activity) were evaluated [41]. Thus, the animals were pre-treated with Spirulina (30 mg/kg) or indomethacin (10 mg/kg, p.o.) 1 h before the test. Control animals received 0.9% NaCl (10 mL/kg). In this test, mice were placed individually in a wooden box (40 × 60 × 50 cm3) with the floor divided into 12 squares to investigate locomotion activity during 5 min, and the crossing number (number of squares crossed by the animal using all paws) was used to evaluate locomotion activity. Additionally, the rotarod test was applied to assess interferences in coordination and motor planning [42]. The protocol was developed at a speed of 32 rpm, over 60 s, making it possible to verify the latency period related to the number of falls [43]. The animals were pre-treated with Spirulina (30 mg/kg) or vehicle (0.9% NaCl 10 mL/kg) 1 h before the evaluation.




2.9. Noxious Behavior Induced by Menthol, Cinnamaldehyde, and Capsaicin


To verify the involvement of the Transient Receptor Potential channels (TRP channels)—subfamily M (melastatin) member 8 (TRPM8), subfamily A (ankyrin) member 1 (TRPA1), and subfamily V (vanilloid) member 1 (TRPV1)—in Spirulina’s antinociceptive activity, the effects of this microalga against nociceptive responses triggered by specific activators of these channels were tested, as described previously [44]. In these tests, the animals were pre-treated with Spirulina (30 mg/kg, p.o.) or vehicle (0.9% NaCl 10 mL/kg, control group), 1 h before the algogenic injections. In this test, menthol (1.2 µmol/paw, i.pl.), cinnamaldehyde (10 nmol/paw, i.pl.), and capsaicin (1.6 µg/paw, i.pl.) were used to evaluate the involvement of the TRPM8, TRPA1, and TRPV1 channels, respectively (Figure 1). Quantification of noxious behavior was based on the total time spent in different behavioral states characterized by the animal elevating, licking, biting, or shaking the injected paw or reducing the weight put on it in each test 20 or 5 min after menthol and cinnamaldehyde/capsaicin administration, respectively.




2.10. Noxious Behavior Induced by Glutamate


The protocol evaluated the possible interaction of Spirulina with the glutamatergic system described previously by Meotti et al. [45]. Briefly, mice were pre-treated with Spirulina (30 mg/kg, p.o.) or indomethacin (10 mg/kg, p.o.) 1 h before the glutamate injection, and control mice received 0.9% NaCl (10 mL/kg). The total time spent elevating, licking, biting, or shaking the injected paw or reducing the weight put on it was recorded in the initial 15 min of evaluation after the intra-plantar injection of glutamate (20 µmol/i.pl.) (Figure 1). The sum of seconds accumulated in different behavioral states was chosen to represent nociception induced by all solutions.




2.11. Assessment of Involvement of the Opioid System


To investigate the involvement of the opioid system in the analgesic effect of Spirulina, in this set of experiments, mice were pre-treated with naloxone (1 mg/kg, i.p.) [38]. After 20 min, the animals received Spirulina (30 mg/kg, p.o.) or vehicle (0.9% NaCl 10 mL/kg). After 1 h, animals received injection of formalin (2.7%). After the formalin solution injection, the animals were evaluated for 30 min (Figure 1). The quantification was based on the total time spent in different behavioral states, timed with a chronometer and considered indicative of hyperalgesia, which was characterized by the animal elevating, licking, biting, or shaking the injected paw or reducing the weight put on it (Figure 1).




2.12. Statistical Analysis


Non-clinical data are expressed as mean ± standard error of the mean (SEM) of 3–6 mice per group and represent two independent experiments (ntotal = 6–12 animals/group). Normality and homoscedasticity were evaluated using Shapiro–Wilk’s and Levene’s tests, respectively. Repeated measurements were considered within-subject random factors, and all results were analyzed by a mixed-model one-way analysis of variance (ANOVA). The effective dose (ED50) value (i.e., the dose of Spirulina producing half-maximal antinociceptive or the dose necessary to reduce the nociceptive response by 50% relative to the control value) was calculated by nonlinear regression analysis and reported as the geometric mean. The percentages of inhibition were obtained in each experiment concerning the control values (vehicle-treated mice for nociception tests, 100% response obtained with the vehicle). All experiments were performed by a blind operator concerning nociception assessments and statistical analyses. A statistical comparison of the data was performed by one-way ANOVA followed by Newman–Keuls’ test. p-values of <0.05, <0.01, and <0.001 were considered statistically significant. Statistical analyses were performed using GraphPad Prism 8.2.1 software (GraphPad Software Inc., San Diego, CA, USA).





3. Results


3.1. Total Phenol and Flavonoids Contents, and Antioxidant Effect


The content of total phenols and flavonoids in Spirulina were determined spectrometrically using the Folin–Ciocalteu reagent and aluminum chloride complex formation, respectively (Table 2). Moreover, Table 2 contains the results of antioxidant activity determined using DPPH, expressed as %Trolox equivalent (μg/mL)/100 g of Spirulina. The correlation between the phenolic and flavonoid contents of Spirulina and its corresponding antioxidant activity were also determined (0.90 and 0.82), respectively. Taken together, our data suggest that the radical scavenging effect is related to both the quantity and efficiency of the type of phenolic compound (i.e., gallic acid and chlorogenic acid) and flavonoids (quercetin and catechin) present in the samples.




3.2. Nociceptive Behavior Induced by Acetic Acid


Oral treatment with Spirulina (3, 10, 30, and 300 mg/kg) significantly inhibited the number of abdominal writhing induced by acetic acid when compared to the control group (Figure 2), with the percentage of inhibition of 49.76%, 72.76%, 52.58%, and 62.91%, respectively. Indomethacin (10 mg/kg, p.o.), used as a positive control, inhibited the abdominal writhing response, with a rate of 90.14% (Figure 2). Regression analysis showed that Spirulina has an ED50 of 20.51 mg/kg and reached the maximal effect (Emax) at a dose of 254.60 mg/kg, as evidenced in the dose–effect graphic (Figure 2). Therefore, it was possible to observe that, regardless of the dose, Spirulina showed an analgesic effect in the abdominal writhing test similar to the positive control. After this set of experiments, the dose of 30 mg/kg of Spirulina was used in subsequent experiments to investigate some of the mechanisms that underlie its anti-hyperalgesic properties.




3.3. Nociceptive Behavior Induced by Formalin


In this set of experiments, we observed that treatment with Spirulina (30 mg/kg p.o.) inhibited the total time in different behavioral states during the inflammatory phase of the test, thus demonstrating a significant reduction in nocifensive behavior when compared to the control group, with an inhibitory rate of 60.64% (Figure 3). Moreover, treatment with indomethacin (10 mg/kg) decreased the time in different behavioral states during the inflammatory phase of the test in phase II compared to the control group, with a 57.06% inhibition of nocifensive behavior (Figure 3). This data collection demonstrates that Spirulina and indomethacin effectively prevented the inflammatory pain behavior induced by formalin when tested at the same treatment schedule.




3.4. Assessment of Locomotor Activity


In another set of experiments, it was analyzed whether Spirulina could induce changes in mice’s locomotor performance during the antinociceptive effect to exclude probable false-positive results [46,47]. Herein, we evaluated the locomotor performance of mice treated with Spirulina. Relevantly, pre-treatment with Spirulina did not significantly affect the animals’ locomotor performance after oral administration of 30 mg/kg in the open field test (Figure 4A). Likewise, there was no deficit in locomotor function in the rotarod test after the previous administration of Spirulina (30 mg/kg p.o.) when compared to the control group (Figure 4B). Thus, our data demonstrated that single oral administration of Spirulina at a dose of 30 mg/kg to male mice demonstrated good tolerability and low toxicity when evaluated on motor behavioral parameters.




3.5. Nociceptive Behavior Induced by Menthol, Cinnamaldehyde, and Capsaicin


Then, the antinociceptive effects of Spirulina were evaluated in the tests of menthol (Figure 5A), cinnamaldehyde (Figure 5B), and capsaicin (Figure 5C). Spirulina (30 mg/kg, p.o.) significantly inhibited the nocifensive behavior induced by i.pl. menthol (TRPM8 channel) and cinnamaldehyde (TRPA1 channel), with 63.26% and 45.96% inhibitions respectively, compared to the control group. Capsaicin (TRPV1 channel) showed no significant difference when compared to the vehicle group. Taken together, it is possible to suggest that Spirulina has antinociceptive effects on ascending pain signaling for cold and/or inflammatory chemical stimuli through the TRMP8/TRPA1 pathway, although it did not show positive results in nociceptive pathways related to hot stimuli.




3.6. Nociceptive Behavior Induced by Glutamate


In the following protocol, it was observed that Spirulina (30 mg/kg, p.o.) did not show a significant reduction in the nocifensive behavior induced by i.pl. glutamate when compared to the vehicle group (Figure 6).




3.7. Assessment of Opioid System Involvement


In this set of experiments, we investigated whether the treatment with Spirulina could inhibit the inflammatory pain through opioid-dependent mechanisms in mice. Relevantly, pre-treatment with a non-selective opioid receptor antagonist naloxone (1 mg/kg, i.p.) significantly reversed the antinociception induced by Spirulina in formalin-induced nocifensive behavior (Figure 7). These data, allied to those presented before, allow us to suggest that the analgesic effect showed by Spirulina upon inflammatory response might be related, at least in part, to its ability to modulate the TRPM8/TRPA1 channel and endogenous opioids signaling pathways expressed in the primary sensory neuron. However, additional protocols are needed to clarify whether Spirulina could affect descending pain control systems, such as monoaminergic pathways.





4. Discussion


This study aimed to investigate the mechanisms underlying the antinociceptive effects of Spirulina. Our data showed that Spirulina mitigated central sensitization induced by formalin injection and interacted with TRP channels to induce its antinociceptive effects, specifically, TRPM8 and TRPA1, which play a critical role in detecting environmental cold temperatures and mechanical sensations [48,49]. Our results also demonstrated the possible involvement of the opioid system as another mediator of Spirulina’s analgesic effect. As mentioned previously, Spirulina is a microalga with high nutritional and medicinal properties [10]. Herein, we used aceticacid-induced writhing response to demonstrate that a single oral treatment with Spirulina showed peripheral analgesic effects, in agreement with a previous study by Abu-Taweeland colleagues [28]. According to the authors, the antinociceptive effects of Spirulina (300 mg/kg) in rats submitted to the hot plate test were similar to a standard drug (morphine, 5 mg/kg) [28], suggesting that Spirulina seems to have great potential for its employment as a natural analgesic strategy.



Formalin test is a widely spread method of injury-produced inflammatory pain, quite often used to screen novel compounds and considered a more satisfactory clinical pain model. Through this test, our group demonstrated that Spirulina could be an exciting approach to managing clinical pain [50]. A biphasic response characterizes the formalin test, like phase I comprises the direct activation of primary nociceptive afferents by formalin (5–10 min), while phase II encompasses afferent activation produced by inflammatory mediators released following tissue injury pain, possibly leading to central sensitization (15–60 min). Herein, Spirulina only decreased the nociceptive behavior on phase II, similarly to other analgesic/anti-inflammatory drugs, such as gabapentin and indomethacin. Previously, Abdel-Daim and colleagues reported that STZ-diabetic rats orally treated with Spirulina in a 500 mg/kg/day dose for one month showed lower pain scores during both experimental phases [25]. Herein, it is necessary to highlight that the studies are very different concerning the methodology and dose used, which could justify the findings’ divergence. Altogether, it appears that the use of Spirulina could be a viable, natural, and low-cost alternative with high nutritional potential, which can become an adjuvant in the treatment of clinical pain. The activation of TRPA1 has been widely implicated as an essential pain transducer, and for this reason, the formalin test demonstrates important mechanisms for nociceptive understanding. Particularly during phase II, where the continuous and disseminated diffusion of formalin occurs along the nerves that express TRPA1 and lead to the release of a wide variety of different inflammatory mediators that can sensitize TRPA1 [51]. For this reason, the present study makes it possible to demonstrate that Spirulina through inhibition of TRPA1 could contribute to the control of neuropathic and inflammatory pain models [52].



Herein, during our experimental protocols, Spirulina induced its antinociceptive effects in an optimal level that does not follow a dose–response effect, possibly because it has reached its maximum effect. A similar effect is commonly observed with plant-based therapeutics, which show huge variability in the concentration of active compounds, resulting in therapeutic or side effects changes. Additionally, oral treatment with Spirulina (3, 10, 30, and 300 mg/kg) significantly inhibited the number of abdominal writhing induced by acetic acid. Regression analysis showed that Spirulina has an ED50 of 20.51 mg/kg and reached the maximal effect (Emax) at a dose of 254.60 mg/kg, as evidenced in the dose–effect graphic (Figure 2). Based on these beneficial effects, a dose of 30 mg/kg of Spirulina was used in subsequent experiments to investigate some of the mechanisms underlying its antinociceptive effects. Abu-Taweeland collaborators demonstrated similar results in the test of abdominal contortions induced by acetic acid and in the control of thermal nociception with a dose of 200 mg/kg [28]. However, it is noteworthy that the authors chose to use a single dosage to compare the results, limiting the determination of a nociceptive response dose profile with the administration of Spirulina. Furthermore, Chamorro and colleagues evaluated the neuroprotective effects of Spirulina (25, 50, 100, 150, 200 mg/kg) in a Parkinson’s model. The authors reported that treatment for fourteen days with Spirulina (only at the dose of 150 mg/kg, p.o.) reduced dopamine depletion by 51% in mice that received 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) administration [53].



Knowing that functional foods have a wide range of bioactive ingredients, which can modulate the activity of multiple cellular pathways, next, we decided to investigate the mechanisms of action through which Spirulina mediates its analgesic effects. The effect of Spirulina against menthol- and cinnamaldehyde-evoked pain is of great interest because both agonists play an important role during nociceptive processes. From our experiments, it was possible to identify that Spirulina interacts with TRP channels—particularly TRPM8 and TRPA1—to inhibit nociceptive behavior. In turn, TRPA1 is mainly located in nociceptive neurons of the peripheral nervous system (PNS) and, for this reason, is considered a target for anti-inflammatory and analgesic therapies [48,54]. To our knowledge, this is the first study to examine the interaction of Spirulina with TRP channels. Despite this, according to Horvath and colleagues, lutein—a natural dietary carotenoid—inhibited the activation of TRPA1 receptors on capsaicin-sensitive peptidergic sensory nerve endings and the consequent neurogenic and non-neurogenic inflammatory responses [55]. Interestingly, Spirulina is naturally rich in pigments, chlorophyll, phenolic compounds, such as carotenoids, and phycocyanin [10]. Additionally, in the present study, we investigated the phenol contents and scavenging potential of Spirulina, evaluated by investigating their DPPH reduction against the positive control. Our data demonstrated a significant relationship between phenolic content, particularly gallic acid, chlorogenic acid, quercetin, and catechin contents, and DPPH scavenging, as well as antioxidant activity. Relevantly, our data are also in accordance with the outcomes of different research groups that reported a positive correlation between total phenolic content, including flavonoids, and antioxidant activity [32,35,56,57,58]. Likewise, Bierhals et al. and Machado et al. reported a similar result between the phenolic content and the radical scavenging activity of Spirulina extracts [30,31]. Thus, we hypothesize that the antinociceptive effect demonstrated by Spirulina through TRPA1 could be associated with the presence of phenolic, particularly chlorogenic acid and quercetin, in its composition [10], although additional experiments will be critical to confirm this hypothesis. In agreement, phenolic compounds have been recognized by their antioxidant properties and dietary intake related to decreased cancer, cardiovascular, and eye disease risk [59,60]. Another interesting point to be highlighted is the presence of gallic acid among the constituents of Spirulina. Our data suggest that the radical scavenging effect is related to the type of phenolic compound (i.e., gallic acid and chlorogenic acid) and flavonoids (quercetin and catechin) present in the samples. In this sense, it was established that gallic acid has the potential to reduce the influx of calcium mediated by the activation of TRPA1, and for this reason, it shows an antinociceptive effect by acting as a TRPA1 antagonist [61]. For this reason, we believe that the antioxidant and analgesic effects related to TRPA1 inhibition found in the present study may be associated with the presence of gallic acid in Spirulina.



Similarly, TRPM8 is a non-selective cation channel activated by cold temperature and by cooling agents (for instance, menthol, eucalyptol, and icilin), recognized by its role in pain transduction since it is mainly expressed in a subpopulation of cold-sensitive dorsal root ganglion (DRG) neurons and sensory nerves [62,63]. Consistent with our findings, a prior study also reported that TRPM8 antagonists—DFL23693 and DFL23448—can decrease the nociceptive response during formalin-induced orofacial pain and in rats exposed to chronic constriction injury-induced neuropathic pain [64]. In accordance, the systemic administration of 1-phenylethyl-4-(benzyloxy)-3methoxybenzyl(2-aminoethyl)carbamate (PBMC)—a TRPM8 antagonist—significantly reduced the cold hypersensitivity in inflammatory and nerve-injury pain models [65]. Consequently, we can also hypothesize that TRPM8 channels possibly contribute to modulating the antinociceptive activity of Spirulina. Additionally, knowing the role of TRPM8 in pain hypersensitivity (characterized by cold allodynia and cold hyperalgesia) [63,65,66,67,68], it is possible to theorize about the beneficial effects of Spirulina for the management of pain hypersensitivity. Nevertheless, as previously mentioned, further studies are required in order to corroborate our findings.



Regarding our data of capsaicin- and glutamate-induced elevating, licking, biting, or shaking the injected paw or reducing the weight put on it, Spirulina did not show significant antinociceptive activity. Glutamate is the primary excitatory neurotransmitter in adult mammals’ nervous systems and plays a significant role in nociceptive processes (acute and chronic pain) [69,70]. Its intra-plantar injection results in mechanical and thermal hyperalgesia because this neurotransmitter can excite and sensitize peripheral axons of primary afferent neurons, binding to ionotropic and metabotropic receptors [71]. At the same time, capsaicin (a chili pepper extract) produces painful sensations upon cutaneous application by activating the transient receptor potential cation channel subfamily V member 1 (TRPV1) [72,73]. It is recognized as an ion channel predominantly expressed by a subset of peripheral sensory neurons involved in pain sensation [74]. Both tests are among the main nociception models validated and extensively performed in rats and mice [75]. Through these tests, we can infer that glutamate receptors and TRPV1 channels possibly are not involved and do not contribute to the modulation of antinociceptive effects of Spirulina. However, more accurate data from bioinformatics or pharmacological approaches will be needed to confirm thesepropositions.



Since the opioid receptors and their ligands produce potent analgesia, the endogenous opioid system has a central role in pain [76,77]. Naloxone, in turn, is a non-selective, short-acting opioid receptor antagonist commonly used to treat these overdoses in clinical practice [78]. Herein, we demonstrated that naloxone reversed the antinociceptive effect of Spirulina during the formalin test. Following our findings, Santos and colleagues reported that the treatment of mice with orally supplied Spirulina LEB-18 dried biomass (Spirulina-LEB18) (50–400 mg/kg) 1 h before intra-plantar injection of Freund’s Complete Adjuvant (CFA) prevented the CFA-induced allodynia in a dose-dependent manner [79]. As in our work, the antinociceptive effect induced by Spirulina-LEB18 (200 mg/kg) was reduced by naloxone administration during a tail-flick test. It should also be noted that the efficacy of Spirulina-LEB18 (200 and 400 mg/kg) in the tail-flick test was quite similar and lasted longer than that induced by morphine [79]. Another critical component present in Spirulina was quercetin, and it may also be associated with analgesic effects from the activation of the opioid system found in the present study. Relevantly, previous reports demonstrated that quercetin reduced the inflammatory response through activation of the opioid system, with consequent inhibition of (i) neuronal adenylate cyclase, (ii) prostaglandins levels, and (iii) hyperalgesia [80,81]. Taken together, our data suggest that the antinociceptive effect of Spirulina could be attributed to the single or synergic action of these main phenolic components or even other minor constituents present in the blue-green algae. Nonetheless, additional studies are necessary to test this hypothesis. These findings suggest, at least in part, that the analgesic effect of Spirulina seems to be mediated by the opioid system. Relevantly, we did not find evidence that Spirulina affects motor performance evaluated by spontaneous locomotion in the open field test and rotarod. It is a commonly used test to assess mice’s locomotor and behavioral activity levels, allowing for evaluating drug-related effects on different aspects of animal behavior [82,83]. In agreement with our results, Santos and colleagues also reported that Spirulina-LEB18 (400 mg/kg) did not affect mice’s motor function exposed to the rotarod performance test [63]. In this way, Spirulina seems to mediate its antinociceptive effects without inducing motor impairment or sedation.



The limitation of our study was the lack of control for algogenic injection (i.e., absolute control with the injection of the vehicles of each algogenic), which would be essential to evaluate how the behavior of animal’s changes compared to the absolute control and consequently, observe some partial effects. However, we and others have previously published reports related to algogenic injection with the same methodology used in this study [44,84,85,86,87,88,89,90]. Moreover, the number of animals and the intensity of noxious stimuli used were the minima necessary to demonstrate consistent effects. All of the experimental procedures were conducted according to the guidelines of CONCEA and CEUA/UFSC, based on the principles of the 3Rs (Replacement, Reduction, and Refinement). Finally, due to the current coronavirus COVID-19 pandemic—a global health crisis—that affected the routine of the university, further investigations are permanently suspended, making it unfeasible to conduct additional experiments.




5. Conclusions


Spirulina has been recognized in the literature as a functional food due to its high nutritive value, and previous studies have demonstrated its beneficial health effects linked to potent free-radical scavenger [91], anti-inflammatory [28], and analgesic properties [25]. The present study highlighted the antinociceptive effect of a single treatment with Spirulina in mice submitted to different models of acute nociceptive response and its underlying mechanisms of action related to the ascending pain control and antioxidant effect. Altogether, we demonstrated that Spirulina exerts antinociceptive effects during inflammatory models by modulating TRPM8/TRPA1 channels and endogenous opioids signaling pathways. In this way, considering that dietary supplements’ use is considered safe and approved by the Food and Drug Administration (FDA), Spirulina could represent a natural analgesic strategy and adjuvant for treatment of different inflammatory clinical pain (Figure 8).







Author Contributions


Conceptualization, M.A.F., A.V. and R.C.D.; methodology, M.A.F., A.V., G.B.V. and R.C.D.; validation, M.A.F., G.B.V. and R.C.D.; formal analysis, M.A.F., E.C.D.G., E.G.F., R.C. and R.C.D.; investigation, M.A.F., A.V., E.C.D.G., E.G.F. and G.B.V.; resources, R.C.D.; data curation, M.A.F., E.C.D.G., E.G.F., G.B.V., D.C., M.C. and R.C.D.; writing—original draft preparation, M.A.F.; writing—review and editing, M.A.F., E.C.D.G., E.G.F., D.C., M.C., R.C. and R.C.D.; supervision, R.C.D.; project administration, R.C.D.; funding acquisition, R.C.D. All authors have read and agreed to the published version of the manuscript.




Funding


The Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Fundação de Amparo à Pesquisa e Inovação do Estado de Santa Catarina (FAPESC), INCT-INOVAMED Program (Grant 465430/2014-7), and Programa de Pós-Graduação em Neurociências (PGN), allfrom Brazil, supported this work. E.C.D.G. and E.G.F. are Ph.D. students in neuroscience receiving grants from FAPESC and CAPES, respectively. R.C.D. is the recipient of a research productivity fellowship from the CNPq.




Institutional Review Board Statement


The study was conducted according to the National Institute of Health Guide for the Care and Use of Laboratory Animals [29] and were approved by the Animal Ethics Committee of the Universidade Federal de Santa Catarina (CEUA-UFSC, protocol number 3914220319—approved on 10 May 2018). All of the experimental procedures were conducted according to the guidelines of CONCEA and CEUA/UFSC, based on the principles of the 3Rs (Replacement, Reduction, and Refinement).




Informed Consent Statement


Not applicable.




Data Availability Statement


All the results used in this work to support the conclusions of this study are included in the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Granado-Lorencio, F.; Hernández-Alvarez, E. Functional foods and health effects: A nutritional biochemistry perspective. Curr. Med. Chem. 2016, 23, 2929–2957. [Google Scholar] [CrossRef]

	



Henry, C.J. Functional foods. Eur. J. Clin. Nutr. 2010, 64, 657–659. [Google Scholar] [CrossRef]

	



Hasler, C.M. Functional foods: Benefits, concerns and challenges—A position paper from the American Council on Science and Health. J. Nutr. 2002, 132, 3772–3781. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Lepe, M.A.; Olivas-Aguirre, F.J.; Gómez-Miranda, L.M.; Hernández-Torres, R.P.; Manríquez-Torres, J.d.J.; Ramos-Jiménez, A. Systematic physical exercise and Spirulina maxima supplementation improve body composition, cardiorespiratory fitness, and blood lipid profile: Correlations of a randomized double-blind controlled trial. Antioxidants 2019, 8, 507. [Google Scholar] [CrossRef] [PubMed]

	



Kurtz, T.W.; DiCarlo, S.E.; Pravenec, M.; Morris, C. Functional foods for augmenting nitric oxide activity and reducing the risk for salt-induced hypertension and cardiovascular disease in Japan. J. Cardiol. 2019, 176, 139–148. [Google Scholar] [CrossRef] [PubMed]

	



Asgary, S.; Rastqar, A.; Keshvari, M. Functional food and cardiovascular disease prevention and treatment: A Review. J. Am. Coll. Nutr. 2018, 37, 429–455. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, J.C.T.; Fernandes, C.P.; Daleprane, J.B.; Alves, M.S.; Stien, D.; Dhammika Nanayakkara, N.P. Role of natural antioxidants from functional foods in neurodegenerative and metabolic disorders. Oxid. Med. Cell. Longev. 2018, 2018, 2–3. [Google Scholar] [CrossRef] [PubMed]

	



Konstantinidi, M.; Koutelidakis, A.E. Functional foods and bioactive compounds: A Review of its possible role on weight management and obesity’s metabolic consequences. Medicines 2019, 6, 94. [Google Scholar] [CrossRef]

	



Serafini, M.; Peluso, I. Graphic representation of the relationship between oxygen-consumption and characteristics of normal gait of the human male. Curr. Pharm. Des. 2016, 75, 305–314. [Google Scholar] [CrossRef]

	



Mathur, M. Bioactive Molecules in Food; Mérillon, J.-M., Ramawat, K.G., Eds.; Springer: Berlin/Heidelberg, Germany, 2018; ISBN 978-3-319-54528-8. [Google Scholar]

	



Yasmeen, R.; Fukagawa, N.K.; Wang, T.T. Establishing health benefits of bioactive food components: A basic research scientist’s perspective. Curr. Opin. Biotechnol. 2017, 44, 109–114. [Google Scholar] [CrossRef]

	



Shearer, G.C.; Savinova, O.V.; Harris, W.S. Fish Oil and Plasma Triglycerides. Biochim. Biophys. Acta 2012, 23, 843–851. [Google Scholar] [CrossRef]

	



Baker, A.D.; Malur, A.; Barna, B.P.; Kavuru, M.S.; Malur, A.G.; Thomassen, M.J. PPARγ regulates the expression of cholesterol metabolism genes in alveolar macrophages. Biochem. Biophys. Res. Commun. 2010, 393, 682–687. [Google Scholar] [CrossRef]

	



Chiang, J.Y.L.; Li, T. Regulation of bile acid and cholesterol metabolism by PPARs. PPAR Res. 2009, 2009. [Google Scholar] [CrossRef]

	



Macia, L.; Tan, J.; Vieira, A.T.; Leach, K.; Stanley, D.; Luong, S.; Maruya, M.; Ian McKenzie, C.; Hijikata, A.; Wong, C.; et al. Metabolite-sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the inflammasome. Nat. Commun. 2015, 6. [Google Scholar] [CrossRef]

	



Danneskiold-Samsøe, N.B.; Dias de Freitas Queiroz Barros, H.; Santos, R.; Bicas, J.L.; Cazarin, C.B.B.; Madsen, L.; Kristiansen, K.; Pastore, G.M.; Brix, S.; Maróstica Júnior, M.R. Interplay between food and gut microbiota in health and disease. Food Res. Int. 2019, 115, 23–31. [Google Scholar] [CrossRef]

	



Man, S.M. Inflammasomes in the gastrointestinal tract: Infection, cancer and gut microbiota homeostasis. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 721–737. [Google Scholar] [CrossRef]

	



Paquette, M.; Medina Larqué, A.S.; Weisnagel, S.J.; Desjardins, Y.; Marois, J.; Pilon, G.; Dudonné, S.; Marette, A.; Jacques, H. Strawberry and cranberry polyphenols improve insulin sensitivity in insulin-resistant, non-diabetic adults: A parallel, double-blind, controlled and randomised clinical trial. Br. J. Nutr. 2017, 117, 519–531. [Google Scholar] [CrossRef] [PubMed]

	



Alkhatib, A. Antiviral functional foods and exercise lifestyle prevention of coronavirus. Nutrients 2020, 12, 2633. [Google Scholar] [CrossRef] [PubMed]

	



Zeinalian, R.; Farhangi, M.A.; Shariat, A.; Saghafi-Asl, M. The effects of Spirulina Platensis on anthropometric indices, appetite, lipid profile and serum vascular endothelial growth factor (VEGF) in obese individuals: A randomized double blinded placebo controlled trial. BMC Complement. Altern. Med. 2017, 17, 4–11. [Google Scholar] [CrossRef] [PubMed]

	



Maranesi, M.; Barzanti, V.; Carenini, G.; Gentili, P. Nutritional studies on Spirulina maxima. Acta Vitaminol. Enzym. 1984, 6, 295–304. [Google Scholar]

	



De Freitas Brito, A.; Silva, A.S.; de Oliveira, C.V.C.; de Souza, A.A.; Ferreira, P.B.; de Souza, I.L.L.; da Cunha Araujo, L.C.; da Silva Félix, G.; de Souza Sampaio, R.; Tavares, R.L.; et al. Spirulina platensis prevents oxidative stress and inflammation promoted by strength training in rats: Dose-response relation study. Sci. Rep. 2020, 10, 6382. [Google Scholar] [CrossRef]

	



Soheili, M.; Khosravi-Darani, K. The Potential Health Benefits of Algae and Micro Algae in Medicine: A Review on Spirulina platensis. Curr. Nutr. Food Sci. 2011, 7, 279–285. [Google Scholar] [CrossRef]

	



Wu, Q.; Liu, L.; Miron, A.; Klímová, B.; Wan, D.; Kuča, K. The antioxidant, immunomodulatory, and anti-inflammatory activities of Spirulina: An overview. Arch. Toxicol. 2016, 90, 1817–1840. [Google Scholar] [CrossRef]

	



Abdel-Daim, M.M.; Ali, M.S.; Madkour, F.F.; Elgendy, H. Oral spirulina platensis attenuates hyperglycemia and exhibits antinociceptive effect in streptozotocin-induced diabetic neuropathy rat model. J. Pain Res. 2020, 13, 2289–2296. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, C.M.; Bhat, V.B.; Kiranmai, G.; Reddy, M.N.; Reddanna, P.; Madyastha, K.M. Selective inhibition of cyclooxygenase-2 by C-phycocyanin, a biliprotein from Spirulina platensis. Biochem. Biophys. Res. Commun. 2000, 277, 599–603. [Google Scholar] [CrossRef] [PubMed]

	



Lima, F.A.V.; Joventino, I.P.; Joventino, F.P.; de Almeida, A.C.; Neves, K.R.T.; do Carmo, M.R.; Leal, L.K.A.M.; de Andrade, G.M.; de Barros Viana, G.S. Neuroprotective Activities of Spirulina platensis in the 6-OHDA Model of Parkinson’s Disease Are Related to Its Anti-Inflammatory Effects. Neurochem. Res. 2017, 42, 3390–3400. [Google Scholar] [CrossRef] [PubMed]

	



Abu-Taweel, G.M.; Mohsen, G.A.M.; Antonisamy, P.; Arokiyaraj, S.; Kim, H.J.; Kim, S.J.; Park, K.H.; Kim, Y.O. Spirulina consumption effectively reduces anti-inflammatory and pain related infectious diseases. J. Infect. Public Health 2019, 12, 777–782. [Google Scholar] [CrossRef]

	



McNamara, C.R.; Mandel-Brehm, J.; Bautista, D.M.; Siemens, J.; Deranian, K.L.; Zhao, M.; Hayward, N.J.; Chong, J.A.; Julius, D.; Moran, M.M.; et al. TRPA1 mediates formalin-induced pain. Proc. Natl. Acad. Sci. USA 2007, 104, 13525–13530. [Google Scholar] [CrossRef] [PubMed]

	



Machado, A.R.; Graça, C.S.; de Assis, L.M.; de Souza-Soares, L.A. Uma abordagem sobre caracterização e avaliação do potencial antioxidante de extratos fenólicos de microalgas Spirulina sp. LEB-18 e Chlorella pyrenoidosa. Rev. Ciências Agrárias 2017, 40, 264–278. [Google Scholar] [CrossRef]

	



da Bierhals, V.S.; Machado, V.G.; Echevenguá, W.O.; Costa, J.A.V.; Furlong, E.B. Compostos fenólicos totais, atividade antioxidante e antifúngica de multimisturas enriquecidas com a microalga Spirulina platensis. Rev. Inst. Adolfo Lutz 2009, 68, 42–48. [Google Scholar]

	



Mokrani, A.; Madani, K. Effect of Solvent, Time and Temperature on the Extraction of Phenolic Compounds and Antioxidant Capacity of Peach (Prunus persica L.) Fruit; Elsevier: Amsterdam, The Netherlands, 2016; Volume 162, ISBN 2135415065. [Google Scholar]

	



Singleton, S.; Rossi, J.; Singleton, V.; Singleton, V.; Rossi, J.; Singleton, V. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 1965, 16, 144–158. [Google Scholar]

	



Zhishen, J.; Mengcheng, T.; Jianming, W. The determination of flavonoid contents in mulberry and their scavenging effects on superoxide radicals. Food Chem. 1999, 64, 555–559. [Google Scholar] [CrossRef]

	



Dutra, R.C.; Leite, M.N.; Barbosa, N.R. Quantification of phenolic constituents and antioxidant activity of Pterodon emarginatus vogel seeds. Int. J. Mol. Sci. 2008, 9, 606–614. [Google Scholar] [CrossRef] [PubMed]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved abts radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



National Research Council. Guide for the Care and Use of Laboratory Animals; The National Academic Press: New York, NY, USA, 2011; Volume 21. [Google Scholar]

	



Beirith, A.; Santos, A.R.S.; Calixto, J.B.; Hess, S.C.; Messana, I.; Ferrari, F.; Yunes, R.A. Study of the antinociceptive action of the ethanolic extract and the triterpene 24-hydroxytormentic acid isolated from the stem bark of Ocotea suaveolens. Planta Med. 1999, 65, 50–55. [Google Scholar] [CrossRef]

	



Martínez, V.; Coutinho, S.V.; Thakur, S.; Mogil, J.S.; Taché, Y.; Mayer, E.A. Differential effects of chemical and mechanical colonic irritation on behavioral pain response to intraperitoneal acetic acid in mice. Pain 1999, 81, 179–186. [Google Scholar] [CrossRef]

	



Hunskaar, S.; Hole, K. The formalin test in mice: Dissociation between inflammatory and non-inflammatory pain. Pain 1987, 30, 103–114. [Google Scholar] [CrossRef]

	



Broadhurst, P.L. Experiments in Psychogenetics; Routledge Kegan Paul: London, UK, 1960; pp. 31–61. [Google Scholar]

	



Johnson, J.; Pajarillo, E.A.B.; Taka, E.; Reams, R.; Son, D.S.; Aschner, M.; Lee, E. Valproate and sodium butyrate attenuate manganese-decreased locomotor activity and astrocytic glutamate transporters expression in mice. Neurotoxicology 2018, 64, 230–239. [Google Scholar] [CrossRef]

	



Curzon, P.; Zhang, M.; Radek, R.; Fox, G. The behavioral assessment of sensorimotor processes in the mouse: Acoustic startle, sensory gating, locomotor activity, rotarod, and beam walking. Methods Behav. Anal. Neurosci. 2009, 2. [Google Scholar] [CrossRef]

	



Simões, R.R.; Dos Santos Coelho, I.; Do Espírito Santo, C.C.; Morel, A.F.; Zanchet, E.M.; Santos, A.R.S. Oral treatment with methanolic extract of the root bark of Condalia buxifolia Reissek alleviates acute pain and inflammation in mice: Potential interactions with PGE2, TRPV1/ASIC and PKA signaling pathways. J. Ethnopharmacol. 2016, 185, 319–326. [Google Scholar] [CrossRef]

	



Meotti, F.C.; dos Coelho, I.S.; Santos, A.R.S. The Nociception Induced by Glutamate in Mice Is Potentiated by Protons Released into the Solution. J. Pain 2010, 11, 570–578. [Google Scholar] [CrossRef]

	



Le Bars, D.; Gozariu, M.; Cadden, S.W. Animal models of nociception. Pharmacol. Rev. 2001, 53, 597–652. [Google Scholar] [CrossRef] [PubMed]

	



Barrot, M. Tests and models of nociception and pain in rodents. Neuroscience 2012, 211, 39–50. [Google Scholar] [CrossRef] [PubMed]

	



Meents, J.E.; Ciotu, C.I.; Fischer, M.J.M. Trpa1: A molecular view. J. Neurophysiol. 2019, 121, 427–443. [Google Scholar] [CrossRef] [PubMed]

	



Bernd, N.; Flockerzi, V. (Eds.) Mammalian Transient Receptor Potential (TRP) Cation Channels; Springer: Berlin/Heidelberg, Germany, 2014; Volume 2, ISBN 9783642542152. [Google Scholar]

	



Azhdari-Zarmehri, H.; Mohammad-Zadeh Prof, M.; Feridoni, M.; Nazeri, M. Termination of nociceptive bahaviour at the end of phase 2 of formalin test is attributable to endogenous inhibitory mechanisms, but not by opioid receptors activation. Basic Clin. Neurosci. 2014, 5, 48–54. [Google Scholar]

	



Dall’Acqua, M.C.; Bonet, I.J.M.; Zampronio, A.R.; Tambeli, C.H.; Parada, C.A.; Fischer, L. The contribution of transient receptor potential ankyrin 1 (TRPA1) to the in vivo nociceptive effects of prostaglandin E2. Life Sci. 2014, 105, 7–13. [Google Scholar] [CrossRef]

	



Nassini, R.; Fusi, C.; Materazzi, S.; Coppi, E.; Tuccinardi, T.; Marone, I.M.; De Logu, F.; Preti, D.; Tonello, R.; Chiarugi, A.; et al. The TRPA1 channel mediates the analgesic action of dipyrone and pyrazolone derivatives. Br. J. Pharmacol. 2015, 172, 3397–3411. [Google Scholar] [CrossRef] [PubMed]

	



Chamorro, G.; Pérez-Albiter, M.; Serrano-García, N.; Mares-Sámano, J.J.; Rojas, P. Spirulina maxima pretreatment partially protects against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity. Nutr. Neurosci. 2006, 9, 207–212. [Google Scholar] [CrossRef]

	



Souza Monteiro de Araujo, D.; Nassini, R.; Geppetti, P.; De Logu, F. TRPA1 as a therapeutic target for nociceptive pain. Expert Opin. Ther. Targets 2020, 24, 997–1008. [Google Scholar] [CrossRef]

	



Horváth, G.; Kemény, Á.; Barthó, L.; Molnár, P.; Deli, J.; Szente, L.; Bozó, T.; Pál, S.; Sándor, K.; Szőke, É.; et al. Effects of some natural carotenoids on TRPA1- and TRPV1-Induced neurogenic inflammatory processes in vivo in the mouse skin. J. Mol. Neurosci. 2015, 56, 113–121. [Google Scholar] [CrossRef]

	



Hossain, M.S.; Ali Reza, A.S.M.; Rahaman, M.M.; Nasrin, M.S.; Rahat, M.R.U.; Islam, M.R.; Uddin, M.J.; Rahman, M.A. Evaluation of morning glory (Jacquemontia tamnifolia (L.) Griseb) leaves for antioxidant, antinociceptive, anticoagulant and cytotoxic activities. J. Basic Clin. Physiol. Pharmacol. 2018, 29, 291–299. [Google Scholar] [CrossRef]

	



Djiazet, S.; Kenfack, L.B.M.; Devi, P.B.; Nazareth, M.S.; Tchiégang, C.; Shetty, P.H. Phenolic profile, antioxidant and enzyme inhibitory activities of underutilized spices from Central Africa. J. Food Sci. Technol. 2020. [Google Scholar] [CrossRef]

	



Meini, M.R.; Cabezudo, I.; Boschetti, C.E.; Romanini, D. Recovery of phenolic antioxidants from Syrah grape pomace through the optimization of an enzymatic extraction process. Food Chem. 2019, 283, 257–264. [Google Scholar] [CrossRef]

	



Johnson, E.J. The role of carotenoids in human health. Nutr. Clin. Care 2002, 5, 56–65. [Google Scholar] [CrossRef] [PubMed]

	



Park, W.S.; Kim, H.J.; Li, M.; Lim, D.H.; Kim, J.; Kwak, S.S.; Kang, C.M.; Ferruzzi, M.G.; Ahn, M.J. Two classes of pigments, carotenoids and c-phycocyanin, in spirulina powder and their antioxidant activities. Molecules 2018, 23, 2065. [Google Scholar] [CrossRef] [PubMed]

	



Trevisan, G.; Rossato, M.F.; Tonello, R.; Hoffmeister, C.; Klafke, J.Z.; Rosa, F.; Pinheiro, K.V.; Pinheiro, F.V.; Boligon, A.A.; Athayde, M.L.; et al. Gallic acid functions as a TRPA1 antagonist with relevant antinociceptive and antiedematogenic effects in mice. Naunyn. Schmiedebergs. Arch. Pharmacol. 2014, 387, 679–689. [Google Scholar] [CrossRef]

	



De Caro, C.; Cristiano, C.; Avagliano, C.; Bertamino, A.; Ostacolo, C.; Campiglia, P.; Gomez-Monterrey, I.; La Rana, G.; Gualillo, O.; Calignano, A.; et al. Characterization of New TRPM8 Modulators in Pain Perception. Int. J. Mol. Sci. 2019, 20, 5544. [Google Scholar] [CrossRef] [PubMed]

	



Beccari, A.R.; Gemei, M.; Monte, M.L.; Menegatti, N.; Fanton, M.; Pedretti, A.; Bovolenta, S.; Nucci, C.; Molteni, A.; Rossignoli, A.; et al. Novel selective, potent naphthyl TRPM8 antagonists identified through a combined ligand-and structure-based virtual screening approach. Sci. Rep. 2017, 7, 10999. [Google Scholar] [CrossRef]

	



De Caro, C.; Russo, R.; Avagliano, C.; Cristiano, C.; Calignano, A.; Aramini, A.; Bianchini, G.; Allegretti, M.; Brandolini, L. Antinociceptive effect of two novel transient receptor potential melastatin 8 antagonists in acute and chronic pain models in rat. Br. J. Pharmacol. 2018, 175, 1691–1706. [Google Scholar] [CrossRef]

	



Knowlton, W.M.; Daniels, R.L.; Palkar, R.; McCoy, D.D.; McKemy, D.D. Pharmacological blockade of TRPM8 ion channels alters cold and cold pain responses in mice. PLoS ONE 2011, 6. [Google Scholar] [CrossRef]

	



Julius, D. TRP Channels and Pain; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2013; Volume 29, ISBN 9781315152837. [Google Scholar]

	



Chung, M.K.; Jung, S.J.; Oh, S.B. Role of TRP channels in pain sensation. Adv. Exp. Med. Biol. 2011, 704, 615–636. [Google Scholar] [CrossRef]

	



Baron, R. Neuropathic Pain: A Clinical Perspective. Handb. Exp. Pharmacol. 2009, 16, 129–145. [Google Scholar] [CrossRef]

	



Pereira, V.; Goudet, C. Emerging trends in pain modulation by metabotropic glutamate receptors. Front. Mol. Neurosci. 2019, 11. [Google Scholar] [CrossRef] [PubMed]

	



Wozniak, K.M.; Rojas, C.; Wu, Y.W.; Slusher, B.S. The Role of Glutamate Signaling in Pain Processes and its Regulation by GCP II Inhibition. Curr. Med. Chem. 2012, 19, 1323–1334. [Google Scholar] [CrossRef] [PubMed]

	



Hoffman, E.M.; Miller, K.E. Peripheral inhibition of glutaminase reduces carrageenan- induced Fos expression in the superficial dorsal horn of the rat Ernest. Neurosci Lett. 2010, 472, 157–160. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Zheng, J. Understand spiciness: Mechanism of TRPV1 channel activation by capsaicin. Protein Cell 2017, 8, 169–177. [Google Scholar] [CrossRef]

	



White, J.P.M.; Urban, L.; Nagy, I. TRPV1 Function in Health and Disease. Curr. Pharm. Biotechnol. 2010, 12, 130–144. [Google Scholar] [CrossRef]

	



Jardín, I.; López, J.J.; Diez, R.; Sánchez-Collado, J.; Cantonero, C.; Albarrán, L.; Woodard, G.E.; Redondo, P.C.; Salido, G.M.; Smani, T.; et al. TRPs in pain sensation. Front. Physiol. 2017, 8, 392. [Google Scholar] [CrossRef]

	



Lenardão, E.J.; Savegnago, L.; Jacob, R.G.; Victoria, F.N.; Martinez, D.M. Antinociceptive effect of essential oils and their constituents: An update review. J. Braz. Chem. Soc. 2016, 27, 435–474. [Google Scholar] [CrossRef]

	



Thompson, S.J.; Pitcher, M.H.; Stone, L.S.; Tarum, F.; Niu, G.; Chen, X.; Kiesewetter, D.O.; Schweinhardt, P.; Bushnell, M.C. Chronic neuropathic pain reduces opioid receptor availability with associated anhedonia in rat. Pain 2018, 159, 1856–1866. [Google Scholar] [CrossRef]

	



Liang, X.; Liu, R.; Chen, C.; Ji, F.; Li, T. Opioid system modulates the immune function: A Review. Transl. Perioper. Pain Med. 2016, 1, 5–13. [Google Scholar]

	



Marco, C.A.; Trautman, W.; Cook, A.; Mann, D.; Rasp, J.; Perkins, O.; Ballester, M. Naloxone use among emergency department patients with opioid overdose. J. Emerg. Med. 2018, 55, 64–70. [Google Scholar] [CrossRef]

	



Santos, D.S.; Lauria, P.S.S.; Evangelista, A.F.; Azeredo, F.J.; Costa, J.A.V.; Soares, M.B.P.; Druzian, J.I.; Villarreal, C.F. Beyond inflammation: centrally mediated antinociceptive properties of Spirulina platensis LEB-18 biomass via the opioid system. J. Funct. Foods 2020, 72, 104083. [Google Scholar] [CrossRef]

	



Ruiz-Miyazawa, K.W.; Staurengo-Ferrari, L.; Mizokami, S.S.; Domiciano, T.P.; Vicentini, F.T.M.C.; Camilios-Neto, D.; Pavanelli, W.R.; Pinge-Filho, P.; Amaral, F.A.; Teixeira, M.M.; et al. Quercetin inhibits gout arthritis in mice: Induction of an opioid-dependent regulation of inflammasome. Inflammopharmacology 2017, 25, 555–570. [Google Scholar] [CrossRef] [PubMed]

	



Cunha, T.M.; Roman-Campos, D.; Lotufo, C.M.; Duarte, H.L.; Souza, G.R.; Verri, W.A.; Funez, M.I.; Dias, Q.M.; Schivo, I.R.; Domingues, A.C.; et al. Morphine peripheral analgesia depends on activation of the PI3Kγ/AKT/nNOS/NO/KATP signaling pathway. Proc. Natl. Acad. Sci. USA 2010, 107, 4442–4447. [Google Scholar] [CrossRef] [PubMed]

	



Tatem, K.S.; Quinn, J.L.; Phadke, A.; Yu, Q.; Gordish-Dressman, H.; Nagaraju, K. Behavioral and locomotor measurements using an open field activity monitoring system for skeletal muscle diseases. J. Vis. Exp. 2014, 51785. [Google Scholar] [CrossRef]

	



Zimcikova, E.; Simko, J.; Karesova, I.; Kremlacek, J.; Malakova, J. Behavioral effects of antiepileptic drugs in rats: Are the effects on mood and behavior detectable in open-field test? Seizure 2017, 52, 35–40. [Google Scholar] [CrossRef] [PubMed]

	



Alsaab, H.O.; Sau, S.; Alzhrani, R.; Tatiparti, K.; Bhise, K.; Kashaw, S.K.; Iyer, A.K. PD-1 and PD-L1 checkpoint signaling inhibition for cancer immunotherapy: Mechanism, combinations, and clinical outcome. Front. Pharmacol. 2017, 8, 561. [Google Scholar] [CrossRef]

	



Pigatto, G.R.; Silva, C.S.; Parizotto, N.A. Photobiomodulation therapy reduces acute pain and inflammation in mice. J. Photochem. Photobiol. B Biol. 2019, 196, 111513. [Google Scholar] [CrossRef]

	



Souza, G.V.; Simas, A.S.; Bastos-Pereira, A.L.; Frois, G.R.A.; Ribas, J.L.C.; Verdan, M.H.; Kassuya, C.A.L.; Stefanello, M.E.; Zampronio, A.R. Antinociceptive activity of the ethanolic extract, fractions, and aggregatin d isolated from sinningia aggregata Tubers. PLoS ONE 2015, 10. [Google Scholar] [CrossRef]

	



Radić, Z.; Sit, R.K.; Garcia, E.; Zhang, L.; Berend, S.; Kovarik, Z.; Amitai, G.; Fokin, V.V.; Barry Sharpless, K.; Taylor, P. Mechanism of interaction of novel uncharged, centrally active reactivators with OP-hAChE conjugates. Chem. Biol. Interact. 2013, 203, 67–71. [Google Scholar] [CrossRef]

	



Rodrigues de Carvalho, A.M.; Vasconcelos, L.F.; Moura Rocha, N.F.; Vasconcelos Rios, E.R.; Dias, M.L.; Maria de França Fonteles, M.; Gaspar, D.M.; Barbosa Filho, J.M.; Chavez Gutierrez, S.J.; Florenço de Sousa, F.C. Antinociceptive activity of Riparin II from Aniba riparia: Further elucidation of the possible mechanisms. Chem. Biol. Interact. 2018, 287, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Nguelefack, T.B.; Dutra, R.C.; Paszcuk, A.F.; de Andrade, E.L.; Calixto, J.B. TRPV1 channel inhibition contributes to the antinociceptive effects of Croton macrostachyus extract in mice. BMC Complement. Altern. Med. 2015, 15, 293. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.; Huang, Q.; Zhao, K.; Shang, P. Biological activities and potential health benefit effects of polysaccharides isolated from Lycium barbarum L. Int. J. Biol. Macromol. 2013, 54, 16–23. [Google Scholar] [CrossRef] [PubMed]

	



Nasirian, F.; Dadkhah, M.; Moradi-Kor, N.; Obeidavi, Z. Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy Dovepress effects of Spirulina platensis microalgae on antioxidant and anti-inflammatory factors in diabetic rats. Diabetes Metab. Syndr. Obes. Targets Ther. 2018, 11, 375. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 11 00592 g001 550] 





Figure 1. Experimental design. The acetic acid abdominal writhing protocol evaluated the pretreatment with Spirulina (3–300 mg/kg, p.o.), indomethacin (10 mg/kg), or vehicle (0.9% NaCl 10 mL/kg), and after 60 min, 0.6% acetic acid was administered via i.p. to assess the nociceptive behavior. In the formalin test, its application occurred viai.pl. after 60 min of treatment and the time spent in different behavioral states was evaluated. The harmful behavior induced by the menthol, cinnamaldehyde, and capsaicin protocol was administered i.pl. after 60 min of treatment and aimed to assess the involvement of TRPM8, TRPA1, and TRPV1, respectively. The glutamatergic system’s involvement was analyzed with the administration of glutamate (20 µmol/paw) via i.pl. and the time spent in different behavioral states was evaluated for 15 min. To assess the involvement of the opioid system, a pretreatment with naloxone (1 mg/kg, i.p.) was administrated 20 min before treatment with Spirulina (30 mg/kg, p.o.), and after 60 min, nociceptive behaviors were evaluated. 
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Figure 2. Effect of Spirulina on nocifensive behavior induced by intraperitoneal injection of acetic acid in mice. Each column represents the mean ± SEM of 7–8 animals/group, with a black dot showing individual mice. Asterisks denote the levels of significance compared to the vehicle group (Veh). ** p < 0.001 using one-way ANOVA. IND: indomethacin. 
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Figure 3. Effect of Spirulina on nocifensive behavior induced by formalin in mice during the first (neurogenic) and second (inflammatory) phases. Each column represents the mean ± SEM of 7–8 animals/group, with a black dot showing individual mice. Asterisks indicate the levels of significance compared to the vehicle (control) group. ** p < 0.001 using one-way ANOVA. 
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Figure 4. Effect of Spirulina in the open field test (panel A) and the rotarod test (panel B). Each column represents the mean ± SEM of 6 animals/group, with a black dot showing individual mice using one-way ANOVA. IND: indomethacin. 
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Figure 5. Effect of Spirulina on nocifensive behavior induced by menthol (panel A), cinnamaldehyde (panel B), and capsaicin (panel C). Each column represents the mean ± SEM of 7–12 animals/group, with a black dot showing individual mice. Asterisks denote the levels of significance compared to the control group (Veh). ** p < 0.001, * p < 0.05 using one-way ANOVA. 
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Figure 6. Effect of Spirulina on nociceptive behavior induced by glutamate in mice. Each column represents the mean ± SEM of 11–12 animals/group, with a black dot showing individual mice, using one-way ANOVA. 
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Figure 7. Involvement of opioid receptors in the antinociceptive effect of Spirulina. Spirulina (30 mg/kg, p.o.) or vehicle (0.9%NaCl 10 mL/kg) were administrated in mice previously treated with naloxone (1 mg/kg, i.p., a non-selective opioid receptor antagonist) during formalin-induced nocifensive behavior. Each column represents the mean ± SEM of 7 animals/group, with a black dot showing individual mice. Asterisks denote the levels of significance compared to the control group. ** p < 0.001, ## p < 0.001 using one-way ANOVA. 
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Figure 8. The mechanisms of action behind the antinociceptive effects of Spirulina platensis. Spirulina belongs to a group of aquatic organisms named blue-green algae and to the phylum Cyanobacteria. Considering that the use of this algae is widespread among people due to its diverse biological activities, herein, we demonstrated the possible mechanism of action by which Spirulina could exert its antinociceptive effects in mice submitted to different models of acute nociceptive response. Our results demonstrated that Spirulina markedly decreased cold-allodynia, heat, and mechanical hyperalgesia through inhibition of TRPM8 and TRPA1 ion channels’ activation by their respective agonists—menthol and cinnamaldehyde. Additionally, we also reported that naloxone reversed the antinociceptive effect of Spirulina during the formalin test, which suggests that the analgesic effect of Spirulina seems to be mediated, at least partially, by the opioid system. Thus, it is possible to hypothesize that Spirulina exerts antinociceptive effects during inflammatory models by modulation of TRPM8/TRPA1 channels and endogenous opioids signaling pathways. TRPM8: transient receptor potential cation channel subfamily M (melastatin) member 8; TRPA1: transient receptor potential ankyrin 1 channel. 
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Table 1. Constituents of Spirulina platensis. Average nutritional analysis per 100 g.
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	Nutritional Values
	Per 100 g
	* RIA/** NRV





	Energy
	1364 kJ/326 Kcal
	



	Lipids
	1 g
	



	-of which saturated
	0.5 g
	



	Carbohydrates
	13.1 g
	



	-of which sugars
	<0.1 g
	



	Fiber
	5.1 g
	



	Proteins
	65.9 g
	133% *



	Salt
	0.9 g
	



	Potassium
	1040 mg
	52% **



	Calcium
	332.5 mg
	42% **



	Iron
	83.2 mg
	594% **



	Vitamin B6 (Pyridoxine)
	18.5 mg
	1314% **



	Vitamin B12 (Cobalamin)
	170 μg
	6800% **



	Vitamin E
	12.7 mg
	105% **







* Reference intake for an average adult (8400 kJ/2000 Kcal); ** Nutrient reference value.













[image: Table] 





Table 2. Total phenolic compounds, flavonoids content, and antioxidant activity of Spirulina platensis.






Table 2. Total phenolic compounds, flavonoids content, and antioxidant activity of Spirulina platensis.





	
Spirulina platensis






	
Phenolic compounds (μg/mL)

	

	

	

	
Mean ± SD




	
-Gallic acid

	
100.89

	
102.95

	
102.05

	
102.0 ± 1.03




	
-Chlorogenic acid

	
125.15

	
141.25

	
125.65

	
130.7 ± 9.15




	
Flavonoids contents (μg/mL)

	

	

	

	




	
-Quercetin

	
624.23

	
611.42

	
605.00

	
613.6 ± 9.79




	
-Catechin

	
230.19

	
230.77

	
207.31

	
222.8 ± 13.38




	
Antioxidant activity

	

	

	

	




	
-Trolox (μg/mL)

	
132.76

	
120.86

	
140.86

	
131.5 ± 10.06




	
-Scavenging activity (%)

	
42.17

	
40.16

	
43.55

	
41.96 ± 1.70
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