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Abstract

:

Chrysin is a bioactive flavonoid found in pollens, passion flowers, honey, royal jelly, and propolis, which is commonly used as an ingredient in natural food supplements and is primarily responsible for their pharmacological properties. A transparent chrysin-loaded microemulsion (CS-ME) prepared through a ternary phase diagram was evaluated for use as an antihyperalgesic formulation. It was formulated with 40% Labrasol® (surfactant), 5% isopropyl myristate (oil phase) and 55% water (aqueous phase) and classified as an oil-in-water (O/W) microsized system (74.4 ± 15.8 nm). Its negative Zeta potential (−16.1 ± 1.9 mV) was confirmed by polarized light microscopy and dynamic light scattering analysis. In vitro studies in Franz-type static diffusion cells showed that chrysin release from CS-ME followed zero-order kinetics. Oral administration of CS-ME in mice resulted in a statistically significantly reduction (p < 0.05) in carrageenan-induced mechanical hyperalgesia compared to the control group. Treatment with CS-ME also showed anti-inflammatory activity by significantly decreasing the TNF-α level (p < 0.01) and increasing that of IL-10 (p < 0.05) compared to the control group. These results suggest that the proposed microsystem is a promising vector for the release of chrysin, being able to improve its capacity to modulate inflammatory and nociceptive responses.
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1. Introduction


Defined as dispersions between oil, surfactant, aqueous phase, and, frequently, cosurfactants, microemulsified systems were discovered in 1943 by Hoar and Schulman, who observed that an opaque emulsion stabilized by a surfactant became clear after the addition of a medium-chain length alcohol [1,2]. By changing the proportions of components, it is possible to prepare different microstructures that can be classified into three categories according to their physicochemical properties, namely oil-in-water, bicontinuous, and water-in-oil microemulsions [3]. Several advantages are provided by microemulsions over conventional formulations including ease of manufacturing, improved drug solubilization, good thermodynamic stability, protection against enzymatic hydrolysis, greater hydrophilic, hydrophobic and amphiphilic drug permeation, enhanced absorption due to surfactant-induced permeability, and increased bioavailability of hydrophobic compounds [4,5]. Consequently, microemulsions have been extensively studied as a promising system for the delivery of hydrophilic, lipophilic, or amphiphilic bioactive compounds in pharmaceutical, nutraceutical, and cosmetic applications [6].



Chrysin (5,7-dihydroxyflavone) consists of a natural flavonoid, found in honey, propolis [7], and in species of many plants such as Oroxylum indicum [8] and passion flower (Passiflora caerulea and Passiflora incarnata) [9,10]. It is regarded as “Generally Recognized as Safe” (GRAS) by the U.S. Food and Drug Administration (FDA) and commonly used in the U.S. market as a nutraceutical [11] and food supplement without side effects [12] as well as being one of the flavonoids responsible for the biological and functional properties of honey, royal jelly [13], and propolis [13,14].



Like other flavonoids, chrysin exhibits a broad-spectrum of pharmacological activities including as an antioxidant [8], antihemolytic [15], antitumor [16], hypolipidemic [7] and antihypertensive [17]. It is also reported to exert antinociceptive [18] and anti-inflammatory effects being able to inhibit several cytokines, nitric oxide, prostaglandin E, and cyclooxygenase-2 [10]. Additionally, it is an aromatase (estrogen synthetase) inhibitor used as a dietary supplement [19,20]. Due to its abundance in plants, potential pharmacological and nutritional effects along with low systemic toxicity, chrysin is attracting considerable interest as an alternative to conventional therapeutic drugs. However, the use of chrysin as a drug is often hindered by its low water solubility (0.005 mg/mL), which greatly limits its bioavailability [11,21,22]. Hence, encapsulation within suitable delivery vehicles has been suggested as a method to overcome this drawback.



Inflammation is the response to tissue injury caused by endogenous and/or exogenous stimuli. It is characterized by biochemical, vascular, and cellular changes that lead to the activation of cellular and plasma components of the immune system, in order to remove the offending agent and restore tissue homeostasis [23]. Hyperalgesia is one of the main causes of the inflammatory process that occurs through the activation of cytokine cascade, resulting in the sensitization of nociceptive primary sensory neurons [24,25,26]. The drug therapies currently available to treat inflammatory diseases act through various mechanisms; however, if used for a long time, they are responsible for significant side effects. Therefore, other therapeutic options are being explored in the treatment of inflammatory pain [23,27]. In this context, as pro-inflammatory responses and the regulation of nociceptive sensitivity share common pathways, the property of flavonoids to inhibit pro-inflammatory stimuli may be successfully exploited to treat several acute and chronic inflammatory diseases as well as nociceptive sensitivity [18]. Indeed, since such compounds including chrysin can act as potent inhibitors of oxidative stress, membrane stabilizers, inhibitors of inflammatory cytokines, and stimulators of anti-inflammatory cytokines, they are promising pharmacological tools for the course of inflammatory and neurogenic pain [9,28].



Regarding drug delivery systems, the aims of this study are (a) the development of a new chrysin-loaded microemulsion system (CS-ME); (b) its characterization in terms of physicochemical parameters; (c) the kinetic study of chrysin release from CS-ME; and (d) the assessment of chrysin and CS-ME antihyperalgesic activity in mice.




2. Materials and Methods


Chrysin was acquired from Sigma-Aldrich (São Paulo, Brazil), isopropyl myristate (IPM) from Farmos (Rio de Janeiro, Brazil), caprylocaproyl polyoxyl-8 glycerides (LAS) from Brasquim (São Paulo, Brazil), and carrageenan from Sigma (St. Louis, MO, USA).



2.1. Construction of Ternary Phase Diagrams


To identify the ratios of components corresponding to the area of microemulsion existence, ternary phase diagrams were constructed using the water titration method at 25 °C [29]. IPM was used as the oil phase, LAS as the surfactants, and reverse osmosis water as the aqueous phase. Oil phase and surfactant blends were thoroughly mixed in different weight ratios, namely 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1 (%w/w). Each mixture was gradually titrated dropwise with reverse osmosis water followed by a sonication cycle for 1 min using a 750 W, 20 kHz, Vibracell 75041 ultrasound sonicator (Bioblock Scientific, Illkirch, France) equipped with a 13-mm horn (CV33) at 40% amplitude. After bubbles had been removed by an ultrasonic cleaner (Unique, Indaiutaba, Brazil) and the mixtures equilibrated for 2 min, visual observation allowed the resulting dispersions to be classified as microemulsions, crude emulsions, or separate phases. The results were analyzed using Origin Pro 8.0 software. Based on this diagram, appropriate ratios of oil, surfactant, and water were selected for the preparation of CS-ME.




2.2. Preparation of Chrysin-Loaded Microemulsion


CS-MEs were prepared in the selected component ratios. Due to the lipophilic nature of chrysin, it was added to oil and surfactant blends. After the addition of water to the formulation, three 1-min sonication cycles were performed using the same ultrasound sonicator described above, followed by bubble removal using the aforementioned ultrasonic cleaner.




2.3. Characterization of Chrysin-Loaded Microemulsion


2.3.1. Macroscopic Appearance


Aspects such as homogeneity, color, transition from a clear to cloudy system, and formation of precipitates or phase separation were assessed by visual observation 24 h after the preparation of the microemulsion.




2.3.2. Determination of Chrysin Content and Encapsulation Efficiency


After dissolution of CS-ME in ethanol (1:250 v/v), chrysin concentration was determined by absorbance measurements at 269 nm using a UV/Vis spectrophotometer, model Evolution 60 S (Thermo Scientific, Madison, WI, USA), and total chrysin concentration (Ct) in CS-ME was expressed in mg of chrysin/mL of microemulsion [30]. To measure the encapsulation efficiency (EE), 1.0 g of CS-ME was centrifuged at 15,000× g for 30 min to remove undissolved chrysin. A known volume of supernatant was 1:250 (v/v) diluted with ethanol, and the chrysin concentration in the supernatant was assumed to be the concentration of the encapsulated drug (Ce). EE was calculated as the ratio of Ce to Ct and expressed as a percentage according to Li et al. [31]:


EE (%) = (Ce/Ct) × 100,



(1)








2.3.3. Physicochemical Parameters


Measurements of the physicochemical parameters of the prepared CS-ME were carried out 24 h after preparation. Mean values of conductivity, pH, and refractive index were determined using a conductivity meter (Logen, Brazil), a pH meter (model HI 221, Hanna instruments, São Paulo, Brazil), and an Abbe refractometer (Analytik Jena AG, Jena, Germany), respectively. Surface tension was characterized using a SensaDyne tensiometer (model QC-6000, Chem-Dyne Research Corp., Milwaukee, WI, USA) by means of the maximum pressure bubble method with nitrogen as the gas phase. The tensiometer was connected to a computer and controlled by the SensaDyne Tensiometer software, version 1.21. All physicochemical parameters were measured at room temperature (25 ± 1 °C) in triplicate.




2.3.4. Polarized Light Microscopy


CS-ME was characterized as an isotropic material using a cross-polarized light microscope (BX-50, Olympus Start, Tokyo, Japan). For this purpose, before microscopic examination, a sample aliquot was added to a glass slide and covered with a cover slip.




2.3.5. Droplet Size, Zeta Potential and Polydispersity Index


Mean droplet size, Zeta potential, and polydispersity index (PDI) of CS-ME were determined by dynamic light scattering (DLS) with a Zetasizer Nano ZS90 (Malvern Instruments, Orsay, France). Samples for Zeta potential measurements were diluted in 1.0 mM NaCl. All measurements were made in triplicate, at room temperature, with a 633-nm standard laser using a 90 degree scattering angle.




2.3.6. Thermodynamic Stability


To evaluate the thermodynamic stability of CS-ME, it was submitted to tests of centrifuge stress and freeze–thaw cycle stress as well as to heating and cooling cycles. Effective NEs should in fact persist as single phase isotropic transparent systems, showing no cracking, no phase separation, and no creaming after tests [5,32]. For the centrifuge stress test, NE formulation was centrifuged at 15,000× g for 30 min, and the appearance of turbidity or phase separation was checked. For the freeze–thaw cycle stress test, NE formulation was submitted to three cycles of freezing at −20 °C in a deep freeze and subsequent thawing at room temperature after 24 h. For heating and cooling cycles, NE formulation was subjected to three cycles of 24 h-heating at 37 °C and subsequent natural cooling to room temperature.





2.4. In Vitro Drug Release from Chrysin-Loaded Microemulsion


The in vitro drug release from CS-ME was studied in a Franz diffusion cell. The effective diffusion surface area and receptor compartment mean volume were 0.785 cm2 and 12 mL, respectively. Synthetic cellulose acetate membranes with 0.45-µm pore diameter (Millipore, Barueri, Brazil) were washed in phosphate buffer, pH 7.4, for 2 h before being mounted between the compartments. A 1:1 (v/v) ethanol/water solution was used as the receptor fluid to assure sink conditions, considering that chrysin concentration in the medium represented ≤10% of the saturation solubility. This medium was constantly stirred and maintained at 37 ± 0.5 °C to simulate body temperature on the membrane surface. After placement of cellulose acetate membranes in the Franz diffusion cell, 0.3 mL of CS-ME formulation was placed in the donor chamber and sealed with paraffin wax to minimize environmental disturbances. Successful collector conditions were ensured by replacing the receptor solution after withdrawing it from the receptor compartment at predefined times and magnetically stirring at a rotational speed of 300 rpm. One mL of the receptor solution was withdrawn after 0.25, 0.5, 1, 2, 4, 6, 8, 10, and 12 h, and then replaced. The amount of drug passed through the membrane was measured spectrophotometrically as described previously. All experiments were carried out in triplicate, and kinetic parameters of release were compared by one-way ANOVA at 95% confidence interval.



The cumulative amount of chrysin released (Rt) was divided by the surface exposed area and expressed in µg/cm2, and data were plotted as a function of time (t). The percentage of drug release (P) was determined by the equation:


P (%) = (Rt/L) × 100,



(2)




where L the initial chrysin content of CS-ME.



Kinetic Modeling of Drug Release from Chrysin-Loaded Microemulsion


The experimental data of chrysin release were fitted to different kinetic models including zero-order (Rt versus time), first-order (ln Rt versus time), and Higuchi (Rt versus square root of time) models [33]. The mathematical model ensuring the highest coefficient of linear correlation (r2) was selected to describe the release profile. The flux of chrysin across the synthetic membranes (J) was calculated by the linear regression of steady-state data corresponding to the linear portion of the slope [32,34]. The latency time was assumed to correspond to the point of intersection on the time axis of the steady-state line. The release coefficient (Kr) was calculated as the ratio of the flux of chrysin at steady state (Jss) to the initial drug concentration (Co) in the vehicle according to the equation


Kr = Jss/Co,



(3)









2.5. Anti-Hyperalgesic Activity of Chrysin-Loaded Microemulsion


2.5.1. Animals


Experiments were performed with adult male albino Swiss mice (25–30 g) obtained from the Animal Facilities of the Federal University of Sergipe (UFS, Aracajú, Brazil). Mice were randomly maintained in appropriate polypropylene cages at constant room temperature (21 ± 2 °C) under a 12-h light/dark cycle (lights on 6:00 a.m. to 6:00 p.m.) with access to water and food at will. The experimental groups of mice (n = 8) were acclimatized for at least 2 h before and used only once. Tests were performed during the light phase of the cycle. The experimental protocols were approved by the Animal Care and Use Committee at the UFS (CEPA/UFS # 69/16). The minimum number of animals required was used to minimize animal suffering. Behavioral protocols were performed blind.




2.5.2. Carrageenan-Induced Inflammation


Mice were divided into five groups, namely the sham group (no inflammation induction and untreated); chrysin group (treated with 25 mg/kg of chrysin); CS-ME group (treated with microemulsion containing chrysin at the same dosage); and the negative control groups, denominated Control (treated with saline solution) and Blank-ME (treated with microemulsion without chrysin). In all groups except in the sham group, acute inflammation was induced in the right hind paw by subcutaneous injection of 50 µL of 1% carrageenan solution in saline, 30 min after oral administration by gavage of each treatment.



Carrageenan-Induced Mechanical Hyperalgesia


Mechanical hyperalgesia was assessed using a digital analgesimeter (Insight, Ribeirão Preto, Brazil). Constantly increasing force was applied to the right hind paw until the mice withdrew their hind paws or “flinched”. Behind the paw withdrawal, the force intensity (g) was recorded automatically. Four measurements were taken in each animal (with an interval of 5 min) to obtain an average value expressed in grams. Measures were made before carrageenan injection to characterize the baseline response as well as 1, 2, 3, and 4 h after induction.




Cytokines Assays


After 4 h of carrageenan injection, the same animals were euthanized, and the right hind paw skin was removed and stored at −80 °C. The skin tissues were homogenized in 200 µL of phosphate-buffered saline (PBS, pH 7.4) containing 0.3% EDTA, 0.5% Nonidet P-40, and protease inhibitors. Samples were centrifuged at 8000 rpm for 10 min at 4 °C, and the supernatant was diluted for the protein dosage. Protein content was determined using the Bradford method. TNF-α and IL-10 levels were determined by the enzyme-linked immunosorbent assay (ELISA). For this purpose, the ELISA kit of eBioscience (San Diego, CA, USA) was used according to the protocol instructions, and colorimetric measurements at 450 nm were made in a microplate reader (ASYS). The concentration was obtained by interpolation from a standard curve. All results were expressed as picograms (pg) of cytokine per milligram (mg) of total protein.






2.6. Statistical Analysis


The statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Prism Software Inc., San Diego, CA, USA) software. Data were assessed by one-way analysis of variance (ANOVA) followed by Tukey’s test for antinociceptive and anti-inflammatory activities. Differences were considered significant when p < 0.05.





3. Results and Discussion


3.1. Ternary Phase Diagram and Preparation of Chrysin-Loaded Microemulsion


To obtain the best proportions of components to form microemulsions (NEs), ternary phase diagrams were constructed for the oil, surfactant, and aqueous phases, which are illustrated in Figure 1. Several types of systems were formed and classified as NEs, crude emulsions, or separate phases. Based on these results, the 5% (w/w) oil, 40% (w/w) surfactant, and 55% (w/w) aqueous phase composition was selected from the NE region, because it ensured the formation of the most stable system. It has been suggested that the drug should be incorporated into the formulation before it is fully ready to ensure maximum encapsulation efficiency; therefore, to obtain CS-ME, chrysin was initially incorporated into the blend of oil and surfactant phase during the formation of the NE.




3.2. Characterization of Chrysin-Loaded Microemulsion


3.2.1. Macroscopic Appearance, Chrysin Content, and Microemulsion Encapsulation Efficiency


The CS-ME obtained appeared as an optically clear, homogeneous, transparent, and slightly yellow colored system, without any precipitate formation or phase separation, whose chrysin content and mean encapsulation efficiency (EE) were 1 mg/mL and 97.7%, respectively. Compared to chrysin solubility in water (0.005 mg/mL), the microemulsion allowed for an approximately 200-fold increase in concentration in the aqueous dispersion. Furthermore, since EE values >80% are considered satisfactory for a NE system, the incorporation of chrysin into CS-ME prior to its complete formation has proven to be a very efficient method of NE preparation.




3.2.2. Physicochemical Parameters and Polarized Light Microscopy


Physicochemical parameters such as electrical conductivity, pH, refractive index, and surface tension were determined to characterize CS-ME. Since the conductivity of oil-in-water (O/W) NEs, having water as a continuous phase, is much higher than that of water-in-oil (W/O) NEs, having oil as a continuous phase [35], the very high conductivity of CS-ME (24.66 ± 0.25 µS/cm) suggests that it was an O/W NE system. The mean pH value (4.48 ± 0.10) was within the biologically accepted range for oral administration (2–10), and the refractive index (1.3894 ± 0.0001) showed no statistically significant difference after several repeated measurements. Moreover, the low surface tension value (40.53 ± 1.8 dynes/cm), which can help increase chrysin bioavailability by improving its permeation through the gastrointestinal hydration layer [4], could have been mainly due to the high concentration of non-ionic surfactants used to prepare the microemulsion, which are well known to reduce this physicochemical property at the oil–water interface [36,37]. Finally, when CS-ME was examined with a polarized light microscope, it appeared as a completely dark field (data not shown). These results, together with those of the refractive index, revealed the optically isotropic nature of CS-ME, which is typical of NE systems [34].




3.2.3. Droplet Size and Zeta Potential


Dynamic light scattering analyses performed on drug-free-ME (blank) and CS-ME to determine the apparent average size of droplets, polydispersity index (PDI), and Zeta potential. Microemulsions were monodisperse, the mean value of drug-free-ME diameter being only 61.1 ± 10.3 nm with PDI of 0.378 ± 0.1 and that of the drug-loaded one no larger than 74.4 ± 15.8 nm with PDI of 0.313 ± 0.09. The Zeta potentials of Blank-ME and CS-ME were –10.0 ± 2.1 mV and – 16.1 ± 1.9 mV, respectively, which means that chrysin addition to the proposed system significantly increased its electrical field. This effect also suggests that chrysin interacted with the surfactant monolayer by changing its potential, therefore it was probably not only confined into the aqueous droplets but also present at the oil–water interface [34].




3.2.4. Thermodynamic Stability


Based on its appearance and results of thermodynamic stability tests (i.e., centrifuge stress, freeze–thaw cycle stress, and heating and cooling cycles), CS-ME behaved as a homogeneous, transparent, single-phase formulation without any precipitation, creaming, aggregation, or separation into two phases for a time period of three months. Such good physical stability could be attributed both to the very low interfacial tension between the water and oil phases of the formulation and the small droplet size [38].





3.3. Kinetics of In Vitro Drug Release from Chrysin-Loaded Microemulsion


The in vitro release profile of colloidal drug delivery systems is one of the most important physicochemical characteristics for predicting their in vivo performance, for correlating it to the carrier microstructure, and for designing formulations with the desired properties [39]. With these goals in mind, in vitro drug release tests were carried out to verify the vehicle ability to release the drug and understand the rate at which this phenomenon occurs. As shown in Figure 2, chrysin release from CS-ME through a synthetic cellulose acetate membrane was continuous and slow, grew up to 12 h without the burst effect, and then achieved a plateau, corresponding to the total percentage of chrysin released from CS-ME of 31.21%. Such a release profile was probably due to the drug confinement in droplets coated by a surfactant monolayer and/or to CS-ME thermodynamic activity or partitional capacity between the oil and aqueous phases [40].



A linear regression analysis on the experimental data of the cumulative amount of chrysin released (Rt, μg/cm2) was conducted to identify the kinetic model that best described drug release. For this purpose, three different models, namely zero-order (Rt versus time), first-order (ln Rt versus time), and Higuchi (Rt versus square root of time) models were tested, which provided correlation coefficients (r2) of 0.9907, 0.9249, and 0.9503, respectively. These results, which confirm zero-order kinetics for chrysin release from CS-ME [34], are typical of drug delivery systems suitable for prolonged pharmacological action and resistant to disaggregation, with the active substance being released slowly and regardless of the initial drug concentration [41]. The most important examples of such systems are those employed for the delivery of antibiotics, antidepressants, and medicines for the maintenance of heart and blood pressure and for pain control [42].



The release coefficient (Kr), calculated from flux and initial drug concentration using Equation (3), was 11.2 µg/cm2 h, and the lag time for chrysin release to achieve a constant rate was only 9.8 min. Although the in vitro release studies through artificial membranes only provide an indication of the behavior of drug-loaded microemulsions in terms of vehicle ability to deliver the drug, they are usually considered as a satisfactory and unique tool for highlighting the role of NE components and microstructure in drug release. Based on these considerations, the values of percent release, lag time, and Kr obtained in this study for CS-ME can be considered promising for further studies.




3.4. Antinociceptive Activity of Chrysin-Loaded Microemulsion


The hyperalgesia induced by intraplantar injection of carrageenan (CG) is widely used to test the efficacy of new anti-inflammatory and antihyperalgesic compounds in preclinical models [43]. In particular, edema (swelling), hypersensitivity to a noxious stimulus (hyperalgesia), or sensitivity to a non-noxious stimulus (allodynia) can be used to assess inflammation in an animal model after CG administration. CG administration is in fact well known to induce the development of cardinal signs of inflammation as a consequence of the action of pro-inflammatory agents (mainly pro-inflammatory cytokines such as IL-1β, IL-6, and TNFα) as well as complement and reactive oxygen and nitrogen species. Inflammation manifests itself in a biphasic cutaneous reaction in the injected area, which consists of a first release of serotonin and histamine (up to 2 h later), followed by the release of bradykinin (3–6 h) occurring through the production of cytokines and prostaglandins by both local cells and infiltered neutrophils [44,45,46]. The release of prostanoids and sympathomimetic amines stimulates peripheral Aδ and C fiber sensory nerve terminals, hence contributing to the consequent peripheral and central hyperalgesia [44].



Oral administration of CS-ME and chrysin in a 25 mg/kg dose resulted in a statistically significant reduction (p < 0.05) in CG-induced mechanical hyperalgesia compared to both the control and sham groups up to 4 h (Figure 3), while the Blank-ME group showed significant difference from the control group only 1 h after CG induction.



Previous reports have demonstrated that chrysin inhibits COX-2 expression in both in vitro and in silico inflammation models [18,47]. The results of this study indicate that chrysin may be involved in other paths of the inflammatory cascade, thereby reducing mechanical hyperalgesia. However, after 1 h of CG induction, Blank-ME treated animals also showed a significant (p < 0.05) antinociceptive effect, which suggests that at least one of the NE constituents may have interacted with some mediators involved in the inflammatory process.



Additionally, it has recently been demonstrated that chrysin is able to effectively relieve oxidative insults and apoptosis in primary rat mesencephalic cultures and to exert a protective effect against brain damage induced by chronic cerebral hypoperfusion in rodents [48]. These neuroprotective and anti-inflammatory effects appear to be associated with the antioxidant profile of chrysin, along with its ability to reduce the levels of inflammatory mediators such as NF-κB p65 unit, TNF-α, IL-1β, and IL-6 [49].



Since the observed antihyperalgesic effects of CS-ME and chrysin on the tested CG-induced inflammatory pain model may be associated with the regulation of inflammatory cytokine expression, levels of TNF-α and IL-10 were measured to help understand the mechanism of chrysin activity. The levels of pro-inflammatory (TNF-α) and anti-inflammatory (IL-10) cytokines in the control group were significantly (p < 0.05) different from those in the sham group (Figure 4). All treatments significantly reduced (p < 0.05) the TNF-α level in the mouse paw compared with the control group after 4 h of CG injection. It is important to remember that TNF-α is one of the key cytokines in the control of inflammation, being responsible for important effects of the repair process, and is the first cytokine released after an inflammatory stimulus such as carrageenan injection. It leads to an increase in TNFR1- and TNFR2-mediated COX and PGE2 expression and induces neutrophil migration to the injury site by indirect mechanisms (e.g., induction of chemotactic factors release through the resident macrophages and stimulation of leukotriene pathway) [50,51]. The fact that a reduction in TNF-α level was observed not only by administering chrysin and CS-ME, but interestingly, even with Blank-ME, corroborates our hypothesis that the microemulsion itself may have interacted with some modulators of inflammatory responses [52].



Meanwhile, CS-ME significantly (p < 0.05) enhanced IL-10 levels when compared to the control group, while neither chrysin alone, nor Blank-ME had significant effects (Figure 4). It is worth mentioning that IL-10 is one of the most intriguing anti-inflammatory cytokines because it inhibits not only macrophages and monocytes, but also the production of pro-inflammatory cytokines such as TNF-α [50,53]. CS-ME was able to improve chrysin anti-inflammatory activity, and IL-10 appeared to play a pivotal role. The upregulation of IL-10 is an additional factor that may have contributed to the antihyperalgesic effect of chrysin shown in the CG-induced inflammatory pain model. However, further experiments are needed to confirm the mechanism of chrysin action in the treatment of hyperalgesia as well as the interaction of the microemulsion with inflammatory response pathways.





4. Conclusions


The dataset obtained in this study demonstrated that chrysin-loaded microemulsions (CS-ME) were actually developed and that the formulation was able to incorporate the poorly water-soluble flavonoid into the oil droplets, forming a stable oil-in-water-type microemulsion. Moreover, the release studies suggested zero-order kinetics. These features highlight the potential of this novel system mainly as a microcarrier for the prolonged and controlled delivery of hydrophobic drugs. Furthermore, CS-ME was shown to improve the antihyperalgesic and anti-inflammatory activities of chrysin, which appeared to be mediated, at least in part, by inhibition of TNF-α expression and upregulation of IL-10. These findings suggest the therapeutic potential of chrysin against inflammatory pain, however, further studies are needed regarding its effect and analgesic application. CS-ME appears to be a promising microscale carrier to treat painful inflammatory conditions, among the advantages of which may be non-invasiveness, absence of pain, ease of application due to oral administration, controlled drug release, and increased adherence from the patient to the treatment.
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Figure 1. Ternary phase diagrams formed by a mixture of isopropyl myristate (IPM) as the oil phase, caprylocaproyl polyoxyl-8 glycerides (LAS) as the surfactant, and water as the aqueous phase. The gray area represents the microemulsion system region, and the red dot within this area the selected formulation. 
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Figure 2. (A) In vitro profile of cumulative amount of chrysin released from microemulsion through a synthetic cellulose acetate membrane. (B) Percentage of release (%) of chrysin at each time (n = 3). (C) Fitted plots of drug release profiles by using the zero order, first order, and Higuchi models, where Rt represents the cumulative amount of chrysin released. 
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Figure 3. (A) Effects of chrysin (CS), chrysin-loaded microemulsion (CS-ME) (25 mg/kg) and blank-ME on the carrageenan-induced mechanical hyperalgesia. All treatments were carried out 30 min before carrageenan injection. The intensity of the force (g) needed for the mice to withdraw their hind paws or to “flinch” was determined using a digital analgesimeter 1 h before (baseline) as well as 1, 2, 3, and 4 h after carrageenan injection. (B) Area under the curve (AUC) for antihyperalgesic effect of CS and CS-ME from 0 to 4 h. Results are expressed as means ± standard error of the mean (n = 8): *** p < 0.001 vs. the control group; ### p < 0.01 vs. the sham group; (one-way ANOVA followed by Tukey’s test). 
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Figure 4. Effects of chrysin (CS), chrysin-loaded microemulsion (CS-ME) (25 mg/kg), and blank-ME on the expression of inflammatory cytokines, TNF-α (A) and IL-10 (B). Results are expressed as means ± standard error of the mean (n = 8): ** p < 0.01 vs. the sham group; *** p < 0.001 vs. the sham group; # p < 0.05 vs. the control group; ## p < 0.01 vs. the control group; “a” p < 0.05 vs. blank-ME (one-way ANOVA followed by Tukey’s test). 






Figure 4. Effects of chrysin (CS), chrysin-loaded microemulsion (CS-ME) (25 mg/kg), and blank-ME on the expression of inflammatory cytokines, TNF-α (A) and IL-10 (B). Results are expressed as means ± standard error of the mean (n = 8): ** p < 0.01 vs. the sham group; *** p < 0.001 vs. the sham group; # p < 0.05 vs. the control group; ## p < 0.01 vs. the control group; “a” p < 0.05 vs. blank-ME (one-way ANOVA followed by Tukey’s test).



[image: Applsci 12 00477 g004]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Ry (ug/cm?)

- 40+
° g 1204 " N —_
- X
32 100 < W
B g 80- & >
E g 60- S S 20-
59 b4
g £ 407 . _§ 10-
(3 E 20+ . <
° e 0
0 2 4 6 8 10 12 14 @° S
Time (h)
C
140- 6.0+ First-Order
Zero-Order
120- e e
[ — - S by
100- E b o .
80- X 3 Wws™™
g 3 309 e
ol C [
40- Y _ £ 48 = -
- y=10.147x + 3.5399 . y=0.2333x + 2.4031
20- & R2=0.9907 R2=0.9249
c ‘P r T T T T T 0.3 T L T T L) T 1
0 4 6 8 10 12 14 0 2 4 6 8 10 12 14
t (h) t (h)

Time (h)
1201 Higuchi iy
100-
804 K
E 60-
> -
= 40+ e
< e Y =39.582x —24.212
X ee® R2 =0.9503
v -’ T 1 1 1
- 1 2 3 4
vt (h)





nav.xhtml


  applsci-12-00477


  
    		
      applsci-12-00477
    


  




  





media/file2.png
100 - - - \ VT,
T e T I o M e R e e o .

0O 10 20 30 40 50 60 70 80 90 100
IPM





media/file5.jpg
-+ CSME

- CS

% Sham - Control O Blank ME

MEEEEERE]
¢ 2

(B)Aysuaju; sninwns

$ 8 8 2 °

(onv)Ansuaju sninwps





media/file3.jpg
iz
ol
-
..... =
omct ey
o
8
-z
i
EEEEXERS
(st snine
< o






media/file1.jpg
WATER 50

100,
0 10 20 30 40 50 60 70 80 90 100
IPM






media/file7.jpg
&

£ s ¢
(ure304d Bwybd) DINL
b





media/file0.png





media/file8.png
a
T

i ¢
&S & & & o Vv
S ° e °
(ulejoud BwyBd) g~
(a1}
¥ H R
o
¥ - 8§
H
@é&
: %
*
\n?o
“ @,
&
S > %

90+
100+
=

(uieyodd Bwybd) ©4NL
<L





media/file6.png
€ Blank ME

-+ CS-ME

&~ Sham - Control

-2 CS

(B)Aysuajul sninwys

o © o o o
<t M N

(ONv)Alsuajul sninwys





