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Abstract

:

α, β amyrin (ABAM) is a natural mixture of pentacyclic triterpenes that has a wide range of biological activities. ABAM is isolated from the species of the Burseraceae family, in which the species Protium is commonly found in the Amazon region of Brazil. The aim of this work was to develop inclusion complexes (ICs) of ABAM and β-cyclodextrin (βCD) and hydroxypropyl-β-cyclodextrin (HPβCD) by physical mixing (PM) and kneading (KN) methods. Interactions between ABAM and the CD’s as well as the formation of ICs were confirmed by physicochemical characterization in the solid state by Fourier transform infrared (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetry (TG) and differential scanning calorimetry (DSC). Physicochemical characterization indicated the formation of ICs with both βCD and HPβCD. Such ICs were able to induce changes in the physicochemical properties of ABAM. In addition, the formation of ICs with cyclodextrins showed to be an effective and promising alternative to enhance the anti-inflammatory activity and safety of ABAM.
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1. Introduction


The species Protium heptaphyllum (Burseraceae) is popularly known in Amazon, Brazil as “breu-branco” and “almecegueira” [1]. From the trunk of its trees is obtained a natural exuded oil-resin that is rich in volatile monoterpenes and triterpenes, especially α and β amirin (ABAM) (C30H50O) [2,3]. Having a wide range of biological activities, triterpenes have aroused clinical interest [4]. ABAM is a well-known natural mixture of isomeric triterpenes whose pharmacological properties include anti-inflammatory [5], gastroprotective [6], antitumor [7], anxiolytic [8] and hepatoprotective [6]. The anti-inflammatory activity of ABAM has been demonstrated in different experimental models through the inhibition of the release of pro-inflammatory cytokines (IL-6, TNF-α and IL-1β) and the enzyme myelopereroxidase [6,9].



Considering that ABAM has a pronounced lipophilicity and that in vivo studies using rats have shown low bioavailability for both its isolated form (0.86%) and its extract (3.83%) [10], it becomes important to develop a system that is capable of enhancing the physicochemical properties of ABAM while making this new chemical entity feasible to be used as a new drug.



Cyclodextrins (CDs) are cyclic oligosaccharides of a variable number of glucose units, linked by α-(1,4) glycosidic bonds. They are characterized by a hydrophobic cavity and a hydrophilic exterior, and for this reason, CDs are able to host hydrophobic molecules in their interior, therefore, forming the so-called inclusion complexes (ICs) [11]. Some drugs are already marketed in Europe, Japan, United States and Brazil as complexes with cyclodextrins, which includes dexamethasone, nimesulide, omeprazole, piroxicam, indomethacin and itraconazole [12,13].



CDs have the ability to bind to the host molecule by non-covalent interactions in both aqueous and solid states, where such interactions have been capable of modifying the physicochemical properties of the bound molecule, which results in greater safety, solubility, stability and bioavailability [14]. Several studies have demonstrated the ability of CDs in enhancing the safety, bioavailability and pharmacological activity of substances with anti-inflammatory properties [15,16,17,18].



The aim of this work was to develop inclusion complexes (ICs) of ABAM with β-cyclodextrin (βCD) and hydroxypropyl-β-cyclodextrin (HPβCD) with the purpose of improving the physicochemical properties of ABAM. In addition, the in vitro anti-inflammatory activity of ABAM-CDs complexes was investigated using lipopolysaccharide-stimulated mouse macrophage cell line J774.




2. Materials and Methods


2.1. Materials


ABAM was obtained following the protocol described by Silva-Júnior et al. [19], from commercially available Burseraceae oi-resin from Manaus, Central Amazon (Brazil), where Protium heptaphyllum is the endemic species. The sample of ABAM used at this study is the same one that was previously purified, isolated and characterized by gas chromatography coupled with mass spectrometry (GCMS) and 1H and 13C nuclear magnetic ressonance (NMR), which presents more than 99% of purity and a correlation between the isomers α and β amyrin (as determined by NMR and confirmed by GCMS) of 2.64:1. βCD and HPβCD were purchased from Sigma-Aldrich® (St. Louis, MO, USA). Purified water (conductivity less than 1.3 μS/cm) obtained by reverse osmosis was used in all experiments. Analytical grade reagents were also used.




2.2. Preparation of ICs


ICs were prepared by physical mixing (PM) and kneading (KND). Both methods were performed following a 1:1 molar ratio between ABAM and the CD, considering the molecular weight of ABAM as 426.72 g mol−1 [20,21] and those of βCD and HPβCD as 1134.98 and 1375.37 g mol−1, respectively.



2.2.1. Physical Mixture (PM)


ABAM and either βCD or HPβCD were weighed following the 1:1 molar ratio and mixed with mortar and pestle. The resulting powder mixture was kept in desiccator until further analysis.




2.2.2. Kneading (KN)


The kneading method was performed following a previously reported procedure [22] with some minor modifications. ABAM and either βCD or HPβCD were weighed separately followed by mixing with mortar and pestle. Purified water and acetone were then added to the mixture (approximately 10 mL of purified water for each 1 g of the ABAM/CD mixture) followed by mixing using mortar and pestle. The obtained samples were dried in an oven at 60 °C until constant weight. The resulting powder was kept in desiccator until further analysis.





2.3. Physicochemical Characterization


2.3.1. Fourier Transform Infrared (FT-IR)


Fourier-transform infrared (FT-IR) (4000–400 cm−1) were obtained as KBr pellets on a Prestige-21 FT-IR spectrophotometer (Shimadzu, Kyoto, Japan). The number of scans was 16 and the resolution was 4 cm−1.




2.3.2. Scanning Electronic Microscopy (SEM)


Samples were fixed in stubs using double-sided carbon tape and analyzed on a Hitachi Scanning Electron Microscope (Tokyo, Japan), with a minimum magnification of 400× and maximum of 2000×. The photomicrographs were obtained at 15 kV under reduced pressure.




2.3.3. Powder X-Ray Diffraction (XRD)


The XRD profiles of the samples were obtained on a Bruker D2 Phaser diffractometer (Billerica, MA, EUA), using CuKα radiation (λ = 1.54 Å) with Ni filter. The analysis was performed with a step of 0.02°, 10 mA current, 30 kV voltage and a Lynxeye detector.




2.3.4. Thermogravimetry (TG)


Thermogravimetric analyses were carried out using a Shimadzu® TGA-50 (Kyoto, Japan). About 2 mg of each sample was weighted, sealed in aluminum crucibles and heated at a rate of 10 °C·min−1 within the temperature range of 30–600 °C under a dynamic atmosphere of N2 (50 mL·min−1). A blank aluminum crucible was used as reference during the analysis. Prior to the test, the instrument was calibrated using a standard CaC2O4·H2O.




2.3.5. Differential Scanning Calorimetry (DSC)


Differential scanning calorimetry (DSC) analyses were carried out using a Shimadzu® DSC 50 apparatus (Kyoto, Japan)), where 2 mg of each sample was hermetically sealed in aluminum crucibles with a heating rate of 10 °C·min−1 within the temperature range of 30–500 °C under a dynamic atmosphere of N2 (50 mL·min−1). A blank aluminum crucible was used as reference during the analysis. Prior to the test, enthalpic calibration was performed using indium (melting point: 156.6 °C; ΔHm = 28.54 J·g−1) and zinc (melting point: 419.6 °C) as standards.





2.4. In Vitro Anti-Inflammatory Study


The anti-inflammatory activity of ABAM alone and as ICs with cyclodextrins was evaluated using an in vitro inflammation model based on the quantification of nitric oxide (NO−) produced by lipopolysaccharide-stimulated mouse macrophage cell line J774 (LPS), in which the levels of nitrite was quantified in culture medium by the Griess reaction. Cells were cultured in 24-well culture plates at a density of 1 × 106 cells / mL and incubated in an oven at 37 °C at a 5% CO2 atmosphere for 2 h for adhesion of the cells to the plate. Further, the cells were stimulated with 1 mL of LPS for 60 min. After stimulation, the cells were treated with ABAM alone and as ICs with either βCD or HPβCD at a concentration of 20 μg/mL. The plates were again incubated under the same conditions for 24 h. Finally, the supernatant was collected for quantification of NO.



Quantification of Nitric Oxide (NO−)


NO− production was determined by spectroscopic quantification of nitrite levels by Griess reaction [23] in the supernatant of the LPS-stimulated J774 macrophages cells treated with ABAM alone and as ICs with either βCD or HPβCD.



In a 96-well microplate, aliquots of 50 μL of the supernatant were collected and added to 100 μL of Griess reagent (1:1 mixture of 1% sulfanylamine dihydrochloride and 0.1% N-[1-naphthyl] ethylenediamine), followed by incubation for 10 min at room temperature and protected from light. The absorbance was determined spectroscopically at 570 nm on a microplate reader.





2.5. Cell Viability Assay


Cell viability was assessed through MTT assay. J774 macrophage cells were plated into 96-well microplates with a cell density of approximately 3.4 × 10−3 cells/well. ABAM alone or as ICs were added to each well at a concentration of 20 μg/mL followed by plate incubation for 24 h in oven at 37 °C and atmosphere of 5% CO2. Centrifugation was performed followed by removal of the supernatant and immediately replenished with fresh medium containing MTT reagent (Sigma, St. Louis, MO, USA, 0.5 mg/mL). After 4 h of incubation under the same conditions, the supernatant was removed and 150 μL of DMSO was added for the dissolution of MTT-formazan followed by quantification on a microplate reader (DTX 880 Multimode Detector, Beckman Coulter Inc., Fullerton, CA, USA) at 540 nm. Cell viability assay was performed in triplicate.




2.6. Statistical Analysis


All results were presented as mean ± standard deviation. Two-way ANOVA was performed with Bonferroni post-test using GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA, USA). Values of p less than 0.05 were considered as statistically significant.





3. Results


3.1. Physicochemical Characterization


3.1.1. Fourier Transform Infrared (FT-IR)


The FT-IR spectra of each individual sample (ABAM, βCD and HPβCD) and ICs are shown in Figure 1. Based on previous reports [24], the ABAM spectrum presents a high intensity band at 2800 cm−1 that has been associated with the axial deformation of the C-H bonds in cyclic chains. The band at the 3250–3400 cm−1 region is attributed to the hydroxyl group (O-H) attached to a cycloalkane chain and that of the 1031–1100 cm−1 region is associated with C-O bond vibration. Finally, another characteristic band is found in the 1400–1350 cm−1 region, which is due to the angular deformation of the dimethyl and methyl duplet [19].



The spectrum of βCD has characteristic bands at 3300 cm−1 (stretching vibrations of OH bond), 2925 cm−1 (CH stretch vibrations), 1151 cm−1 and 1023 cm−1 (symmetrical and asymmetrical stretching vibrations of C-O-C, respectively), as previously reported [25,26]. The HPβCD spectrum shows characteristic bands in the regions of 3355 cm−1 (OH stretching vibrations), 2922 cm−1 (CH bond stretching vibrations), 1151 cm−1 and 1080 cm−1 (stretching vibrations of C-H and C-O, respectively), as reported by Medarević’s [27].



According to the FT-IR spectra shown in Figure 1A,B, the characteristic bands of βCD and HPβCD are predominant (axial deformation of the OH bond) around 3355 to 3300 cm−1. The spectra of ABAM-βCD obtained by PM and KND (Figure 1A) show similarities to the spectrum of βCD, which seems to indicate that ABAM spectrum has been hindered in both spectra of PM and KND [28]. However, the bands around the 3300 cm−1 region in the KND spectrum showed higher intensity than those of ABAM alone and PM. It seems that the KND method facilitated the inclusion of ABAM in the βCD cavity in which hydrogen bonds might have been formed between these two.



Based on the spectra of ABAM-HPβCD obtained by PM and KND (Figure 1B), the bands attributed to ABAM were almost completely obscured by HPβCD bands, which are very intense and broad. In both spectra, the major ABAM bands (3400–3250 cm−1, 2800 cm−1, 1100–1041 cm−1, 1450–1350 cm−1) disappeared and since no new bands have been identified in both spectra, it seems to rule out the possibility of formation of new chemical bonds [29].



Therefore, the results show that both βCD and HPβCD interact with ABAM, regardless of the preparation method (PM and KND), which indicates that even in solid state both CD’s have the ability to form complexes with ABAM.




3.1.2. Scanning Electronic Microscopy (SEM)


The surface morphology of each individual compound and their respective ICs are presented in Figure 2. The ABAM’s surface is characterized by well-defined acicular structures with regular shapes and a three-dimensional appearance, which are characteristic of a crystalline compound [19]. βCD presents particles with crystalline structure in parallelogram format, as observed by Bulani [30]. On the other hand, HPβCD presents as amorphous and spherical particles, as observed by Melo [31].



The photomicrographs of ABAM-βCD obtained by PM and KND show aggregates of different sizes with porous surfaces, whose appearance differs from that of the βCD particles. These morphological changes might be an evidence of drug-CD interaction, as reported elsewhere [32].



On the other hand, the surface morphology of ABAM-HPβCD prepared by PM was not altered in comparison with HPβCD and ABAM. Therefore, such macroscopic observations seem to evidence the presence of each of the constituents with maintenance of their original morphology, with ABAM crystals adhered to the surface of HPβCD, which seems to indicate that no interactions took place between ABAM and HPβCD. However, the photomicrograph of ABAM-HPβCD prepared by KND shows changes in the morphological aspect of the surface, with loss of the original spherical shape typical of HPβCD as well as the characteristic crystalline structure of ABAM.




3.1.3. Powder X-ray Diffraction (XRD)


The diffraction profiles of ABAM, βCD and HPβCD and their ICs are shown in Figure 3. A crystalline powder consists of a solid whose three-dimensional structure is capable of refracting X-rays with very characteristic and well-defined reflection peaks [33]. The diffraction profile of ABAM shows intense crystalline reflection at 13°. In addition, other secondary reflections are observed at 6°, 10°, 11°, 14° and 16°, which are in accordance with Silva-Júnior [24] and characterizes ABAM as a crystalline compound. The diffraction profile of βCD presents crystal reflections at 8°, 10°, 12°, 19°, 20° and 22° in addition to secondary crystalline reflections. On the other hand, HPβCD presents two wide diffraction halos, which are characteristic of amorphous materials.



The diffractograms of ABAM-βCD obtained by PM and KND methods (Figure 3A) show a significant reduction in the intensity of the crystalline reflections attributed to each individual component. It is worth to point out that the diffractogram of ABAM-βCD obtained by KND presents a greater suppression of the crystalline reflections, which seems to indicate the formation of a new crystalline phase and, therefore, the formation of a three-dimensional arrangement different from those of ABAM and βCD alone [34].



Similarly, ABAM-HPβCD prepared by PM and KND (Figure 3B) showed distinct diffraction profiles in comparison to those of ABAM and HPβCD. However, a suppression of the crystalline reflections of ABAM was observed, which seems to indicate an amorphization of the newly formed complex. Nevertheless, discrete diffraction peaks are still observed in the ABAM-HPβCD, which may result from the presence of the non-complexed ABAM.



Therefore, it seems likely to infer that interaction took place between ABAM and both βCD and HPβCD as the systems obtained with these CDs presented different diffraction profiles in comparison to that of each individual compound.




3.1.4. Thermogravimetry (TG)


The TG curves and mass losses for ABAM, βCD, HPβCD and their respective ICs are shown in Figure 4 and Table 1. The thermogravimetric curve for ABAM shows only one well-defined stage of mass loss which is evidenced by derivative TG (DTG), which seems to be related to its volatilization. The mass loss percentage (Δm%) was approximately 99.5%, where the initial and final mass loss temperatures were 232 and 347 °C, respectively.



The TG curve for βCD (Figure 4A) presents two stages of mass loss, evidenced by the DTG curve, where the first one showed 13.60% of mass loss due to the release of water molecules from its cavity, as observed by Menezes [35]. The second stage begins after 300 °C and is due to its degradation. The curve for HPβCD (Figure 4B) shows a mass loss of 3.9% in the temperature range of 30–150 °C, which might be due to the release of water molecules. After 300 °C, HPβCD undergoes degradation.



The TG curves for ABAM-βCD obtained by PM and KND present initial mass loss between 25 °C and 120 °C, which is related to water loss from the βCD cavity. The percentage of mass loss (Δm) for PM and KND was 10.45% and 9.65%, respectively, within this temperature range. Therefore, a decrease in the initial loss of water was observed for both systems in comparison to that of βCD. At higher temperatures, no evidence of complexation could be found because the degradation temperature of ABAM was very close to that of βCD.



Regarding the loss of mass of ABAM-HPβCD in the initial temperature range, 5.5% and 3.81% of mass losses were observed for PM and KND, respectively. As previously observed, ABAM-HPβCD obtained by PM loses more mass than HPβCD in the temperature range of 25–120 °C, which seems to indicate no interaction between ABAM and HPβCD. On the other hand, the ICs obtained by KND showed lower mass loss when compared to HPβCD and ABAM-HPβCD prepared by PM.




3.1.5. Differential Scanning Calorimetry (DSC)


The DSC curves for the individual compounds and the obtained ICs are shown in Figure 5. The DSC curve for ABAM shows an endothermic event between 158 and 185 °C with a peak at 170 °C and enthalpy (ΔH) of 46 J·g−1 which corresponds to the melting of the triterpenic mixture. An endothermic event in the range of 34–155 °C is observed for βCD (Figure 5A), which corroborates with the results of the thermogravimetric analysis regarding the loss of water molecules. This same phenomenon is also observed in the DSC curve for HPβCD (Figure 5B), whose endothermic event appears in the temperature range of 34–110 °C.



The curves for ABAM-βCD (Figure 5A) demonstrated that both PM and KND methods led to a decrease of the melting event, as can be seen with the decay of the enthalpy, whose values for ABAM-βCD prepared by PM and KND are 4.54 J/g and 3.63 J/g, respectively, suggesting a change in the crystalline state as a result of the complexation.



On the other hand, the DSC curve for ABAM-HPβCD (Figure 5B) shows that both PM and KND decreased the endothermic event related to the melting of ABAM, whose enthalpy values were 9.61 J/g and 5.70 J/g. This finding seems to indicate that some interaction between ABAM and HPβCD took place. In addition, a decrease in the water loss event of HPβCD is observed, which is another indication that complexation took place after the displacement of water molecules from the internal cavity of HPβCD.





3.2. In Vitro Anti-inflammatory Study


In vitro models of inflammation based on LPS stimulation have been used for searching new anti-inflammatory drugs [36]. The in vitro anti-inflammatory activities of ABAM as well as ABAM-βCD and ABAM-HPβCD are shown in Figure 6A. When comparing the inhibitory activity towards nitric oxide production of ABAM, ABAM-βCD and ABAM-HPβCD in relation to the control groups (positive control: Stimulated cells with LPS, negative control: Cells without LPS stimulation), it seems that ABAM, alone and the ICs, present anti-inflammatory activity.



The inhibitory capacity of ABAM-βCD obtained by KND was about 60.5%, while ABAM-HPβCD prepared by PM was around 59.8%. These results imply that ABAM complexation with both cyclodextrins was able to enhance its safety and anti-inflammatory activity, as ABAM alone and complexed with CDs were tested at the same concentration of 20 μg/mL.




3.3. Cell Viability Assay


The cell viability of the J774 macrophages was analyzed by MTT assay as shown in Figure 6B. The results show that more than 70% of cell viability was observed with the group treated with ABAM alone. On the other hand, ABAM-βCD and ABAM-HPβCD increased the cellular viability by 80–100%, implying that the formation of ICs was able to decrease the activity of ABAM against the proliferation of J774 macrophages. It is further observed that even with LPS promoting cell viability of approximately 60%, the cells treated with ABAM (alone and complexed with CDs) still showed significant viability. Therefore, it is suggested that ABAM and its inclusion complexes are classified as non-toxic.





4. Discussion


Complexation with cyclodextrins is one of the most commonly used strategy to increase the solubility, stability and safety of poorly soluble molecules [11]. Thus, the physicochemical characterization of such complexes is of utmost importance in order to prove that complexation has taken place. In this current study, physicochemical characterization in addition to in vitro assays were carried out with the purpose of evaluating the feasibility of the formation of inclusion complexes between ABAM and cyclodextrins as well as the resulting improvement of its anti-inflammatory activity.



FTIR spectroscopy allows the identification of vibrational patterns of CDs and host molecules as well as changes in the characteristic bands of the ligand’s vibrational pattern such as disappearance, widening, changes in peak intensity or deviations in their wavenumbers. These changes may be a strong indicative of interaction between the host molecule and the CDs [37]. When an inclusion complex (IC) is formed between a molecule and CD, this can mask or hinder the characteristic peaks of the host molecule, especially when the complexation occurs within the internal cavity of the CD [38]. In this study, the characteristic bands of ABAM were masked as a result of ABAM-CDs complexation through PM and KND methods. The masking of the bands attributed to the host molecule, even when the drug-CD complex is prepared by simple PM, usually means that the drug is complexed inside the CD cavity [39]. A similar result was reported by Quintans [40], where a sapogenin was complexed with βCD and the bands attributed to the sapogenin were masked after the IC was obtained by PM.



SEM is widely used to morphologically identify the formation of inclusion complexes due to the fact that such complexation usually involves changes in the surface, particle size and appearance of the parent drug [41]. When a drug is complexed within the CD cavity, the morphology of the obtained IC tends to be distinct from that of each individual component [42,43]. As shown in Figure 2, the morphological aspects of both ABAM- βCD and ABAM- HPβCD were markedly different from those of ABAM, βCD and HPβCD.



XRD determines the crystalline nature of solids and therefore, has been used for the characterization of ICs [44]. By comparing the diffractograms of each individual substance with those of the corresponding ICs one can infer that complexation has taken place if changes between the diffractograms are observed [45,46]. In this current work, the characteristic crystalline profile of ABAM was changed after complexation with CDs by both methods of preparation, whose decrease in the crystalline profile might result in an enhancement of the ABAM’s aqueous solubility.



Thermal analyses aim to investigate the thermal behavior of compounds submitted to variations of heating and cooling in a controlled manner as defined in 2006 by the International Confederation for Thermal Analysis and Calorimetry [47]. TG evaluates mass losses due to heating as a function of time and therefore, has been used to identify the formation of ICs as evident changes in the mass loss profile are observed when a CD complexes with a host molecule [37]. On the other hand, DSC is used to identify melting, degradation and recrystallization processes. In most cases, molecules in the crystalline state, such as ABAM, exhibit a melting event that can be evidenced as an endothermic peak. When ICs are formed, this endothermic peak disappears due to the loss of the crystalline structure as a result of the complexation [37,48]. Even though the ICs still present a small event related to the ABAM’s melting, the observed event is of lower intensity, as confirmed by the low enthalpy, therefore, it can be suggested that such complexation favored a greater thermal protection to ABAM.



The results imply that the formation of inclusion complexes between ABAM and the two cyclodextrins improved the physicochemical properties of ABAM. Therefore, the in vitro anti-inflammatory model and the MTT assay were performed with the purpose of evaluating the viability of these inclusion complexes.



Inflammation is a natural and pathophysiological response of the body against lesions and infectious agents [49]. However, inflammation becomes harmful when the process progresses and becomes a chronic condition, which usually requires pharmacological intervention. Nitric oxide (NO●) is one of the main mediators of inflammation and its overproduction is associated with chronic inflammatory diseases. Therefore, NO● has been used as the main marker of inflammation.



The MTT assay is commonly used to assess cell viability and proliferation by quantifying a blue-violet product called formazan crystal that is formed by enzymatic reduction in the cytoplasm of viable cells, which means that the higher its quantification, the greater the cell viability [50]. In this study, it was demonstrated that ABAM at the concentration of 20 μg/mL was able to inhibit the production of nitric oxide in LPS-stimulated macrophages J774 cells. However, considering that the inclusion complexes were obtained at a molar ratio of 1: 1 (ABAM:CD), we can infer that ABAM-CD has a higher NO● inhibition activity in comparison with ABAM alone due to the fact that its concentration is twice of that in the ABAM-CD system, which means that although the concentration of ABAM in each sample was 20 µg·mL−1, and its concentration in the ICs was around 10 µg·mL−1. In addition, the MTT assay showed that all the analyzed samples did not interfere significantly in the cell viability, which seems to indicate lack or very low toxicity.



Thus, the formation of inclusion complexes with cyclodextrins seems to be an effective and promising alternative to enhance the safety of ABAM.




5. Conclusions


This study demonstrated that inclusion complexes between ABAM and βCD and HPβCD were successfully obtained by PM and KND methods, which were evidenced by the physicochemical characterization. In addition, it was observed that both ABAM and its inclusion complexes can be considered as non-toxic and that such complexation increased the anti-inflammatory activity of ABAM. It is of utmost importance to conduct further studies in order to identify possible incompatibilities with excipients used in the manufacture of pharmaceutical dosage forms.







Author Contributions


W.F.d.S.J. designed and performed the experiments, analyzed the data and wrote the paper. D.L.B.d.M. and L.C.d.O. performed the experiments and analyzed the data. L.S.K. collaborated with the writing and revision of the manuscript. P.D.O.d.A. and E.S.L. performed the in vitro cytotoxicity studies, the statistical analysis and helped with the writing. E.P.d.A. helped with the discussion of the results and with the revision of the written language. V.F.d.V.J. wrote and revised the manuscript. Á.A.N.d.L. coordinated the experiments, wrote and revised the manuscript.




Funding


This research was partially supported by the Conselho de Desenvolvimento Científico e Tecnológico (CNPq).




Acknowledgments


The authors would like to thank the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) for partial support.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Lorenzi, H. 1949- Árvores Brasileiras Manual de Identificacão e Cultivo de Plantas Arbóreas Nativas do Brasil; Instituto Plantarum de Estudos da Flora: Nova Odessa, Brazil, 2008; ISBN 8586714313. [Google Scholar]

	



Siani, A.C.; Ramos, M.F.S.; Menezes-de-Lima, O., Jr.; Ribeiro-dos-Santos, R.; Fernadez-Ferreira, E.; Soares, R.O.A.; Rosas, E.C.; Susunaga, G.S.; Guimarães, A.C.; Zoghbi, M.G.B.; et al. Evaluation of anti-in ammatory-related activity of essential oils from the leaves and resin of species of Protium. J. Ethnopharmacol. 1999, 66, 57–69. [Google Scholar] [CrossRef]

	



Lima, E.M.; Nascimento, A.M.; Lenz, D.; Scherer, R.; Meyrelles, S.S.; Boëchat, G.A.P.; Andrade, T.U.; Endringer, D.C. Triterpenes from the Protium heptaphyllum resin-chemical composition and cytotoxicity. Rev. Bras. Farmacogn. 2014, 24, 399–407. [Google Scholar] [CrossRef]

	



Sheng, H.; Sun, H. Synthesis, biology and clinical significance of pentacyclic triterpenes: A multi-target approach to prevention and treatment of metabolic and vascular diseases. Nat. Prod. Rep. 2011, 28, 543. [Google Scholar] [CrossRef] [PubMed]

	



Holanda Pinto, S.A.; Pinto, L.M.S.; Cunha, G.M.A.; Chaves, M.H.; Santos, F.A.; Rao, V.S. Anti-inflammatory effect of α, β-Amyrin, a pentacyclic triterpene from Protium heptaphyllum in rat model of acute periodontitis. Inflammopharmacology 2008, 16, 48–52. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, F.A.; Vieira-Júnior, G.M.; Chaves, M.H.; Almeida, F.R.C.; Florêncio, M.G.; Lima, R.C.P.; Silva, R.M.; Santos, F.A.; Rao, V.S.N. Gastroprotective and anti-inflammatory effects of resin from Protium heptaphyllum in mice and rats. Pharmacol. Res. 2004, 49, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Barros, F.W.A.; Bandeira, P.N.; Lima, D.J.B.; Meira, A.S.; de Farias, S.S.; Albuquerque, M.R.J.R.; dos Santos, H.S.; Lemos, T.L.G.; de Morais, M.O.; Costa-Lotufo, L.V.; et al. Amyrin esters induce cell death by apoptosis in HL-60 leukemia cells. Bioorg. Med. Chem. 2011, 19, 1268–1276. [Google Scholar] [CrossRef] [PubMed]

	



Aragão, G.F.; Carneiro, L.M.V.; Junior, A.P.F.; Vieira, L.C.; Bandeira, P.N.; Lemos, T.L.G.; Viana, G.S.D.B. A possible mechanism for anxiolytic and antidepressant effects of alpha- and beta-amyrin from Protium heptaphyllum (Aubl.) March. Pharmacol. Biochem. Behav. 2006, 85, 827–834. [Google Scholar] [CrossRef]

	



Bandeira, P.N.; Lemos, T.L.G.; Costa, S.M.O.; Santos, H.S. Obtenção de derivados da mistura triterpenoídica α- e β-amirina. Rev. Bras. Farmacogn. 2007, 17, 204–208. [Google Scholar] [CrossRef]

	



Ching, J.; Lin, H.-S.; Tan, C.-H.; Koh, H.-L. Quantification of α- and β-amyrin in rat plasma by gas chromatography-mass spectrometry: Application to preclinical pharmacokinetic study. J. Mass Spectrom. 2011, 46, 457–464. [Google Scholar] [CrossRef]

	



Silva, M.C.G.; Silva, S.C.B.L.; Santos, T.P.; Soares, P.R.L.; Andrade, A.L.C.; Cadena, M.R.S.; Cadena, P.G.; Silva, M.C.G.; Silva, S.C.B.L.; Santos, T.P.; et al. Avaliação do impacto causado pela disponibilidade de 17β-estradiol livre ou complexado à β-ciclodextrina no ambiente aquático sobre Oreochromis niloticus (tilápia). Arq. Bras. Med. Veterinária Zootec. 2018, 70, 222–230. [Google Scholar] [CrossRef]

	



Davis, M.E.; Brewster, M.E. Cyclodextrin-based pharmaceutics: Past, present and future. Nat. Rev. Drug Discov. 2004, 3, 1023–1035. [Google Scholar] [CrossRef]

	



Serpe, L.; Franz-Montan, M.; dos Santos, C.P.; da Silva, C.B.; Nolasco, F.P.; Caldas, C.S.; Volpato, M.C.; de Paula, E.; Groppo, F.C. Anaesthetic efficacy of bupivacaine 2-hydroxypropyl-β-cyclodextrin for dental anaesthesia after inferior alveolar nerve block in rats. Br. J. Oral Maxillofac. Surg. 2014, 52, 452–457. [Google Scholar] [CrossRef] [PubMed]

	



Dahan, A.; Miller, J.M.; Hoffman, A.; Amidon, G.E.; Amidon, G.L. The Solubility–Permeability Interplay in Using Cyclodextrins as Pharmaceutical Solubilizers: Mechanistic Modeling and Application to Progesterone. J. Pharm. Sci. 2010, 99, 2739–2749. [Google Scholar] [CrossRef] [PubMed]

	



Santos, P.L.; Brito, R.G.; Quintans, J.S.S.; Araujo, A.A.S.; Menezes, I.R.A.; Brogden, N.K.; Quintans-Junior, L.J. Cyclodextrins as Complexation Agents to Improve the Anti-inflammatory Drugs Profile: A Systematic Review and Meta-Analysis. Curr. Pharm. Des. 2017, 23. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, L.B.; Martins, A.O.B.P.B.; Ribeiro-Filho, J.; Cesário, F.R.A.S.; e Castro, F.F.; de Albuquerque, T.R.; Fernandes, M.N.M.; da Silva, B.A.F.; Quintans Júnior, L.J.; de Sousa Araújo, A.A.; et al. Anti-inflammatory activity of the essential oil obtained from Ocimum basilicum complexed with β-cyclodextrin (β-CD) in mice. Food Chem. Toxicol. 2017, 109, 836–846. [Google Scholar] [CrossRef] [PubMed]

	



Raza, A.; Sun, H.; Bano, S.; Zhao, Y.; Xu, X.; Tang, J. Preparation, characterization, and in vitro anti-inflammatory evaluation of novel water soluble kamebakaurin/hydroxypropyl-β-cyclodextrin inclusion complex. J. Mol. Struct. 2017, 1130, 319–326. [Google Scholar] [CrossRef]

	



Pinheiro, J.; Tavares, E.; Silva, S.; Félix Silva, J.; Carvalho, Y.; Ferreira, M.; Araújo, A.; Barbosa, E.; Fernandes Pedrosa, M.; Soares, L.; et al. Inclusion Complexes of Copaiba (Copaifera multijuga Hayne) Oleoresin and Cyclodextrins: Physicochemical Characterization and Anti-Inflammatory Activity. Int. J. Mol. Sci. 2017, 18, 2388. [Google Scholar] [CrossRef] [PubMed]

	



da Silva Junior, W.F.; de Oliveira Pinheiro, J.G.; de França Alm Moreira, C.D.L.; Rudiger, A.L.; Barbosa, E.G.; Lima, E.S.; da Veiga Junior, V.F.; da Silva Junior, A.A.; Aragão, C.F.S.; de Lima, Á.A.N. Thermal behavior and termal degradation kinetic parameters of triterpene α, β amyrin. J. Therm. Anal. Calorim. 2017, 192, 788–802. [Google Scholar]

	



National Center for Biotechnology Information. PubChem Database. alpha-Amyrin, CID=73170. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/alpha-Amyrin (accessed on 3 June 2019).

	



National Center for Biotechnology Information. PubChem Database. beta-Amyrin, CID=73145. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/beta-Amyrin (accessed on 3 June 2019).

	



Galvão, J.G.; Silva, V.F.; Ferreira, S.G.; França, F.R.M.; Santos, D.A.; Freitas, L.S.; Alves, P.B.; Araújo, A.A.S.; Cavalcanti, S.C.H.; Nunes, R.S. β-cyclodextrin inclusion complexes containing Citrus sinensis (L.) Osbeck essential oil: An alternative to control Aedes aegypti larvae. Thermochim. Acta 2015, 608, 14–19. [Google Scholar] [CrossRef]

	



Verma, N.; Tripathi, S.K.; Sahu, D.; Das, H.R.; Das, R.H. Evaluation of inhibitory activities of plant extracts on production of LPS-stimulated pro-inflammatory mediators in J774 murine macrophages. Mol. Cell. Biochem. 2010, 336, 127–135. [Google Scholar] [CrossRef]

	



Lopez-Zamora, S.; Alkhlel, A.; de Lasa, H. Monitoring the progress of catalytic cracking for model compounds in the mid-infrared (MIR) 3200–2800 cm−1 range. Chem. Eng. Sci. 2018, 192, 788–802. [Google Scholar] [CrossRef]

	



Abarca, R.L.; Rodríguez, F.J.; Guarda, A.; Galotto, M.J.; Bruna, J.E. Characterization of beta-cyclodextrin inclusion complexes containing an essential oil component. Food Chem. 2016, 196, 968–975. [Google Scholar] [CrossRef] [PubMed]

	



Passos, J.J.; De Sousa, F.B.; Mundim, I.M.; Bonfim, R.R.; Melo, R.; Viana, A.F.; Stolz, E.D.; Borsoi, M.; Rates, S.M.K.; Sinisterra, R.D. In vivo evaluation of the highly soluble oral β-cyclodextrin–Sertraline supramolecular complexes. Int. J. Pharm. 2012, 436, 478–485. [Google Scholar] [CrossRef] [PubMed]

	



Medarević, D.; Kachrimanis, K.; Djurić, Z.; Ibrić, S. Influence of hydrophilic polymers on the complexation of carbamazepine with hydroxypropyl-β-cyclodextrin. Eur. J. Pharm. Sci. 2015, 78, 273–285. [Google Scholar] [CrossRef]

	



Marques, H.M.C. A review on cyclodextrin encapsulation of essential oils and volatiles. Flavour Fragr. J. 2010, 25, 313–326. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, M.; Chao, J.; Shuang, S. Preparation and characterization of the inclusion complex of Baicalin (BG) with β-CD and HP-β-CD in solution: An antioxidant ability study. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2009, 73, 752–756. [Google Scholar] [CrossRef]

	



Bulani, V.D.; Kothavade, P.S.; Kundaikar, H.S.; Gawali, N.B.; Chowdhury, A.A.; Degani, M.S.; Juvekar, A.R. Inclusion complex of ellagic acid with β-cyclodextrin: Characterization and in vitro anti-inflammatory evaluation. J. Mol. Struct. 2016, 1105, 308–315. [Google Scholar] [CrossRef]

	



de Melo, P.N.; Barbosa, E.G.; Garnero, C.; de Caland, L.B.; Fernandes-Pedrosa, M.F.; Longhi, M.R.; da Silva-Júnior, A.A. Interaction pathways of specific co-solvents with hydroxypropyl-β-cyclodextrin inclusion complexes with benznidazole in liquid and solid phase. J. Mol. Liq. 2016, 223, 350–359. [Google Scholar] [CrossRef]

	



Ding, L.; He, J.; Huang, L.; Lu, R. Studies on a novel modified β-cyclodextrin inclusion complex. J. Mol. Struct. 2010, 979, 122–127. [Google Scholar] [CrossRef]

	



Sharma, V.K.; Mazumdar, B. Feasibility and characterization of gummy exudate of Cochlospermum religiosum as pharmaceutical excipient. Ind. Crops Prod. 2013, 50, 776–786. [Google Scholar] [CrossRef]

	



Cappello, B.; Maio, C.; Iervolino, M.; Miro, A. Combined effect of hydroxypropyl methylcellulose and hydroxypropyl-β-cyclodextrin on physicochemical and dissolution properties of celecoxib. J. Incl. Phenom. Macrocycl. Chem. 2007, 59, 237–244. [Google Scholar] [CrossRef]

	



dos Passos Menezes, P.; Serafini, M.R.; de Carvalho, Y.M.B.G.; Soares Santana, D.V.; Lima, B.S.; Quintans-Júnior, L.J.; Marreto, R.N.; de Aquino, T.M.; Sabino, A.R.; Scotti, L.; et al. Kinetic and physical-chemical study of the inclusion complex of β-cyclodextrin containing carvacrol. J. Mol. Struct. 2016, 1125, 323–330. [Google Scholar] [CrossRef]

	



Shih, M.-F.; Chen, L.-Y.; Tsai, P.-J.; Cherng, J.-Y. In Vitro and in Vivo Therapeutics of β-Thujaplicin on Lps-Induced Inflammation in Macrophages and Septic Shock in Mice. Int. J. Immunopathol. Pharmacol. 2012, 25, 39–48. [Google Scholar] [CrossRef] [PubMed]

	



Mura, P. Analytical techniques for characterization of cyclodextrin complexes in the solid state: A review. J. Pharm. Biomed. Anal. 2015, 113, 226–238. [Google Scholar] [CrossRef] [PubMed]

	



Frömming, K.-H.; Szejtli, J. Preparation and Characterization of Cyclodextrin Complexes; Springer: Dordrecht, The Netherlands, 1994; pp. 83–104. [Google Scholar]

	



Yang, M.; He, S.; Fan, Y.; Wang, Y.; Ge, Z.; Shan, L.; Gong, W.; Huang, X.; Tong, Y.; Gao, C. Microenvironmental pH-modified solid dispersions to enhance the dissolution and bioavailability of poorly water-soluble weakly basic GT0918, a developing anti-prostate cancer drug: Preparation, characterization and evaluation in vivo. Int. J. Pharm. 2014, 475, 97–109. [Google Scholar] [CrossRef] [PubMed]

	



Quintans, J.S.S.; Pereira, E.W.M.; Carvalho, Y.M.B.G.; Menezes, P.P.; Serafini, M.R.; Batista, M.V.A.; Moreira, C.D.L.F.A.; Lima, Á.A.N.; Branco, A.; Almeida, J.R.G.S.; et al. Host–guest inclusion complexation of β-cyclodextrin and hecogenin acetate to enhance anti-hyperalgesic effect in an animal model of musculoskeletal pain. Process. Biochem. 2017, 59, 123–131. [Google Scholar] [CrossRef]

	



Fernandes, C.M.; Veiga, F.J.B. Effect of the hydrophobic nature of triacetyl-beta-cyclodextrin on the complexation with nicardipine hydrochloride: Physicochemical and dissolution properties of the kneaded and spray-dried complexes. Chem. Pharm. Bull. 2002, 50, 1597–1602. [Google Scholar] [CrossRef] [PubMed]

	



Periasamy, R.; Kothainayaki, S.; Sivakumar, K. Preparation, physicochemical analysis and molecular modeling investigation of 2,2′-Bipyridine: β-Cyclodextrin inclusion complex in solution and solid state. J. Mol. Struct. 2015, 1100, 59–69. [Google Scholar] [CrossRef]

	



Zhu, J.; Bailly, A.; Zwiewka, M.; Sovero, V.; di Donato, M.; Ge, P.; Oehri, J.; Aryal, B.; Hao, P.; Linnert, M.; et al. TWISTED DWARF1 mediates the action of auxin transport inhibitors on actin cytoskeleton dynamics. Plant Cell 2016, 28, 930–948. [Google Scholar] [CrossRef]

	



Rajendiran, N.; Thulasidhasan, J.; Saravanan, J. Inclusion complexation of isoprenaline and methyl dopa with α- and β-cyclodextrin nanocavities: Spectral and theoretical study. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 122, 411–421. [Google Scholar] [CrossRef]

	



Spamer, E.; Müller, D.G.; Wessels, P.L.; Venter, J.P. Characterization of the complexes of furosemide with 2-hydroxypropyl-beta-cyclodextrin and sulfobutyl ether-7-beta-cyclodextrin. Eur. J. Pharm. Sci. 2002, 16, 247–253. [Google Scholar] [CrossRef]

	



Tang, P.; Tang, B.; Wang, Q.; Xu, K.; Xiong, X.; Li, H. Effect of hydroxypropyl-β-cyclodextrin on the bounding of salazosulfapyridine to human serum albumin. Int. J. Biol. Macromol. 2016, 92, 105–115. [Google Scholar] [CrossRef] [PubMed]

	



van Ekeren, P.J.; van Genderen, A.C.G.; van den Berg, G.J.K. Redetermination of the thermodynamic properties of the solid–solid transition of adamantane by adiabatic calorimetry to investigate the suitability as a reference material for low-temperature DSC-calibration. Thermochim. Acta 2006, 446, 33–35. [Google Scholar] [CrossRef]

	



de Araujo, D.R.; Tsuneda, S.S.; Cereda, C.M.S.; Del, G.F.; Carvalho, F.; Preté, P.S.C.; Fernandes, S.A.; Yokaichiya, F.; Franco, M.K.K.D.; Mazzaro, I.; et al. Development and pharmacological evaluation of ropivacaine-2-hydroxypropyl-β-cyclodextrin inclusion complex. Eur. J. Pharm. Sci. 2008, 33, 60–71. [Google Scholar] [CrossRef] [PubMed]

	



Rathee, P.; Chaudhary, H.; Rathee, S.; Rathee, D.; Kumar, V.; Kohli, K. Mechanism of action of flavonoids as anti-inflammatory agents: A review. Inflamm. Allergy Drug Targets 2009, 8, 229–235. [Google Scholar] [CrossRef] [PubMed]

	



Pascua-Maestro, R.; Corraliza-Gomez, M.; Diez-Hermano, S.; Perez-Segurado, C.; Ganfornina, M.D.; Sanchez, D. The MTT-formazan assay: Complementary technical approaches and in vivo validation in Drosophila larvae. Acta Histochem. 2018, 120, 179–186. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 09 00241 g001 550]





Figure 1. Fourier transform infrared (FT-IR) spectra of α, β amyrin (ABAM), β-cyclodextrin (βCD), hydroxypropyl-β-cyclodextrin (HPβCD), and the corresponding inclusion complexes (ICs) obtained with βCD (A) and HPβCD (B) by physical mixture (PM) and kneading (KND) methods. 






Figure 1. Fourier transform infrared (FT-IR) spectra of α, β amyrin (ABAM), β-cyclodextrin (βCD), hydroxypropyl-β-cyclodextrin (HPβCD), and the corresponding inclusion complexes (ICs) obtained with βCD (A) and HPβCD (B) by physical mixture (PM) and kneading (KND) methods.



[image: Biomolecules 09 00241 g001]







[image: Biomolecules 09 00241 g002 550]





Figure 2. Scanning electron microscopy (SEM) micrographs of ABAM, βCD, HPβCD as well as ABAM-βCD and ABAM-HPβCD prepared by PM and KND methods with magnifications of 400× and 2000×. 
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Figure 3. X-ray diffraction patterns of ABAM and its ICs. (A) βCD alone and as ABAM-βCD obtained by PM and KND, (B) HPβCD alone and as ABAM-HPβCD obtained by PM and KND. 
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Figure 4. Thermogravimetry (TG) curves for ABAM, βCD, HPβCD and their respective ICs. (A) TG curves for ABAM-βCD obtained by PM and KND. (B) TG curves for ABAM-HPβCD obtained by PM and KND. 
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Figure 5. Differential scanning calorimetry (DSC) curves for ABAM, CDs and their respective ICs obtained with βCD (A) and HPβCD (B) by PM and KND. 
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Figure 6. In vitro anti-inflammatory activity in lipopolysaccharide-stimulated mouse macrophage cell line (LPS)-stimulated J774 macrophages for quantification of NO- and cell viability by MTT in cells treated with ABAM and its inclusion complexes with βCD and HPβCD at a concentration of 20 μg/mL after 24 h. (A): Percentage of cell viability after 24 h of treatment with ABAM and its ICs; (B): Inhibitory percentage of each individual compounds and the respective ICs towards the production of nitric oxide. 
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Table 1. Loss of mass of ABAM, βCD, HPβCD and their respective ICs within the temperature range of 25–120 °C.
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Samples

	
∆m1 (%)




	
25–200 °C






	
ABAM

	
0.02




	
βCD

	
13.60




	
PM (βCD)

	
10.45




	
KN (βCD)

	
9.65




	
HPβCD

	
3.93




	
PM (HPβCD)

	
5.5




	
KN (HPβCD)

	
3.81
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