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Abstract

:

P. nigrum L. extracts and the piperine alkaloid have important antimicrobial, anti-inflammatory, and antioxidant properties. Therefore, in this study, we evaluated the antimicrobial activity and cytotoxicity of P. nigrum L. extracts and piperine, a compound isolated from the extracts of P. nigrum L. Extracts obtained via maceration, soxhlet, and purification steps, in addition to isolated piperine, were used in this study. Spectroscopic methods, such as nuclear magnetic resonance, scanning electron microscopy, X-ray diffraction, thermogravimetry, and differential scanning calorimetry, were used to characterize piperine. In the microbiological analyses, the extract obtained via maceration-derived sample showed high efficiency in inhibiting Salmonella spp. (MIC < 100 μg/mL). The extract obtained via a soxhlet-derived sample showed promising inhibitory activity against almost all microorganisms, with negligible inhibition of Pseudomonas aeruginosa. Favorable inhibition coefficients were also observed against Staphylococcus aureus and Salmonella spp. (MIC < 100 μg/mL) for the extract obtained via purification of the steps-derived sample. Piperine showed an excellent inhibition coefficient against most microorganisms, with inactivity only observed against P. aeruginosa. Cytotoxicity evaluation assays in cancer cell lines revealed that piperine exhibited inhibitory potential on all tested tumor cell lines, causing a decrease in cell viability and achieving an IC50 of less than 30 μg/mL. The analyzed extracts from P. nigrum L. seeds showed cytotoxic activity against tumor and non-tumor cell lines.
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1. Introduction


Piper nigrum L., known as black pepper, belongs to the Piperaceae family and is commonly found on the east coast of India and in tropical regions of Asian countries [1,2,3]. In many cultures, this spice is used as a condiment. There are also reports that this species is used in herbal Ayurvedic formulations (Trikatu), which are used in traditional Indian medicine to treat a wide range of diseases [4,5,6,7].



P. nigrum L. was introduced in Brazil in the 17th century. The Brazilian production of black pepper supplies the international market with three varieties, namely, black, white, and green, with Pará, Espírito Santo, Maranhão, Paraíba, Ceará, Amapá, Bahia, and Minas Gerais being the main states producing these goods [8,9].



Several classes of secondary metabolites, such as lignans, neolignans, flavones, chalcones, and flavanones, are produced by the genus Piper. Among these, the most important are alkaloids and amides, which have excellent biological activities, such as anticancer activity. In the species P. nigrum L., only 20% of its compounds have been characterized [10,11,12].



Amides are the class of compounds most characteristic of the black pepper species. In addition to piperine, many other amides have been isolated from the Piper species [13,14]. Studies on the pharmacological effects of piperine have shown that it has antimicrobial, anticancer, anti-inflammatory, insecticidal, analgesic, anticonvulsant, antiulcerogenic, gastroprotective, antioxidant, and antiseptic properties; piperine also makes other bioactive compounds more absorbable and bioavailable [15,16,17].



Regarding anticancer properties, piperine has been shown to have good activity against sarcoma 180 cancer cells, which affect mesoderm cells, and tumor inhibition in its solid form in 60 female mice [18]. This therapeutic potential was also demonstrated in lung cancer, which alters lipid peroxidation and activates antioxidant protection via enzymes [19,20]. Piperine also exhibits activity in prostate cancer, inhibits the activity of liver enzymes, and increases the effectiveness of docetaxel with no side effects in rats. Activity against breast cancer has also been reported [21,22].



In evaluating antimicrobial and antifungal activities of leaf extracts and essential oils extracted from black pepper (P. nigrum L.), significant action has been found against different microorganisms, namely, Pseudomonas aeruginosa, and Candida albicans, Staphylococcus aureus, Salmonella typhi, and Escherichia coli [23,24,25].



This study was conducted to investigate the biological activities of the macerated black pepper ethanol extract (EEPM), black pepper extract acquired via Soxhlet (EEPS), and extract from the steps of purification (RP), in addition to isolated piperine. The antimicrobial and antifungal properties of piperine were evaluated against Staphylococcus aureus (ATCC 0538), Pseudomonas aeruginosa (ATCC no code), Salmonella spp. (ATCC 4029), Proteus mirabilis (ATCC 1353), and Candida albicans (ATCC 10635). Further, the cytotoxic properties of the abovementioned extracts and isolated piperine were evaluated in tumor cell lines. Our results demonstrate promising antimicrobial and anticancer activities for black pepper extract and piperine.




2. Results and Discussion


2.1. Extraction Procedures


The methodology of antimicrobial and antifungal biological assays and the performance of toxicity tests were applied to the samples collected during the stages of black pepper extraction (i.e., macerated extract (EEPM), ethanol extract from Soxhlet (EEPS), extract from purification steps (R), and piperine crystals).




2.2. Characterization of Piperine Crystals


2.2.1. Nuclear Magnetic Resonance (NMR)


Analysis of the NMR spectra of piperine can be found in the study by Alves et al. [26] (Figures S1–S3 and Table S1).




2.2.2. Optical Microscopy Analysis


Microscopic examination at 100× magnification reveals the presence of crystals that are large and rectangular, with tapered tips. The crystalline bodies observed in Figure 1B,C are elongated in the form of bars and have considerable thicknesses. The surfaces have a metallic shine and form grooves or striations, such as fissures. Some crystals are dense and overlap one another.




2.2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)


Figure 2 shows the micrographs of the piperine crystals obtained via the SEM analysis. Figure 2A, captured with an image magnification of 60×, displays agglomerated crystal particles with different shapes and irregular geometries. Figure 2B, showing an enlarged region (250× magnification) of the previously analyzed area, emphasizes some bar-shaped crystals with different sizes. Significant surface features can also be visualized, such as cracks and thicker crystals, with a supposed imperfect cubic formation. Figure 2C corresponds to another image magnification at 150× and, in addition to bar-shaped crystals, the figure shows an agglomeration of the crystals that resembles a microneedle flower. In Figure 2D, the micrograph shows the same crystal aggregates. Piperine crystals are generally characterized by micro-needling, and the standard microneedles observed can have relevant characteristics [27].



Padalkar and Gaikar [27] stated that this irregular growth is due to surface–solvent interactions. As organic solvents often favor the reduction of interfacial tension, causing the transition from smooth to rough surfaces and rapid structural growth, as evidenced in this study.



In the EDS analysis of the piperine crystal sample, carbon, oxygen, and nitrogen, which are the major components of the piperine molecule, were quantified. A point analysis was performed on four different areas of the sample. EDS analysis confirms the presence of carbon (74 wt.%), oxygen (22.65 wt.%), and nitrogen (3.35 wt.%) in the piperine crystals. Figure 3 and Figure 4 show that there is a carbon (76.2 wt.%) and oxygen (23.8 wt.%) in the whole imaged area, but no nitrogen.




2.2.4. X-ray Diffraction (XRD)


The diffractogram of the piperine crystal sample (Figure 5) shows regions with high-intensity reflections at 2θ = 14.8465° (d = 5.96 Å; I% = 100) and 2θ = 25.8795° (d = 3.44 Å; I% = 55.57). Medium-intensity reflections can be found at 2θ = 13.0225° (d = 6.79 Å; I% = 22.12), 2θ = 14.2457 (d = 6.21 Å; I% = 30.49), 2θ = 19.7710° (d = 4.49 Å; I% = 26.06), 2θ = 22.3622° (d = 3.97 Å; I% = 33.71), 2θ = 22.6158° (d = 3.93 Å; I% = 35.19), and 2θ = 28.2905° (d = 3.15 Å; I% = 14.08). The remaining reflections are those with the lowest intensities, with d-spacing values of 8.20, 5.65, 5.54, 5.46, 5.25, 4.59, 4.29, 4.16, 4, 10, 3.67, 3.63, 3.52, 2.98, 2.80, 2.73, and 2.47 Å. All reflections identified in the diffraction pattern of the piperine crystal sample are comparable with those reported in the PPC1 standard form (COD no: 00-043-1627) obtained from the X’Pert High Score Plus® program, which identifies piperine as a monoclinic crystal with lattice parameters of a = 8.6950 Å, b = 13.6020 Å, and c = 13.1580 Å. The literature also reveals that when analyzing piperine using XRD, reflections can be detected in a wide range of 2θ angles (i.e., 4–60°) [28,29].




2.2.5. Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC)


Figure 6 shows the TG, DTG (derivative TG), DSC, and DDSC (derivative DSC) curves that reveal the changes caused by heating the piperine crystal sample. Using this data, we calculate temperature ranges where the sample acquires a fixed composition and where it decomposes.



As shown in Figure 7A, the decomposition of piperine occurs in one step, with a mass loss of approximately 64%. The initial temperature corresponding to the principal mass loss is 225 °C, and the final decomposition temperature reached is 525 °C.



In Figure 7B, which corresponds to the TG derived from the variation in mass as a function of temperature (green line on the graph), the occurrence of a series of secondary or minor reactions close to the primary response during the entire heating process can be verified. The graph shows that Tonset is 300 °C, and that the primary answer has its endothermic point or maximum degradation temperature (Tpeak) at 349 °C.



Figure 8A shows first-order exothermic events that suggest the presence of crystallization in the sample and second-order events characterized by a variation in heat capacity, albeit one without an enthalpy change, as they do not generate the peaks in the DSC curve that would cause a displacement of the S-shaped baseline. However, as shown in Figure 8B, which corresponds to the derivative of the heat flux (DDSC) as a function of temperature (the blue line in the graph), endothermic events occur that may indicate heat loss. These include mass samping (through water vaporization, volatile components of the reaction, or decomposition) or melting, as well as exothermic events that guarantee the purity of the sample because no peak presents concavity in its formation.



The first peak at 100 °C (Tonset) is typical of a decomposition melt, and is followed by an exothermic peak at around 128 °C. These results corroborate the melting point of crystalline piperine (128–130 °C). The following variations were considered to have similar ratios.





2.3. Biological Assays


2.3.1. Analysis of Antimicrobial and Antifungal Activity


The main chemical constituents of black pepper fruits are lignans, alkaloids, flavonoids, polyphenols (tannins), aromatic compounds (monoterpenes and sesquiterpenes), and amides [30,31]. The antimicrobial and antifungal activities are among the various biological activities of the abovementioned secondary metabolites [32].



As presented in Table 1, the EEPM sample, which corresponds to the black pepper extract obtained via maceration, does not show inhibitory activity against the bacterium Staphylococcus aureus as it presents an IC50 of 7034435.0, a value which corresponds to a MIC greater than 1000 μg/mL. This sample also shows weak inhibitory activity against Pseudomonas aeruginosa, with an IC50 of 545.0 (MIC between 500 and 1000 μg/mL). The moderate inhibitory activity is confirmed against Proteus mirabilis (IC50: 393.0) and Candida albicans (IC50: 287.0) since the MIC is between 100 and 500 μg/mL. However, the extract shows high efficiency in inhibiting Salmonella spp., with an IC50 of 43.3 following an inhibitory activity (MIC) that is less than 100 μg/mL.



The low activity of the EEPM sample against the microorganisms Staphylococcus aureus, Pseudomonas aeruginosa, Proteus mirabilis, and Candida albicans is attributed to the possible loss of essential components during extraction. Molecules, such as monoterpenes and sesquiterpenes, correspond to some of the chemical constituents elucidated in the fruits and the volatile oil of black pepper. These components are potentially active against bacteria and fungi [33,34]. However, for Salmonella spp., the results are promising and demonstrate the possible actions of the other metabolites present. In the phytochemical analysis of the EEPM sample, catechin tannins, catechins, and alkaloids are regarded as constituents with good antimicrobial activity [35,36,37].



The EEPS sample, obtained via Soxhlet extraction, showed promising inhibitory activity against Staphylococcus aureus—IC50: 0.99, Salmonella spp.—IC50: 195.0, Proteus mirabilis—IC50: 27.0, and Candida albicans—IC50: 62.1. This suggests that other components have volatilized during the extraction process of the EEPM sample. In the Soxhlet procedure, the extraction time was slightly shorter than that of the maceration, and the influence of the increase in temperature may have promoted the optimization of the method to obtain new components. The analysis corroborates the results by Patani et al., who described the excellent activity of a black pepper extract, obtained via Soxhlet extraction for 24 h, against Staphylococcus aureus and Salmonella typhi bacteria. However, the EEPS sample shows no significant inhibition against Pseudomonas aeruginosa, corroborating the results of Saeed et al., who tested extracts of the fruit [38,39]. In the phytochemical analysis of the EEPS sample, alkaloids, anthocyanins, anthocyanidins, leucoanthocyanidins, catechins, tannins, and flavonoids exhibit antioxidant and antimicrobial activities [40,41].



In the RP sample, the material collected from the purification of the EEPS extract, which corresponds to the process in which the precipitation of tannins and other phenolic materials occurs, shows potent inhibitory activity against Staphylococcus aureus (IC50: 32.2) and Salmonella spp. (IC50: 11.0). However, the RP sample shows moderate activity against Proteus mirabilis (IC50: 325.0) and weak activities against Candida albicans (IC50: 899.0). Phytochemical analysis reveals the presence of phenols, catechins, tannins, anthocyanins, anthocyanidins, and flavanones. According to the literature, many bacteria and fungi, including Staphylococcus aureus, are sensitive to tannins at minimal concentrations. Furthermore, the active phenolic compounds in the RP sample are known to promote ATP synthase inhibition, which explains why they are potent antimicrobials. According to Rabelo et al., Gram-negative microorganisms are more resistant to the action of certain antimicrobials because their cell walls are protected by a layer of lipopolysaccharides, which may explain the difficulty of inhibiting Proteus mirabilis. Anthocyanins and anthocyanidins also contribute to antioxidant and antimicrobial activities [40,41].



The piperine crystal sample shows excellent inhibition against most microorganisms, displaying high activity for Salmonella spp. (IC50: 45) and Staphylococcus aureus (IC50: 59.0), followed by moderate inhibition for Candida albicans (IC50: 136.0) and weak activity for Proteus mirabilis (IC50: 359.0). Inactivity is observed towards Pseudomonas aeruginosa. Piperine is known to be a potent antimicrobial [42]. Many researchers have evaluated the biological activities of piperine in black pepper. Using an inhibitory concentration of 250 ppm, Patani et al. obtained satisfactory results regarding the inhibition of Gram-negative and Gram-positive bacteria. Aldaly [43] evaluated disc-shaped piperine against Gram-positive Staphylococcus aureus, Gram-negative Escherichia coli, Proteus vulgaris, Klebsiella pneumoniae, and Candida albicans and obtained more satisfactory results for the fungus (MIC: 3.125–100 mg/mL). Additionally, there was low inhibition of Pseudomonas aeruginosa. This corroborates the results described earlier.




2.3.2. Cytotoxic Analysis of Piperine and Black Pepper Extracts in Tumor Lineages


The cytotoxicity assay (MTT) reveals that piperine has cytotoxic potential, with an IC50 that is lower than 30 μg/mL in all tested tumor cell lines. Piperine shows higher activity in the hepatocellular carcinoma lineage (HEP-G2), with an IC50 of 14.34 μg/mL. As shown in Table 2, the IC50 value against the metastatic melanoma strain (SK-MEL-19) was 16.39 μg/mL. The obtained IC50 values against the gastric adenocarcinoma strains (AGP01 and AGP01 PIWIL1𢀒/𢀒) were 21.57 and 22.39 μg/mL, respectively.



It is important to note that when analyzing the activity of piperine in gastric cancer strains (AGP01 and AGP01 PIWIL1𢀒/𢀒), it is possible to observe that the molecule acts independently of the PIWIL1 gene, showing very similar IC50 values between the two lineages. Both lineages originate from malignant ascites from gastric adenocarcinoma of the intestinal type, with AGP01 PIWIL1𢀒/𢀒 being genetically modified via the innovative CRISPR/Cas9 technique [44]. This genetic modification leads to the inactivation of the PIWIL1 gene, which plays a significant role in the process associated with the viability, migration, and invasion of cancer cells.



Therefore, the evaluation and comparison of cytotoxic responses in both lineages (unmodified and modified) provides insights for future studies dedicated to evaluating the possible mechanism of action of piperine against gastric cancer. We also emphasize that both lineages (AGP01 and AGP01 PIWIL1−/−) reflect a specific cancer profile in the Brazilian Amazon region. Therefore, this study can inspire comparative studies on the relationship between the phenotypic and molecular profiles of cancers in different areas.



From the cytotoxicity results, it is possible to indirectly evaluate the effect of piperine on cell viability (Figure 9). This action is concentration-dependent; that is, when the concentration of the molecule increases, the viability of the cells declines. Piperine causes a decrease in cell viability in all the tumor cell lines tested.



The three extracts (i.e., EEPM, EEPS, and RP) from P. nigrum L., through the evaluation of cytotoxicity (MTT), exhibit cytotoxic activity against tumor and non-tumor cells. This activity follows a pattern where the macerated solution extract (EEPM) is the most active, with an IC50 in the range of 13.8–21.3 μg/mL, followed by the Soxhlet solution extract (EEPS) and the retained extract (RP), with IC50 values in the ranges of 13.2–25.0 and 27.5–47.4 μg/mL, respectively.



None of the extracts show any selectivity toward tumor cells. The average inhibitory concentration values in non-tumor cells (MRC5) are similar to or even lower than those in tumor cells (Table 3).



The number of studies on the biological properties of natural products is increasing and has revealed prominent therapeutic activities related to different diseases [43,44]. An essential axis of research is the evaluation of the anticancer activity. The components of the P. nigrum L. species (i.e., extracts and isolated piperine) that were evaluated in this study showed significant cytotoxicity against tumor cells [45].



Based on phytochemical isolation, piperine is the primary alkaloid in P. nigrum L. [45]. Furthermore, the biological activities of this compound have been reported, such as anti-inflammatory [46], antimalarial [47], antioxidant [43], and anticancer activities [48]. The results presented in this study show marked cytotoxic and antiproliferative activities of piperine in different models of tumor cells, with IC50 values lower than 30 μg/mL, in agreement with the study by Paarakh et al. (piperine in tumor cells, with an IC50 of 61.94 μg/mL) [18]. The obtained results showed that the mechanism of action of piperine is related to some common pathways in these tumor types. This is because neoplastic cells have several well-characterized molecular alterations that lead to the malignant phenotype developing [49,50].



Despite not showing a pronounced selectivity for tumor cells, the piperine molecule still shows promise for in-depth investigations regarding its cellular mechanism of action. This is because of its ability to regulate other pathways related to carcinogenesis, such as invasion, migration, and cell cycle. Furthermore, based on the current results, studies on the structure and molecular interactions of piperine can be conducted to obtain possible analogs with excellent selectivity [51].



The results of piperine cytotoxicity in the two gastric adenocarcinoma models (AGP01 and AGP01 PIWIL1𢀒/𢀒) are very similar, showing that the presence or absence of the PIWIL1 gene does not influence its activity. This indicates that the mechanism of action of piperine probably does not involve the interaction of piperine with the PIWIL1 gene, and may also indicate an excellent scenario for use in cases of gastric cancer where this gene is highly expressed. However, more research is needed to understand the mechanism and relationship between piperine and the PIWIL1 gene [51].



This study makes an essential contribution to the analysis of the biological properties of the P. nigrum L. extracts and isolated piperine compounds. To date, there are very few studies reported on these molecules in gastric cancer and melanoma models. Therefore, such molecules are promising candidates for testing in future studies to elucidate their mechanisms of action and may represent a new approach to investigate therapeutic potential, especially for anticancer drugs.



In this paper, novel studies were conducted on the biological activity (i.e., antimicrobial and cytotoxic) of isolated piperine and P. nigrum L. extracts. This study was conducted differently compared to the previous studies conducted on the Piper nigrum species [52,53,54]. The cytotoxic activities of the EEPM, EEPS, and RP extracts observed in this study are consistent with those reported by Grinevicius et al., who showed a cytotoxic activity of the ethanolic extract of P. nigrum L. in mammary carcinoma strains (MCF-7) and colorectal strains (HT-29), with an IC50 of 27.1 and 80.5 μg/mL, respectively [55,56,57]. In this study, the extracts showed better activity, with lower IC50 values. Despite the significant action on the tumor cell models studied, it can be observed that among the three extracts (EEPM, EEPS, and RP), there is a significant variation in the values of the mean inhibitory concentration (IC50). These variations are possible due to the different extraction methods employed because the phytochemical content can differ significantly and present different concentrations of specific secondary metabolites, as evidenced by Pengkumsri et al. [58]. Since the macerated, Soxhlet, and retained extracts all have different activities against tumor lines, there may be differences in the concentration and structure of secondary metabolites (alkaloid class), which are found in large amounts in the P. nigrum L. species [49,50].



In previous studies conducted with the same extracts, where phytochemical prospection was applied using the precipitation method in test tubes, catechins and alkaloids were detected in the EEPM extract. Catechins, anthocyanins, leucoanthocyanidins, catechins (catechin tannins), flavonoids, and alkaloids were observed in the EEPS extract. The retained extract had phenols, catechins, catechins (catechin tannins), anthocyanins, anthocyanidins, flavonoids, and alkaloids.



Piperine is considered the only alkaloid identified and quantified. Other alkaloid species are not identifiable in the samples. After analyzing the probable synergistic effect of piperine with those components, the mechanism of action of the EEPM extract is increased, promoting an increase in cytotoxic activity. There may have been a decrease in the number of alkaloids in the EEPS extract because the Soxhlet extraction technique requires that the solution be heated in order to facilitate the evaporation of volatile substances. The RP sample, a residue from the purification step of the EEPS extract, would consequently show a significant drop in the proportion of alkaloids and other components [55,59].



It is worth mentioning that the content of secondary metabolites can vary and be influenced by factors such as seasonality, with reports on the seasonal variations in the content of all metabolites. Other factors influencing metabolite concentrations are age and variation in plant and fruit development. Younger tissues and fruits generally have higher metabolic rates for sesquiterpene lactones, phenolic acids, alkaloids, and flavonoids.



The selectivity towards tumor cells, in which the three extracts (macerated, Soxhlet, and retained) are not present, can be attributed to the combined effect of different classes of substances. This results in nonspecific activity. Most studies show the cytotoxic activity of extracts from the Piper genus, but often do not indicate their selectivity. Thus, this study is important because it shows that the IC50 values of the three extracts are the same in tumor cells and non-tumor cells. This suggests that the active compounds need to be separated so that more selective molecules can be found [55,60].






3. Materials and Methods


3.1. Plant Material


Black pepper seeds were purchased in the commercial area of the municipality of Abaetetuba-PA and used for pretreatment and extraction techniques.



In this study, two extraction methods were considered to obtain the crude extract of black pepper seeds: extraction by Soxhlet and the maceration route, considering the possibility of extracting different chemical components with the application of other techniques.



First, the black pepper seeds were introduced to the initial drying procedure (40 °C for 72 h) and ground in a laboratory-scale food processor. The raw material was then subjected to extraction.



For extraction via maceration, 200 g of the crushed sample was weighed on an analytical balance and immersed in 1 L of absolute ethyl alcohol. Approximately 30 days after the immersion procedure, the alcoholic solution (EEPM sample) was filtered and stored for future analysis.



Soxhlet extraction was performed using a 40 g sample of black pepper. The volume of solvent (absolute ethyl alcohol) used in the procedure was 250 mL, with an extraction time of 24 h and a temperature of 80 °C. The ethanol extract obtained from the EEPS sample was concentrated using a rotary evaporator and subjected to a purification process based on the procedures described by Ikan [61]. In the purification step, the precipitate formed was collected through simple filtration, and a sample of the retentate (R) was stored for analysis [61,62] (Figure 10).



Piperine crystals were washed with distilled water and ice-cold absolute ethyl ether to remove contaminants. The solution was left for 7 days, and yellow crystals were formed, which were filtered under vacuum conditions. After removing the crystals, the remaining solution (SR) was used for biological tests (Figure 11).




3.2. Characterization of Piperine Crystals


3.2.1. Optical Microscopic Analysis


Piperine crystal micrographs were taken at the Laboratório de Microscopia (LABMEV/PRODERNA/ITEC/UFPA, Belém, PA, Brazil) using Nikon microscopy (Melville, NY, USA) (ECLIPSE LV150/LV150A).




3.2.2. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)


The SEM images of the piperine crystals were taken using a scanning electron microscope, model TM 3000 Hitachi, Chiyoda, Japan. The TESCAN S8000(model VEGA TC) EDS detector was used for semi-quantitative analysis of piperine crystals.




3.2.3. X-ray Diffraction (XRD)


For the analysis of piperine crystals, the sample was initially pulverized and analyzed using X-ray diffraction. A BRUKER model D2 PHASER diffractometer, equipped with a goniometer (θ/θ), radius:141.1 nm, and a copper anode ceramic X-ray tube (Cu-Kα1) was used. The emission line characteristic was 1.540598 Å/8.047 keV, with a maximum power of 300 W (30 kV × 10 mA). The detector was a 1D Lynxeye with a 5° 2θ aperture and 192 channels. The phases and unit cell parameters were identified using the X’Pert High Score Plus program. Sample preparation and XRD analysis were performed at the Instituto de Geociências da UFPA Laboratório de Mineralogia, Geoquímica e Aplicações (LAMIGA-UFPA).





3.3. Biological Assays


3.3.1. Antimicrobial


Antimicrobial activity evaluations were performed using samples collected during the different stages of black pepper extraction (macerated extract–EEPM, ethanol extract–EEPS, retained—RP, and isolated piperine).



Bacterial and Fungal Strains


The strains used with ATCC standards were purified and stored in Eppendorf tubes containing a freezing medium. The bacteria used were Staphylococcus aureus (ATCC 0538), Pseudomonas aeruginosa (ATCC no code), Salmonella sp. (ATCC 4029), Proteus mirabilis (ATCC 1353), and Candida albicans (ATCC 10635).




Preparation of Media and Standardization of Inoculum


For the cultivation of new microorganisms for the test, the bacteria were prepared and diluted in Muller–Hinton agar (MHA), whereas the fungi were diluted in Sabouraud dextrose agar (SDA). They were left in an oven at 30 °C for a period of 24–48 h for growth. The microorganisms were then immersed in a sterile saline solution with turbidity adjusted to 2 (McFarland standard), corresponding to approximately 6 × 108 CFU/mL. Lastly, they were cultivated on Sabouraud agar (fungi) or Muller–Hinton culture media (bacteria) [61,62].




Sample Microdilution Method for Determining the Minimum Inhibitory Concentrations (MIC) and Minimum Bactericidal and Antifungal Concentrations


Approximately 1 mg of each sample (EEPS, EEPM, RP, piperine) was weighed on an analytical balance for solubilization in 1000 μL of absolute methyl alcohol and stored in 1.5 mL Eppendorf tubes. Absolute methyl alcohol was used as a positive control due to its use to dilute the samples. Then, microdilution procedures were conducted to determine the minimum inhibitory concentration (MIC), using the following concentrations: 500, 250, 125, 62.5, 31.25, and 15.625 μg/mL per well, and 10 μL aliquots were deposited on 96-well plates in triplicates [63]. Then, 180 μL of the broth was deposited on 96-well plates. Subsequently, diluted strain suspensions (10 μL) were added to the wells, making up 200 μL in each well.



For the minimal inhibitory concentration assays, 180 μL of the Müller Hinton broth + 10 μL of the bacterial suspension was used as a negative control in 6 wells (lane 1), and 180 μL of broth was added to another 6 wells (lanes 1 and 2). As positive controls, 10 μL of bacterial suspension and 10 μL of gentamicin (G) were used. All procedures were performed in triplicates, and the arrangement of the solutions on the plates is shown in Figure 12. After inoculation, plates were incubated in a bacteriological oven at 37 °C for 24 h. After incubation, an absorbance reader with an ELISA device at 570 nm was used to read the microplates visually.



The following parameters were adopted to classify the antibacterial and antifungal activities of the samples: (1) samples with high antibacterial and antifungal activity had a minimum inhibitory concentration (MIC) less than 100 μg/mL; (2) the samples were considered moderate when the MIC was between 100 and 500 μg/mL; (3) MIC between 500 and 1000 μg/mL was considered weak; and (4) samples with MIC greater than 1000 μg/mL were considered inactive [64].






3.4. Cell Culture


The cell lines used in this study are human metastatic melanoma (SK-MEL 19), intestinal adenocarcinoma (AGP-01, malignant ascites), intestinal adenocarcinoma with an inactivated PIWIL1 gene (AGP-01 PIWIL1−/−) [44], and the non-neoplastic human pulmonary fibroblast cell line (MRC5).



Cells were cultivated in adherent monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM, Gibco®, Madrid, Spain), supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 mg/mL, Gibco®), and maintained at 37 °C in a 5% carbon dioxide atmosphere.




3.5. Cytotoxicity Assay


The cytotoxic activities of isolated piperine and the P. nigrum L. extracts were evaluated on all of the above-mentioned lineages using the MTT colorimetric assay. All samples presented for examination with an assay were dissolved in Dimethyl sulfoxide (DMSO). The MTT colorimetric assay is based on the metabolically active cells converting the yellow-colored salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), into formazan, a purple chromogenic product [65,66]. Cells were seeded in 96-well plates at a density of 103 cells/well for 24 h to allow adhesion to the plate. The treatment was performed at a concentration of 0.3125–20 μg/mL for piperine and 1.5625–100 μg/mL for the extracts at an incubation temperature of 37 °C for 72 h. The negative control was untreated, and the experiments were performed in triplicate. After treatment, 100 μL of the MTT solution (5 mg/mL stock solution, diluted 1:10 in the DMEM medium) was added to each plate well and incubated at 37 °C for 3 h. Absorbance was measured using a microplate spectrophotometer at 570 nm (SYNERGY/HT microplate reader).




3.6. Data Analysis


A sigmoidal dose–response equation (nonlinear regression) was used to determine the half-maximal inhibitory concentration (IC50) and its respective confidence intervals (95% CI).





4. Conclusions


This paper investigated the biological potential of P. nigrum using extracts and piperine, a compound isolated from this plant species. We evaluated the antimicrobial potential and cytotoxicity of the extracts and piperine. Microscopic examination of the obtained crystals revealed elongated crystals in the form of bars with considerable thicknesses. From the micrographs of piperine obtained through SEM analysis, a series of agglomerated crystals with different shapes and irregular geometries was observed. EDS analysis of the crystal sample quantified carbon and oxygen within the ranges of 81.92–74 wt.% and 22.65–18.08 wt.%, respectively. However, the wt.% of nitrogen (3.35 wt.%.) was found to be low when spot analysis was conducted. From the diffractogram of the piperine crystal sample, all XRD reflections were comparable with those in the data reported in the literature. Evaluation of the antimicrobial activities of the samples (EEPS, EEPM, RP, and isolated piperine) revealed that the most promising results were achieved with the EEPS and piperine samples, since they were active against almost all the microorganisms analyzed. The EEPS sample showed low inhibitory activity solely against the bacterium Salmonella spp., whereas piperine demonstrated low potential only against the microorganism Proteus mirabilis. The analyzed extracts (EEPS, RP, and EEPM) were demonstrated by the MTT method to have cytotoxic activity on tumor and non-tumor cell lines. Piperine also showed inhibition potential on all tested tumor lines, causing a decrease in cell viability and achieving an IC50 of less than 30 μg/mL. This paper provides relevant information on the cytotoxicity of black pepper and piperine extracts, which showed promising antimicrobial and anticancer activities. We highlighted the importance of this alkaloid’s performance for developing research in the fight against cancer and several diseases caused by microbiological agents.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/separations10010021/s1, Figure S1: olecular structure of Piperine. Figure S2: 13C NMR spectrum obtained from analysis of piperine crystals. Figure S3: 1H NMR spectrum obtained from analysis of piperine crystals.; Table S1: NMR data (δC and δH) experimental (Exp.) in ppm for piperine.





Author Contributions


Conceptualization, F.S.A. and J.N.C..; methodology, F.S.A. and J.N.C.; software, F.S.A.; validation, F.S.A., M.L.d.C. and I.N.d.F.R.; formal analysis, D.L.d.N.B., R.N.Q., G.V.d.S. (Glauce Vasconcelos da Silva) and G.V.d.S. (Gleice Vasconcelos da Silva) investigation, F.S.A. and J.N.C.; resources, I.N.d.F.R.; data curation, F.S.A. and J.N.C.; writing—original draft preparation, F.S.A., J.N.C. and M.F.D.; writing—review and editing, F.S.A., J.N.C.; visualization, J.N.C., A.S.K., J.d.A.R.d.R. and D.d.S.B.B.; supervision, F.S.A. and J.N.C.; project administration, J.d.A.R.d.R. and D.d.S.B.B.; funding acquisition, J.d.A.R.d.R. and D.d.S.B.B. All authors have read and agreed to the published version of the manuscript.




Funding


Universidade Federal do Pará/Propesp/PROGRAMA DE APOIO À PUBLICAÇÃO QUALIFICADA—PAPQ- EDITAL 06/2022.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rehman, A.; Mehmood, M.H.; Haneef, M.; Gilani, A.H.; Ilyas, M.; Siddiqui, B.S.; Ahmed, M. Potential of Black Pepper as a Functional Food for Treatment of Airways Disorders. J. Funct. Foods 2015, 19, 126–140. [Google Scholar] [CrossRef]

	



Greenshields, A.L.; Doucette, C.D.; Sutton, K.M.; Madera, L.; Annan, H.; Yaffe, P.B.; Knickle, A.F.; Dong, Z.; Hoskin, D.W. Piperine Inhibits the Growth and Motility of Triple-Negative Breast Cancer Cells. Cancer Lett. 2015, 357, 129–140. [Google Scholar] [CrossRef] [PubMed]

	



Do Nascimento, L.D.; de Moraes, A.A.B.; da Costa, K.S.; Galúcio, J.M.P.; Taube, P.S.; Costa, C.M.L.; Cruz, J.N.; Andrade, E.H.A.; de Faria, L.J.G. Bioactive Natural Compounds and Antioxidant Activity of Essential Oils from Spice Plants: New Findings and Potential Applications. Biomolecules 2020, 10, 988. [Google Scholar] [CrossRef] [PubMed]

	



Bezerra, F.W.; De Oliveira, M.S.S.; Bezerra, P.N.N.; Cunha, V.M.; Silva, M.P.P.; da Costa, W.A.; Pinto, R.H.; Cordeiro, R.M.M.; Da Cruz, J.N.N.; Chaves Neto, A.M.J.; et al. Extraction of bioactive compounds. In Green Sustainable Process for Chemical and Environmental Engineering and Science; Elsevier: Amsterdam, The Netherlands, 2020; pp. 149–167. ISBN 9780128173886. [Google Scholar]

	



Cascaes, M.M.; Dos, O.; Carneiro, S.; Diniz Do Nascimento, L.; Antônio Barbosa De Moraes, Â.; Santana De Oliveira, M.; Neves Cruz, J.; Skelding, G.M.; Guilhon, P.; Helena De Aguiar Andrade, E.; et al. Essential Oils from Annonaceae Species from Brazil: A Systematic Review of Their Phytochemistry, and Biological Activities. Int. J. Mol. Sci. 2021, 22, 12140. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, M.S.; Silva, S.G.; da Cruz, J.N.; Ortiz, E.; da Costa, W.A.; Wariss, F.; Bezerra, F.; Cunha, V.M.B.; Cordeiro, R.M.; Neto, A.M.d.J.C.; et al. Supercritical CO2 application in essential oil extraction. In Materials Research Foundations; Inamuddin, R.M., Asiri, A.M., Eds.; Materials Research Foundations: Millersville, PA, USA, 2019; Volume 54, pp. 1–28. [Google Scholar]

	



Costa, E.; Silva, R.; Espejo-Román, J.; Neto, M.D.A.; Cruz, J.; Leite, F.; Silva, C.; Pinheiro, J.; Macêdo, W.; Santos, C. Chemometric Methods in Antimalarial Drug Design from 1,2,4,5-Tetraoxanes Analogues. SAR QSAR Environ. Res. 2020, 31, 677–695. [Google Scholar] [CrossRef] [PubMed]

	



Dosoky, N.S.; Satyal, P.; Barata, L.M.; Da Silva, J.K.R.; Setzer, W.N. Volatiles of Black Pepper Fruits (Piper Nigrum L.). Molecules 2019, 24, 4244. [Google Scholar] [CrossRef] [PubMed]

	



Kadosh, Y.; Muthuraman, S.; Yaniv, K.; Baruch, Y.; Gopas, J.; Kushmaro, A.; Kumar, R.S. Quorum Sensing and Nf-Κb Inhibition of Synthetic Coumaperine Derivatives from Piper Nigrum. Molecules 2021, 26, 2293. [Google Scholar] [CrossRef]

	



Almeida, V.M.; Dias, Ê.R.; Souza, B.C.; Cruz, J.N.; Santos, C.B.R.; Leite, F.H.A.; Queiroz, R.F.; Branco, A. Methoxylated Flavonols from Vellozia Dasypus Seub Ethyl Acetate Active Myeloperoxidase Extract: In Vitro and in Silico Assays. J. Biomol. Struct. Dyn. 2021, 40, 7574–7583. [Google Scholar] [CrossRef]

	



Wansri, R.; Lin, A.C.K.; Pengon, J.; Kamchonwongpaisan, S.; Srimongkolpithak, N.; Rattanajak, R.; Wilasluck, P.; Deetanya, P.; Wangkanont, K.; Hengphasatporn, K.; et al. Semi-Synthesis of N-Aryl Amide Analogs of Piperine from Piper Nigrum and Evaluation of Their Antitrypanosomal, Antimalarial, and Anti-SARS-CoV-2 Main Protease Activities. Molecules 2022, 27, 2841. [Google Scholar] [CrossRef]

	



Ee, G.C.L.; Lim, C.M.; Rahmani, M.; Shaari, K.; Bong, C.F.J. Pellitorine, a Potential Anti-Cancer Lead Compound against HL60 and MCT-7 Cell Lines and Microbial Transformation of Piperine from Piper Nigrum. Molecules 2010, 15, 2398–2404. [Google Scholar] [CrossRef]

	



Trindade, R.; Almeida, L.; Xavier, L.; Andrade, E.H.; Maia, J.G.; Mello, A.; Setzer, W.N.; Ramos, A.; da Silva, J.K.R. Influence on Secondary Metabolism of Piper Nigrum l. By Co-Inoculation with Arbuscular Mycorrhizal Fungi and Fusarium Solani f. Sp. Piperis. Microorganisms 2021, 9, 484. [Google Scholar] [CrossRef]

	



Kattupalli, D.; Sreenivasan, A.; Soniya, E.V. A Genome-Wide Analysis of Pathogenesis-Related Protein-1 (Pr-1) Genes from Piper Nigrum Reveals Its Critical Role during Phytophthora Capsici Infection. Genes 2021, 12, 1007. [Google Scholar] [CrossRef] [PubMed]

	



Leja, K.; Majcher, M.; Juzwa, W.; Czaczyk, K.; Komosa, M. Comparative Evaluation of Piper Nigrum, Rosmarinus Officinalis, Cymbopogon Citratus and Juniperus Communis L. Essential Oils of Different Origin as Functional Antimicrobials in Foods. Foods 2020, 9, 141. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.R.; Kang, H.H.; Cho, J.K.; Moon, K.D.; Kim, Y.J. Application of Non-Destructive Rapid Determination of Piperine in Piper Nigrum l. (Black Pepper) Using Nir and Multivariate Statistical Analysis: A Promising Quality Control Tool. Foods 2020, 9, 1437. [Google Scholar] [CrossRef] [PubMed]

	



Barata, L.M.; Andrade, E.H.; Ramos, A.R.; De Lemos, O.F.; Setzer, W.N.; Byler, K.G.; Maia, J.G.S.; Da Silva, J.K.R. Secondary Metabolic Profile as a Tool for Distinction and Characterization of Cultivars of Black Pepper (Piper Nigrum L.) Cultivated in Pará State, Brazil. Int. J. Mol. Sci. 2021, 22, 890. [Google Scholar] [CrossRef]

	



Ferreira, O.O.; Cruz, J.N.; de Moraes, Â.A.; de Jesus Pereira Franco, C.; Lima, R.R.; Anjos, T.O.; Siqueira, G.M.; Nascimento, L.D.; Cascaes, M.M.; de Oliveira, M.S.; et al. Essential Oil of the Plants Growing in the Brazilian Amazon: Chemical Composition, Antioxidants, and Biological Applications. Molecules 2022, 27, 4373. [Google Scholar] [CrossRef]

	



Ramos Da Silva, L.R.; Ferreira, O.O.; Cruz, J.N.; De Jesus Pereira Franco, C.; Oliveira Dos Anjos, T.; Cascaes, M.M.; Almeida Da Costa, W.; Helena De Aguiar Andrade, E.; Santana De Oliveira, M. Lamiaceae Essential Oils, Phytochemical Profile, Antioxidant, and Biological Activities. Evid. Based Complement. Altern. Med. 2021, 2021, 6748052. [Google Scholar] [CrossRef] [PubMed]

	



Da Silva, O.S., Jr.; Franco, C.d.J.P.; de Moraes, A.A.B.; Cruz, J.N.; da Costa, K.S.; do Nascimento, L.D.; Andrade, E.H.A. In Silico Analyses of Toxicity of the Major Constituents of Essential Oils from Two Ipomoea L. Species. Toxicon 2021, 195, 111–118. [Google Scholar] [CrossRef]

	



Bezerra, D.P.; Castro, F.O.; Alves, A.P.N.N.; Pessoa, C.; Moraes, M.O.; Silveira, E.R.; Lima, M.A.S.; Elmiro, F.J.M.; Costa-Lotufo, L.V. In Vivo Growth-Inhibition of Sarcoma 180 by Piplartine and Piperine, Two Alkaloid Amides from Piper. Braz. J. Med. Biol. Res. 2006, 39, 801–807. [Google Scholar] [CrossRef]

	



Damanhouri, Z.A. A Review on Therapeutic Potential of Piper Nigrum L. (Black Pepper): The King of Spices. Med. Aromat. Plants 2014, 3, 1000161. [Google Scholar] [CrossRef]

	



Rani, S.K.S.; Saxena, N. Antimicrobial Activity of Black Pepper (Piper Nigrum L). Glob. J. Pharmacol. 2013, 7, 87–90. [Google Scholar] [CrossRef]

	



Chen, W.; Zou, L.; Chen, W.; Hu, Y.; Chen, H. Effects of Black Pepper (Piper Nigrum L.) Chloroform Extract on the Enzymatic Activity and Metabolism of Escherichia Coli and Staphylococcus Aureus. J. Food Qual. 2018, 2018, 9635184. [Google Scholar] [CrossRef]

	



Chopra, B.; Dhingra, A.K.; Kapoor, R.P.; Prasad, D.N. Piperine and Its Various Physicochemical and Biological Aspects: A Review. Open Chem. J. 2017, 3, 75–96. [Google Scholar] [CrossRef]

	



Alves, F.S.; Rodrigues Do Rego, J.d.A.; Da Costa, M.L.; Lobato Da Silva, L.F.; Da Costa, R.A.; Cruz, J.N.; Brasil, D.D.S.B. Spectroscopic Methods and in Silico Analyses Using Density Functional Theory to Characterize and Identify Piperine Alkaloid Crystals Isolated from Pepper (Piper Nigrum L.). J. Biomol. Struct. Dyn. 2020, 38, 2792–2799. [Google Scholar] [CrossRef] [PubMed]

	



Padalkar, K.V.; Gaikar, V.G. Extraction of Piperine from Piper Nigrum (Black Pepper) by Aqueous Solutions of Surfactant and Surfactant + Hydrotrope Mixtures. Sep. Sci. Technol. 2008, 43, 3097–3118. [Google Scholar] [CrossRef]

	



Khan, R.A. Natural Products Chemistry: The Emerging Trends and Prospective Goals. Saudi Pharm. J. 2018, 26, 739–753. [Google Scholar] [CrossRef]

	



Adan, A.; Kiraz, Y.; Baran, Y. Cell Proliferation and Cytotoxicity Assays. Curr. Pharm. Biotechnol. 2016, 17, 1213–1221. [Google Scholar] [CrossRef]

	



Goswami, T.; Meghwal, M. Chemical Composition, Nutritional, Medicinal And Functional Properties of Black Pepper: A Review. J. Nutr. Food Sci. 2012, 1, 1–7. [Google Scholar] [CrossRef]

	



Neto, R.D.A.M.; Santos, C.B.R.; Henriques, S.V.C.; Machado, L.D.O.; Cruz, J.N.; Silva, C.H.T.D.P.D.; Federico, L.B.; de Oliveira, E.H.C.; de Souza, M.P.C.; da Silva, P.N.B.; et al. Novel chalcones derivatives with potential antineoplastic activity investigated by docking and molecular dynamics simulations. J. Biomol. Struct. Dyn. 2020, 40, 2204–2216. [Google Scholar] [CrossRef]

	



Santos, M.R.V.; Moreira, F.V.; Fraga, B.P.; de Sousa, D.P.; Bonjardim, L.R.; Quintans, L.J. Cardiovascular Effects of Monoterpenes: A Review. Rev. Bras. Farmacogn. 2011, 21, 764–771. [Google Scholar] [CrossRef]

	



Ferreira, S.R.S.; Nikolov, Z.L.; Doraiswamy, L.K.; Meireles, M.A.A.; Petenate, A.J. Supercritical Fluid Extraction of Black Pepper (Piper Nigrun L.) Essential Oil. J. Supercrit. Fluids 1999, 14, 235–245. [Google Scholar] [CrossRef]

	



Ferrareze, M.V.G.; Leopoldo, V.C.; Andrade, D.; Silva, M.F.I.; Haas, V.J. Multi-Resistant Pseudomonas Aeruginosa among Patients from an Intensive Care Unit: Persistent Challenge? ACTA Paul. Enferm. 2007, 20, 7–11. [Google Scholar] [CrossRef]

	



Othman, L.; Sleiman, A.; Abdel-Massih, R.M. Antimicrobial Activity of Polyphenols and Alkaloids in Middle Eastern Plants. Front. Microbiol. 2019, 10, 911. [Google Scholar] [CrossRef] [PubMed]

	



Jafaar, H.J.; Isbilen, O.; Volkan, E.; Sariyar, G. Alkaloid Profiling and Antimicrobial Activities of Papaver Glaucum and P. Decaisnei. BMC Res. Notes 2021, 14, 348. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, M.C.; Resende, D.I.S.P.; da Costa, P.M.; Pinto, M.; Sousa, E. Tryptophan Derived Natural Marine Alkaloids and Synthetic Derivatives as Promising Antimicrobial Agents. Eur. J. Med. Chem. 2021, 209, 112945. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhry, N.M.A.; Tariq, P. Bactericidal Activity of Black Pepper, Bay Leaf, Aniseed and Coriander against Oral Isolates. Pak. J. Pharm. Sci. 2006, 19, 214–218. [Google Scholar] [PubMed]

	



Patani, M.N.; Jain, J.; Marya, B.H.; Patel, M.B.; Sarwa, K.; Nair, A. Phytochemical Screening of Mallotus Philipinesis for Its Antibacterial Activity. J. Glob. Pharma. Technol. 2011, 3, 21–25. [Google Scholar] [CrossRef]

	



Enaru, B.; Drețcanu, G.; Pop, T.D.; Stǎnilǎ, A.; Diaconeasa, Z. Anthocyanins: Factors Affecting Their Stability and Degradation. Antioxidants 2021, 10, 1967. [Google Scholar] [CrossRef]

	



Mattioli, R.; Francioso, A.; Mosca, L.; Silva, P. Anthocyanins: A Comprehensive Review of Their Chemical Properties and Health Effects on Cardiovascular and Neurodegenerative Diseases. Molecules 2020, 25, 3809. [Google Scholar] [CrossRef]

	



Haq, I.U.; Imran, M.; Nadeem, M.; Tufail, T.; Gondal, T.A.; Mubarak, M.S. Piperine: A Review of Its Biological Effects. Phyther. Res. 2021, 35, 680–700. [Google Scholar] [CrossRef]

	



Zarai, Z.; Boujelbene, E.; Ben Salem, N.; Gargouri, Y.; Sayari, A. Antioxidant and Antimicrobial Activities of Various Solvent Extracts, Piperine and Piperic Acid from Piper Nigrum. LWT Food Sci. Technol. 2013, 50, 634–641. [Google Scholar] [CrossRef]

	



Araújo, T.; Khayat, A.; Quintana, L.; Calcagno, D.; Mourão, R.; Modesto, A.; Paiva, J.; Lima, A.; Moreira, F.; Oliveira, E.; et al. Piwi like RNA-Mediated Gene Silencing 1 Gene as a Possible Major Player in Gastric Cancer. World J. Gastroenterol. 2018, 24, 5338–5350. [Google Scholar] [CrossRef] [PubMed]

	



Wang-sheng, C.; Jie, A.; Jian-jun, L.; Lan, H.; Zeng-bao, X.; Chang-qing, L. Piperine Attenuates Lipopolysaccharide (LPS)-Induced Inflammatory Responses in BV2 Microglia. Int. Immunopharmacol. 2017, 42, 44–48. [Google Scholar] [CrossRef] [PubMed]

	



Yasir, A.; Ishtiaq, S.; Jahangir, M.; Ajaib, M.; Salar, U.; Khan, K.M. Biology-Oriented Synthesis (BIOS) of Piperine Derivatives and Their Comparative Analgesic and Antiinflammatory Activities. Med. Chem. 2018, 14, 269–280. [Google Scholar] [CrossRef] [PubMed]

	



Thiengsusuk, A.; Muhamad, P.; Chaijaroenkul, W.; Na-Bangchang, K. Antimalarial Activity of Piperine. J. Trop. Med. 2018, 2018, 9486905. [Google Scholar] [CrossRef]

	



Ngo, Q.M.T.; Cao, T.Q.; Hoang, L.S.; Ha, M.T.; Woo, M.H.; Min, B.S. Cytotoxic Activity of Alkaloids from the Fruits of Piper Nigrum. Nat. Prod. Commun. 2018, 13, 1467–1469. [Google Scholar] [CrossRef]

	



Nair, M.; Sandhu, S.S.; Sharma, A.K. Cancer Molecular Markers: A Guide to Cancer Detection and Management. Semin. Cancer Biol. 2018, 52, 39–55. [Google Scholar] [CrossRef]

	



Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef]

	



Gao, C.L.; Sun, R.; Li, D.H.; Gong, F. PIWI-like Protein I Upregulation Promotes Gastric Cancer Invasion and Metastasis. Onco. Targets Ther. 2018, 11, 8783–8789. [Google Scholar] [CrossRef]

	



Zahin, M.; Bokhari, N.A.; Ahmad, I.; Husain, F.M.; Althubiani, A.S.; Alruways, M.W.; Perveen, K.; Shalawi, M. Antioxidant, Antibacterial, and Antimutagenic Activity of Piper Nigrum Seeds Extracts. Saudi J. Biol. Sci. 2021, 28, 5094–5105. [Google Scholar] [CrossRef]

	



Andriana, Y.; Xuan, T.D.; Quy, T.N.; Tran, H.D.; Le, Q.T. Biological Activities and Chemical Constituents of Essential Oils from Piper Cubeba Bojer and Piper Nigrum L. Molecules 2019, 24, 1876. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Yao, Y.; Liu, J.; Wu, L.; Liu, T.; Cui, J.; Lee, D.Y.W. Synthesis and Biological Activity of Piperine Derivatives as Potential PPARγ Agonists. Drug Des. Devel. Ther. 2020, 14, 2069–2078. [Google Scholar] [CrossRef] [PubMed]

	



De Souza Grinevicius, V.M.A.; Kviecinski, M.R.; Santos Mota, N.S.R.; Ourique, F.; Porfirio Will Castro, L.S.E.; Andreguetti, R.R.; Gomes Correia, J.F.; Filho, D.W.; Pich, C.T.; Pedrosa, R.C. Piper Nigrum Ethanolic Extract Rich in Piperamides Causes ROS Overproduction, Oxidative Damage in DNA Leading to Cell Cycle Arrest and Apoptosis in Cancer Cells. J. Ethnopharmacol. 2016, 189, 139–147. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, V.S.; Araújo, J.S.C.; Silva, R.C.; da Costa, G.V.; Cruz, J.N.; Neto, M.F.D.A.; Campos, J.M.; Santos, C.B.R.; Leite, F.H.A.; Junior, M.C.S. In Silico Study to Identify New Antituberculosis Molecules from Natural Sources by Hierarchical Virtual Screening and Molecular Dynamics Simulations. Pharmaceuticals 2019, 12, 36. [Google Scholar] [CrossRef] [PubMed]

	



Vale, V.V.; Cruz, J.N.; Viana, G.M.R.; Póvoa, M.M.; Brasil, D.S.B.; Dolabela, M.F. Naphthoquinones Isolated from Eleutherine Plicata Herb: In Vitro Antimalarial Activity and Molecular Modeling to Investigate Their Binding Modes. Med. Chem. Res. 2020, 29, 487–494. [Google Scholar] [CrossRef]

	



Sedeky, A.S.; Khalil, I.A.; Hefnawy, A.; El-Sherbiny, I.M. Development of Core-Shell Nanocarrier System for Augmenting Piperine Cytotoxic Activity against Human Brain Cancer Cell Line. Eur. J. Pharm. Sci. 2018, 118, 103–112. [Google Scholar] [CrossRef]

	



Castro, A.L.G.; Cruz, J.N.; Sodré, D.F.; Correa-Barbosa, J.; Azonsivo, R.; de Oliveira, M.S.; de Sousa Siqueira, J.E.; da Rocha Galucio, N.C.; de Oliveira Bahia, M.; Burbano, R.M.R.; et al. Evaluation of the Genotoxicity and Mutagenicity of Isoeleutherin and Eleutherin Isolated from Eleutherine Plicata Herb. Using Bioassays and in Silico Approaches. Arab. J. Chem. 2021, 14, 103084. [Google Scholar] [CrossRef]

	



Deng, Y.; Sriwiriyajan, S.; Tedasen, A.; Hiransai, P.; Graidist, P. Anti-Cancer Effects of Piper Nigrum via Inducing Multiple Molecular Signaling in Vivo and in Vitro. J. Ethnopharmacol. 2016, 188, 87–95. [Google Scholar] [CrossRef]

	



Ikan, R. Natural Products Preface To The Second Edition Xi; Academic Press: London, UK, 1991. [Google Scholar]

	



Rahman Khan, Z.; Moni, F.; Sharmin, S.; Al-Mansur, M.A.; Gafur, A.; Rahman, O.; Afroz, F. Isolation of Bulk Amount of Piperine as Active Pharmaceutical Ingredient (API) from Black Pepper and White Pepper (Piper Nigrum L.). Pharmacol. Amp. Pharm. 2017, 8, 253–262. [Google Scholar] [CrossRef]

	



Eloff, J.N. A Sensitive and Quick Microplate Method to Determine the Minimal Inhibitory Concentration of Plant Extracts for Bacteria. Planta Med. 1998, 64, 711–713. [Google Scholar] [CrossRef]

	



Holetz, F.B.; Pessini, G.L.; Sanches, N.R.; Cortez, A.G.; Nakamura, C.V.; Prado, B.; Filho, D. Screening of some plants used in the Brazilian folk medicine for the treatment of infectious diseases. Mem Inst Oswaldo Cruz 2002, 97, 1027–1031. [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]

	



Galucio, N.C.R.; Moysés, D.A.; Pina, J.R.S.; Marinho, P.S.B.; Gomes Júnior, P.C.; Cruz, J.N.; Vale, V.V.; Khayat, A.S.; Marinho, A.M.R. Antiproliferative, Genotoxic Activities and Quantification of Extracts and Cucurbitacin B Obtained from Luffa Operculata (L.) Cogn. Arab. J. Chem. 2022, 15, 103589. [Google Scholar] [CrossRef]








[image: Separations 10 00021 g001 550] 





Figure 1. Microscopic analysis of piperine crystals. In (A–D), we have the representation of the large and rectangular crystals of the piperine. 
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Figure 2. SEM images of pure piperine crystals. 
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Figure 3. EDS image and corresponding spectrum of area 4 with weight percentages. 
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Figure 4. EDS image and corresponding spectrum of the total imaged area with weight percentages. 
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Figure 5. Diffractogram of piperine crystals. 
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Figure 6. TG, DTG, DSC, and DDSC curves were obtained for the piperine crystal sample. 
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Figure 7. TG (A) and DTG (B) curves for the piperine crystal sample. 
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Figure 8. DSC (A) and DDSC (B) curves for piperine crystal sample. 
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Figure 9. Percentage of cell proliferation after 72 h of treatment with piperine in different cell lines. Each point is equivalent to the average of three replicates. 
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Figure 10. (a) Ethanol extract obtained via Soxhlet; (b) black pepper extract from the purification process; (c) filtration of tannins and precipitated phenolic compounds, and (d) supernatant, with the addition of solid distilled water for the precipitation of piperine crystals. 
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Figure 11. (a) Supernatant solution with the piperine crystals; (b) solid obtained via vacuum filtration; (c) purified piperine crystals, and (d) remaining solution (SR). 
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Figure 12. Arrangement of samples and inoculum solutions in control plates (96 wells) for the biological tests on the microorganisms mentioned above. 






Figure 12. Arrangement of samples and inoculum solutions in control plates (96 wells) for the biological tests on the microorganisms mentioned above.



[image: Separations 10 00021 g012]







[image: Table] 





Table 1. Evaluation of antimicrobial and antifungal activities of EEPM, EEPS, RP, and piperine samples of black pepper from the IC50 inhibition coefficient for the microorganisms above.
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Samples

	
Values of IC50 (μg/mL) ± DP




	
Staphylococcus aureus

	
Salmonella sp.

	
Proteus mirabilis

	
Pseudomonas aeruginosa

	
Candida albicans






	
EEPM

	
7034435.0 d ± 0.17

	
43.3 a ± 0.17

	
393.0 b ± 0.16

	
545.0 c ± 0.07

	
287.0 b ± 0.11




	
EEPS

	
0.99 a ± 0.06

	
195.0 b ± 0.28

	
27.0 a ± 0.27

	
-

	
62.10 a ± 0.13




	
R

	
32.2 a ± 0.15

	
11.0 a ± 0.26

	
325.0 b ± 0.24

	
-

	
899.0 c ± 0.20




	
piperine

	
59.0 a ± 0.11

	
45.0 a ± 0.23

	
359.0 b ± 0.22

	
-

	
136.0 b ± 0.12








EEPM—macerated extract; EEPS—ethanol extract from Soxhlet; R—extract from purification steps; IC50—inhibitory concentration coefficient 50%; DP—standard deviation; MIC—minimum inhibitory concentration; a—high antimicrobial and antifungal activity MIC < 100 μg/mL; b—moderate activity, MIC between 100 and 500 μg/mL; c—weak activity, MIC between 500 and 1000 μg/mL; d—sample considered inactive, MIC > 1000 μg/mL.
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Table 2. Cytotoxic activity of piperine in cell lines after 72 h of exposure.
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Cell Lines IC50 (μg/mL) *




	
Sample

	
AGP01

	
AGP01 PIWIL1𢀒/𢀒

	
SK-MEL-19

	
HEP-G2

	
MRC5






	
Piperine

	
21.57 (20.14–23.10) R2 = 0.9918

	
22.39 (21.33–23.51) R2 = 0.9929

	
16.39 (15.06–17.85)

R2 = 0.9930

	
14.34 (11.66–17.65) R2 = 0.9701

	
23.52 (19.07–24.91) R2 = 0.9829








* Data are presented as IC50 values and 95% confidence intervals obtained by non-linear regression for all cell lines from three independent experiments.
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Table 3. Cytotoxic activity of macerated (EEPM), Soxhlet (EEPS), and retained (RP) extracts in cell lines after 72 h of exposure.
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Sample

	
Cell Lines IC50 (μg/mL) *




	

	
AGP01

	
AGP01 PIWIL1𢀒/𢀒

	
SK-MEL-19

	
MRC5






	
EEPM

	
13.82 (12.97–14.73) R2 = 0.9891

	
21.26 (18.66–24.21) R2 = 0.9595

	
14.94 (12.7–17.57) R2 = 0.9731

	
14.17

(11.29–17.79) R2 = 0.9600




	
EEPS

	
19.57 (18.47–20.73) R2 = 0.9936

	
24.53 (22.43–25.79) R2 = 0.9647

	
25.00 (19.00–32.90) R2 = 0.9507

	
13.19

(12.02–14.48) R2 = 0.9718




	
RP

	
43.77 (41.81–45.83) R2 = 0.9927

	
35.59 (27.8–45.56)

R2 = 0.9553

	
47.35 (42.45–52.81) R2 = 0.9659

	
27.5

(24.68–30.63) R2 = 0.9706








* Data are presented as IC50 values and 95% confidence intervals obtained by non-linear regression for all cell lines from three independent experiments.
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