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Abstract

:

Objectives: The current study aimed at exploring the secondary metabolites content of Erythrina crista-galli aqueous methanol extract and assessing its phytoestrogenic and cytoprotective activities. Methods: Isolation of the compounds was carried out using conventional chromatographic techniques. The structures of the isolated compounds were elucidated based on the UV, NMR spectral data along with their mass-spectrometric analyses. The phytoestrogenic activity was evaluated in-silico and in vitro using the Arabidopsis thaliana pER8: GUS reporter assay and the proliferation-enhancing activity of MCF-7 cells. Key findings: Phytochemical investigation of E. crista-galli aqueous methanol extract resulted in the isolation and identification of five flavonoids. The plant extract and its fractions showed significant estrogenic activities compared to controls. Conclusion: Five flavonoids were identified from E. crista-galli aqueous methanol extract. To the best of our knowledge, among these flavonoids, apigenin-7-O-rhamnosyl-6-C-glucoside was isolated for the first time from nature. Moreover, luteolin-6-C-glucoside was isolated for the first time from this plant. The plant revealed promising phytoestrogenic activities. This gives rationale to some of its pharmacological properties and suggests additional phytoestrogenic effects, which have not been reported yet.
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1. Introduction


Phenolic compounds are the most widely distributed secondary metabolites in terrestrial plants. They are typical multi-target compounds exerting multiple biological effects [1]. These effects, such as antibacterial [2], antioxidant [3], phytoestrogenic [4,5], cytotoxic [6] and hepatoprotective activities, have been thoroughly investigated [7,8].



The family Fabaceae (the legume family) includes about 730 genera with more than 19,500 species. Plants belonging to this family biosynthesize and accumulate large amounts of phenolics, particularly flavonoids, phenolic acids and tannins [9]. Red clover (Trifolium pratense), rich in phytoestrogenic isoflavones, such as genistein and daidzein, and soybean (Glycine max), with the methylated isoflavones, biochanin A and formononetin [10], are known examples of phenolic-rich and bioactive legumes. The heart wood of Acacia [11] and the roots of Glycyrrhiza glabra are important sources of phenolic compounds [12]. Some of these phenolics exhibit a potent hepatoprotective effect [13].



The genus Erythrina (Fabaceae) contains more than 100 species distributed in the tropics and subtropics of America, Africa and Australasia [14]. The origin of the name Erythrina comes from the Greek word “erythros” which means red, referring to the bright red flowers of the genus trees. Many Erythrina species, with their attractive flowers, are cultivated as ornamental plants in many tropical and subtropical areas of the world. These species have been widely used in traditional medicine for the treatment of insomnia, malaria fever, venereal disease, asthma and toothache [15]. Most of the phytochemical investigations on Erythrina species were directed towards their neurotoxic alkaloids, which are a special class of isoquinoline alkaloids [16,17,18]. Additionally, some Erythrina species were reported to contain a novel class of phytoestrogenic alkaloids, named as erythroidine alkaloids [19]. Furthermore, studies on E. poeppigiana indicated the presence of phenolic constituents with inhibitory potential against human glyoxalase I [20]. Other secondary metabolites such as flavonoids [21], isoflavonoids [22,23], pterocarpanes [24,25], flavanones [26,27], isoflavans [28], chalcones [29,30] and cinnamoyl phenols [31,32] were also reported.



Erythrina extracts exhibit a wide range of pharmacological properties, including antibacterial [22,33], antimalarial [34], antioxidant [17,35], anti-inflammatory [36], cytotoxic [37,38,39], tyrosine-protein phosphatase inhibitory [40], phytoestrogenic [19,41,42], anti-osteoporotic [43] and neurotoxic activities [44]. E. crista-galli is widely distributed in subtropical and tropical regions of South America. It is known as Cockspur Coral Tree and commonly called “Corticeira” in Brazil. Its bark is used for the treatment of many ailments related to rheumatism, and for hepatitis [45]. Phytochemical studies on the underground parts revealed several Erythrina alkaloids, isoflavonoids and pterocarpans [46]. The present study focused on the identification of the major phenolic secondary metabolites from the aerial parts (leaves) of Erythrina crista-galli. Potential phytoestrogenic activities of E. crista-galli leaves extracts and fractions were also investigated.




2. Results and Discussion


Apigenin-7-O-rhamnosyl-6-C-glucoside (1), a minor compound, was obtained as an amorphous yellow powder, which appeared as a dark purple spot on the PC and turned yellow upon exposure to ammonia vapors, under UV light. Rf = 0.34 (6% AcOH) and 0.27 (BAW). The UV spectral data of the compound revealed two distinct maxima, one at 266 nm for band II and one at 336 nm for band I, indicating a flavone skeleton. A bathochromic shift (50 nm) was observed in band I upon addition of sodium methoxide, indicating the probable presence of a free hydroxyl group at position 4′. No bathochromic shift was observed in band I on the addition of aluminium chloride, indicating the absence of ortho-dihydroxyl groups. The absence of ortho-dihydroxyl groups was further confirmed by the absence of the bathochromic shift in band I in the sodium acetate/boric acid spectrum. No bathochromic shift was observed in band II in the presence of sodium acetate, indicating the absence of a free hydroxyl group at position 7. Negative ESI-mass spectral analysis ([M − 1] at m/z = 577, corresponding to a molecular mass of 578), together with the above given analytical data, suggested an apigenin molecule containing a hexoside and rhamnoside moieties; at least one of these moieties occupies position 7.



The proposed structure of this minor constituent was then proved by 1H-NMR and COSY analysis (DMSO-d6, room temperature). The presence of 7-O-substitution of apigenin was concluded from the present downfield shifts of the aromatic protons on ring A, which showed a signal at δ 6.72 (1H, s, H-8). The identity of apigenin was confirmed by the presence of signals at δ 6.91 (2H, d, J = 9 Hz, H-3′ and H-5′), 7.92 (2H, d, J = 9 Hz, H-2′ and H-6′) and 6.91 (1H, s, H-3). The absence of the H-6 signal indicated C-substitution at the position of this carbon. Moreover, the anomeric proton of the hexosyl moiety displayed a signal at δ 4.57 (1H, d, J = 9 Hz, Hglu-1′′). The appearance of the H-1′′ proton of this moiety at δ 4.57 suggests a C-hexosyl linkage, because in case of O-glycosidic linkage, the same proton should appear at a downfield location. That the hexoosyl moiety in compound 1 exists in β-configuration, was evidenced by the splitting pattern of its anomeric proton resonance into doublet at δ 4.57 (1H, d, J = 7 Hz, H-1′′), which indicated an axial-axial coupling between H-1′′ and H-2′′ sugar protons. The anomeric proton of rhamnose (identified as rhamnose from the methyl substituent) displayed a signal at δ 5.47 (1H, d, J = 2 Hz, Hrha-1′′′), a location which is downfield enough to suggest an O-type of glycosidation. A C-rhamnosyl substitution will bring that anomeric proton comparatively upfield (e.g., at δ = 4.8 ppm). Other signals of sugar protons appeared between 3.1–4.2 and 1.2 (3H, d, J = 6.0 Hz, CH3-6′′′). Finally, enzymatic hydrolysis of compound 1 by α rhamnase enzyme yielded compound 2.



The above given data suggested, therefore, an apigenin-7-O-rhamnosyl-6-C-glucoside structure for the minor constituent (1), a new natural flavone glycoside (Figure 1) [47].



Apigenin-6-C-glucoside (2) (Figure 1) was obtained as an amorphous yellow powder, which appeared as a dark purple spot on the PC, which turned yellow upon exposure to ammonia vapors, as seen under UV light. Rf = 29 (6% AcOH) and 48 (BAW). 1H-NMR (500 MHz, DMSO-d6, room temp.) δ: 7.80 (2H, d, J = 8.5 Hz, 2′, 6′-H), 6.89 (2H, d, J = 8.4 Hz, 3′, 5′-H), 6.53 (1H, s, 3-H), 6.18 (1H, s, 8-H), 4.55 (1H, d, J = 9.8 Hz, 1′′-H), 4.03–3.11 (6H, m, sugar). 13C-NMR (500 MHz, DMSO-d6) δ: 163.32 (C-2), 102.60 (C-3), 181.73 (C-4), 160.64 (C-5), 109.77 (C-6), 163.32 (C-7), 95 (C-8), 157.38 (C-9), 102.95 (C-10), 121.46 (C-1′), 128.35 (C-2′, 6′), 116.53 (C-3′, 5′), 161.32 (C-4′), 81.41 (C-1′′), 70.44 (C-2′′), 74.25 (C-3′′), 70.20 (C-4′′), 79.54 (C-5′′), 61.37 (C-6′′). The UV (neat and after addition of shifting reagents) and NMR spectral data were identical to those reported for apigenin-6-C-glucoside (isovitexin) [48].



Luteolin-6-C-glucoside (3) (Figure 1) was obtained as an amorphous yellow powder, which appeared as a dark purple spot on the PC under UV light and turned yellowish green upon exposure to ammonia vapors and then turned dirty green after spraying with 1% methanol ferric chloride solution. Rf = 37 (6% AcOH) and 44 (BAW). 1H-NMR (500 MHz, DMSO-d6) δ: 7.38 (1H, dd, J = 2.5 Hz, 9.0 Hz, 6′-H), 7.38 (1H, d, J = 2.5 Hz, 2′-H), 6.89 (1H, d, J = 9.0 Hz, 5′-H), 6.52 (1H, S, 3-H), 4.45 (1H, d, J = 10.0 Hz, 1′′-H). 13C-NMR (500 MHz, DMSO-d6) δ: 163.45 (C-2), 103.75 (C-3), 182.54 (C-4), 160.57 (C-5), 107.72 (C-6), 164.79 (C-7), 93.76 (C-8), 157.24 (C-9), 102.46 (C-10), 121.56 (C-1′), 112.92 (C-2′), 145.50 (C-3′), 149.50 (C-4′), 115.35 (C-5′), 118.88 (C-6′), 81.18 (C-1′′), 70.36 (C-2′′), 73.86 (C-3′′), 71.16 (C-4′′), 78.69 (C-5′′), 61.44 (C-6′′).The UV (neat and after addition of shifting reagents) and NMR spectral data were similar to those reported for luteolin-6-C-glucoside (Isoorientin) [49], which is reported here for the first time in Erythrina crista-galli [48].



Compound 4 5,7,4′-trihydroxyflavone (apigenin) (Figure 1), was obtained as a yellow crystalline material, Rf = 49 (6% acetic acid) and 86 (BAW). Compound 4 appeared as a dark purple spot on the PC under UV. The 1H-NMR spectral data showed the following resonance peaks at δ (ppm) 6.03 (d, J = 2.5 Hz, H-6), 6.31 (d, J = 2.5 Hz, H-8), 6.64 (s, H-3), 6.88 (d, J = 8 Hz, H-3′, 5′), 7.85 (d, J = 8 Hz, H-2′, 6′). Comparison of the obtained spectral data of compound 4 with those reported for apigenin confirmed its identity [49]. Apigenin is reported here for the first time from Erythrina crista-galli.



Compound 5 5,7,3′,4′-tetrahydroxyflavone (luteolin) (Figure 1), was obtained as a yellow crystalline material, Rf = 66 (6% acetic acid) and 78 (BAW). Compound 5 appeared as a dark purple spot on the PC under UV. The 1H-NMR spectral data showed the following resonance peaks at δ (ppm) 6.19 (d, J = 2.5 Hz, H-6), 6.46 (d, J = 2.5 Hz, H-8), 6.85 (s, H-3), 7.5 (d, J = 2.5 Hz, H-2′), 6.89 (d, J = 8 Hz, H-5′), 7.45 (dd, J = 2.5 Hz and J = 8 Hz, H-6′). Comparison of the obtained spectral data of compound 5 with those reported for luteolin confirmed its identity [50]. Luteolin is reported here for the first time from Erythrina crista-galli.



2.1. Docking Study


The binding mode of compound E2 revealed formation of three hydrogen bonds with the residues Arg 394, Glu 353 and His 524 of the of human estrogen receptor R (ERR) (PDB ID 1A52) [51]. The isolated compounds were able to interact with the active site in the same pattern as the lead E2. The results showed that among the isolated compounds, apigenin-7-O-rhamnosyl-6-C-glucoside, apigenin-6-C-glucoside, luteolin-6-C-glucoside, apigenin and luteolin exhibit the same binding mode of the lead compound E2, with higher fitting scores (Table 1). The apigenin-7-O-rhamnosyl-6-C-glucoside binding mode is illustrated in (Figure 2A–C), with a fitting score of 44.7, which revealed an extra hydrogen bonding with more amino acids in the active pocket, in addition to the three key amino acids Arg 394, Glu 353 and His 524, indicating a firmer binding. However, the three compounds of interest share the same H-bonding of the lead compound with the same key amino acids, which suggests an identical binding mode with the active site with lead and, hence, probably the same biological activity. Interestingly, all the docked compounds are characterized by possessing one or more phenolic groups, which dissociate under physiological conditions resulting in O− ions [1]. The polyphenols can form ionic bonds with positively charged side chains of the aspartate aminoacids (Asp 351).These bonds are quite weak, but because several of them are formed concomitantly, the effect is much stronger, leading to more fitting in the binding pocket. In addition, the docking study also revealed that simple phenyl-substituted coumarin derivatives are more likely to have the same binding mode as lead and hence the same biological activity. Accordingly, the molecular modeling studies that were performed indicated that the proposed molecules are promising candidates for phytoestrogenic activity, as compared to 17β-estradiol.




2.2. Phytoestrogenic Activity (pER8: GUS Reporter Assay)


The phytoestrogenic activity of the extract and the fractions as well as the reference compound 17β-estradiol were evaluated utilizing the Arabidopsis thaliana pER8: GUS reporter assay system [52]. The results of the minimal active concentration (MAC) of the 17β-estradiol (E2) and samples are presented in Figure 3. Fractions I and II exhibited the most obvious phytoestrogenic activity with MAC values lower than 6.25 µg/mL. Aqueous and aqueous methanol extracts showed less activity with MAC values of 25 and 12.5 µg/mL, respectively. The observed phytoestrogenic activity of Erythrina crista-galli and its fractions is supported by several in vitro and in vivo studies reporting the estrogenic activity of another Erythrina sp., E. poeppigiana [19,42]. In E. lysistemon, the phytoestrogenic activity is related to the prenylated flavonoid abyssinone V-4′-methyl-ether [53]. This finding is in agreement with our previous work showing the binding effect of prenylated flavonoids to the uterine estrogen receptor of rats [54]; the presence of a 5-hydroxy group and an 8-prenyl group were essential for such binding. In our previous papers, the reliability of the method was validated through comparing the phytoestrogenic results obtained by the pER8: GUS reporter assay with the results obtained by the standard in vitro model of the SEAP reporter assay system in the MCF-7 breast cancer cell-line [55,56]. The results of the pER8: GUS reporter assay were in agreement with the results of the SEAP reporter assay system in the MCF-7 breast cancer cell-line. However, the major limitation for this assay is its relative lower sensitivity (minimum active concentration of E2 at 1.25–0.63 nM) compared to the in vitro SEAP reporter assay (minimum active concentration 0.01 nM) [55].




2.3. Proliferation-Enhancing Activity in MCF-7 Cells


The phytoestrogenic activity of Erythrina crista-galli aqueous and aqueous methanol extracts and its active fractions (I and II) was further substantiated through assessing their effect on the proliferation of the estrogen-responsive cell line MCF-7. Initially, the cytotoxicity of the extracts and its active fractions (I and II) was determined using the sulphorhodamine B (SRB) assay. The aqueous extract showed an IC50 value of 187 ± 11.2 µg/mL, while that of the aqueous methanol extract was above 1000 µg/mL. IC50 values of fractions I and II were 23.3 ± 1.9 and 51.5 ± 3.5 µg/mL, respectively (Table 2). The aqueous extract of Erythrina was previously reported to possess cytotoxic activity against breast and lung cancer cell lines [39]. The observed superior activity of the aqueous extract over the aqueous methanol extract is referred to the presence of many other secondary metabolites in the multi-component plant extract. The presence of low amount of erythrinan (with their unique skeleton of a tetracyclic spiroamine) and benzylisoquinoline alkaloids may be regarded as the main reason for the relatively higher cytotoxic activity. These alkaloids showed IC50 values higher than 25 µg/mL when they were assessed against the murine macrophages RAW264.7 [46]. However, more potent activity of the total alkaloids fraction was noticed against HepG-2, HEP-2, HCT116, MCF-7 and HFB4, with IC50 values in the range of 2.97‒21.1 µg/mL [56].



In this context, isolation of these alkaloids was not the scope of this work. The main objective was to evaluate the phytoestrogenic and cytoprotective activity of the plant extract. The aqueous methanol extract showed nontoxic effect on the tested cells, even in a high concentration. This can be attributed to the presence of only a low amount of the alkaloids for a solubility reason. However, the relatively higher cytotoxicity of the fractions may be attributed to the presence of other secondary metabolites, especially pterocarpan. These compounds showed potent inhibitory activity on protein-tyrosine phosphatase-1B, which is involved in many phosphorylation processes associated with cell growth and mitotic division [40]. Therefore, we selected the aqueous methanol extract together with fractions I and II for MCF-7 proliferation studies. The aqueous methanol extract (10 µg/mL) resulted in enhanced proliferation for MCF-7 cells. Sub-cytotoxic concentrations of fractions I and II (1 and 10 µg/mL) showed significant increases in the proliferation rate of MCF-7 cells at day 7 and day 10 (Table 3 and Figure 4). These results further support the phytoestrogenic activity evidenced by the Arabidopsis thaliana pER8: GUS reporter assay elaborated above.





3. Materials and Methods


3.1. Plant Material


Fresh leaves of Erythrina crista-galli L. were collected in April 2014 from plants grown in El-Giza Zoo garden, Giza. They were kindly authenticated morphologically by Mrs. Treese Labib, agricultural expert, El-Orman Botanical Garden, Giza, Egypt. Voucher specimens of the plant material were deposited at the Department of Pharmacognosy, Faculty of Pharmacy, Ain Shams University, Cairo, Egypt (P-NA-302).




3.2. Cell Lines and Chemicals


The human breast adenocarcinoma (MCF-7) cell line was obtained from the Egyptian Holding Company for Biological Products and Vaccines (VACSERA, Giza, Egypt). Ammonium nitrate, magnesium sulfate, potassium nitrate, boric acid, cobalt chloride, cupric sulfate, manganese sulfate, potassium iodine, sodium molybdate, zinc sulfate, citric acid and sodium citrate were purchased from Wako Pure Chemical Industries® (Tokyo, Japan). Calcium chloride, dextrose, potassium hexacyanoferrate II, potassium hexacyanoferrate III and sodium carbonate were obtained from Merck® (Darmstadt, Germany), while potassium phosphate, sodium chloride, ferrous sulfate, Na2-EDTA2H2O, nicotinic acid, pyridoxineHCl, thiamineHCl, Fe-EDTA, 4-morpholineethanesulfonic acid, τ-inositol, sucrose, phytoagar, sodium phosphate, silymarin, triton X-100, 5-bromo-4-chloro-3-indoly-β-d-glucuronide and α-Rhamnase were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). 17β-estradiol was purchased from Takeda Chemical Industries Ltd. (Osaka, Japan). Solvents used were of analytical grade unless mentioned and were purchased from Merck, J.T. Backer® (Deventer, The Netherlands) and Theo Seulberger® (Karlsruhe, Germany). Media and supplements for cell cultures were obtained from Gibco®/Invitrogen (Karlsruhe, Germany) and Greiner Labortechnik® (Frickenhausen, Germany).




3.3. Phytochemistry


1H- and 13C-NMR were measured on a Varian AC 500 MHz NMR spectrometer (Varian®, Santa Clara, CA, USA) at the operating frequencies of 500.13 and 125.67 MHz, respectively. Samples were dissolved in dimethyl sulphoxide (Deutero®, Kastellaun, Germany). The chemical shift (δ) values are reported in ppm in DMSO, and coupling constants (J-value) are recorded in Hz. UV recording was done on a Shimadzu UV Visible-1601 spectrophotometer, Shimadzu® (Kyoto, Japan). The molecular weights were recorded using a Bruker micrOTOF-QII (Bruker Daltonics, Bremen, Germany) mass spectrometer operating at 70 eV with an ion source temperature 200 °C over the range 200–900 m/z. Chromatograms were processed using Bruker Compass Data Analysis 4.0 software.



Column chromatography (CC) was carried out on either silica gel 60 (0.063–0.2 mm) (Merck®, Darmstadt, Germany), polyamide S6, (Riedel-De Haen®, Hannover, Germany) and a Sephadex LH-20 (25–100 μm) (GE Healthcare Bio-Sciences®, Uppsala, Sweden). Fractions were monitored by thin layer chromatography (TLC) on either pre-coated silica gel 60 F254 (0.25 mm) (Merck®) using p-anisaldehyde/sulphuric acid reagent and heating at 100 °C for 7 min [57]. Paper chromatography (PC) was carried out on Whatmann No. 1 and No. 3 papers (Whatmann™, Kent, UK); localization of the spots on PC was performed by exposure to ammonia vapour.




3.4. Extraction and Isolation


E. crista-galli fresh leaves (1 kg) were chopped in double-distilled water (4 L) for 6 h three times. The aqueous extract was concentrated under reduced pressure followed by lyophilization. The dry lyophilized extract was then further extracted with methanol (HPLC grade) for 30 min at 40 °C to ensure complete extraction of the phenolic components. The extract was completely evaporated in vacuo (45 °C) until constant weight, to yield a solid residue (30 g).



Fractionation of the extract on a cellulose column using water, followed by water–methanol mixtures of decreasing polarities yielded two main fractions (I–II), which were individually subjected to further purification using sub-columns and preparative paper chromatography (PPC). Re-fractionation of fraction I over a polyamide 6S column and elution with H2O, followed by H2O/MeOH mixtures of decreasing polarities, yielded 6 main sub-fractions (I-A-IF). Compound 1 was obtained from sub-fraction I-C (eluted with 40% methanol) through subsequent fractionation over column chromatography using Sephadex LH-20 with H2O, followed by H2O/MeOH mixtures of decreasing polarities as the solvent system. Further purification was done using PPC eluted with n-butanol:acetic acid:water (BAW). Compounds 2 and 3 were obtained from sub-fractions I-D (eluted from 60% MeOH) through subsequent fractionation over a Sephadex LH-20 column, with n-butanol saturated with water as the solvent system. Further purification was done using PPC with BAW as the solvent system separating 2 from 3. Compounds 4 and 5 were obtained from fraction II (eluted with neat MeOH) and purified through subsequent PPC using BAW as the solvent system [58].




3.5. Molecular Docking Study


The molecular docking study of the isolated compounds from the plant on the human estrogen receptor was carried out using Discovery Studio 2.5 software (Accelrys Inc., San Diego, CA, USA) Gold protocol. The X-ray crystal structure of human estrogen receptor R (ERR) (PDB ID 1A52) was downloaded from the Protein Data Bank (www.pdb.org). The structure of the receptor was established using the default protein preparation protocol of Accelry’s discovery studio 2.5 [59]. The study was started by determining the binding mode of bioactive conformation of the reported lead compound E2 crystallized with ER. The structure was obtained from the Protein Data Bank without change in its conformation to investigate the detailed intermolecular interactions between the ligand and the target receptor. A validation for the ideal pose was also performed by alignment of the X-ray bioactive conformer, with the best fitted pose of the same compound. The alignment showed good coincidence between them (RMSD = 0.21 Å), indicating the validity of the selected pose. Interactive docking using Gold protocol was carried out between the test set of molecules and the binding site of the prepared ER. Each test set molecule gave 10 possible docked poses. The ideal pose of each molecule was selected according to the similarity of its binding mode in the binding site to that of the lead compound. The binding pattern of the ideal pose for each of the test set molecules and the corresponding Gold fitness score were considered in our study to prioritize their virtual affinity to the binding site, in comparison to the ideal pose of the lead molecule E2. The predicted binding energies of the compounds are listed in Table 1.




3.6. Biological Activity


3.6.1. Estrogenic Activity: pER8: GUS Reporter System


The Arabidopsis pER8: GUS reporter assay system was originally developed by Brand et al. [60]. The seeds of Arabidopsis pER8: GUS were sown and grown on MS solid medium (3% sucrose, 0.9% agar) in the dark for 24–36 h at 4 °C for vernalization, and then left at 24 °C for three days under continuous light. The seedlings were transferred into 24-well microtiter plates containing MS liquid medium with or without the tested compounds in each well, and incubated at 24 °C for 48 h. The culture medium was removed, then the staining buffer (50 mM Na3PO4 buffer (pH 7.0), 10 mM EDTA (pH 8.0), 0.2 mM X-Gluc, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6 and 0.1% Triton X-100) was added for GUS staining at 37 °C for three hours [61]. The reference compound, 17β-estradiol, was used as a positive control (0.31–10 nM). A ZEISS Axiovert 200 inverted microscope (Carl Zeiss, Oberkochen, Germany) was used to examine GUS staining and images were captured with a digital camera.




3.6.2. Cell Culture, Cytotoxicity and Cell Proliferation Assay


MCF-7 cells were maintained in Dulbecco’s minimal essential medium (DMEM), free of serum and phenol red and supplemented with 10% charcoal-stripped fetal bovine serum and 1% antibiotic-antimycotic solution. Cells were grown at 37 °C in a humidified atmosphere of 5% CO2. All experiments were performed with cells in the logarithmic growth phase.



Sensitivity to drugs was determined in triplicate using the SRB (sulforhodamine B) cell viability assay [62]. Exponentially growing MCF-7 cells were collected using 0.25% Trypsin-EDTA and plated in 96-well plates from Greiner Labortechnik® at 1000 and 2000 cells/well, respectively. The cells were cultured for 24 h, then incubated with various concentrations (0.1–1000 µg/mL) of the tested samples (stock solution 1 mg/mL) at 37 °C for 72 h, and subsequently fixed with 10% trichloroacetic acid (TCA) for 1 h at 4 °C. After several washing steps, cells were exposed to 0.4% SRB for 10 min in the dark and subsequently washed with 1% glacial acetic acid. After drying overnight, Tris-HCl was used to dissolve the SRB-stained cells for 5 min on a shaker at 1600 rpm and optical density intensity was measured photometrically at 545 nm, using a microplate reader, ChroMate® 4300, (Awareness Technology Inc., Palm City, FL, USA). The cell viability (%) of the three independent experiments was calculated using the Emax model as follows:


% Cell viability=(100−R)×(1−[D]mKdm+[D]m)+R








where R is the residual unaffected fraction (the resistance fraction), [D] is the drug concentration used, Kd is the drug concentration that produces a 50% reduction of the maximum inhibition rate and m is a Hill-type coefficient [47]. The assay was repeated with minor modification in order to evaluate the effect of sub-lethal concentrations (1 and 10 µg/mL) of fractions I and II and the aqueous methanol extract for up to 10 days. Cells were fixed at 1, 3, 7 and 10 days after exposure to different treatments.




3.6.3. Statistical Analysis


All experiments were carried out three times unless mentioned otherwise. Continuous variables were presented as mean ± S.E. The IC50 was determined as the concentration of a sample, which resulted in a 50% reduction in cell viability or inhibition of the biological activity. IC50 values were calculated using a four-parameter logistic curve (SigmaPlot 11.0, Systat Software, Inc., Richmond, CA, USA), and all the data were sketched and statistically evaluated using one-way ANOVA followed by Tukey–Kramer multiple comparisons tests (GraphPad Prism 6.01, GraphPad Software, Inc., San Diego, CA, USA) when the significance value is <0.05 using the same significance level. The criterion for statistical significance was taken as p < 0.05.






4. Conclusions


This phytochemical study indicates the isolation of apigenin-7-O-rhamnosyl-6-C-glucoside as a new flavonoid glycoside and the isolation of luteolin-6-C-glucoside for the first time from Erythrina crista-galli. The plant exhibits interesting phytoestrogenic activities. Epidemiologal evidence indicates that the incidence of breast cancer is lower in Asian populations who consume high dietary concentrations of soy products which have a high phytoestogens content [63,64]. The current data give support to the traditional use of the herb in some ailments and warrant further investigations.
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Figure 1. Chemical structures of the isolated compounds from Erythrina crista-galli. Compound 1: apigenin-7-O-rhamnosyl-6-C-glucoside. 
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Figure 2. Binding mode for apigenin-7-O-rhamnosyl-6-C-glucoside on human estrogen receptor R. (A) 2D binding mode for apigenin-7-O-rhamnosyl-6-C-glucoside on human estrogen receptor R; (B) 3D binding mode for apigenin-7-O-rhamnosyl-6-C-glucoside on human estrogen receptor R; (C) apigenin-7-O-rhamnosyl-6-C-glucoside into the binding site surface of human estrogen receptor R. 
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Figure 3. Phytoestrogenic effects of (a) 17β-estradiol (E2) and (b) Fractions I and II from Erythrina crista-galli in the Arabidopsis thaliana pER: GUS system. (a) Estrogenic activity of the reference compound 17β-estradiol was evaluated utilizing the pER8: GUS reporter assay system. MAC of 17β-estradiol was 2.5 nM; (b) Fractions I and II exhibited the most obvious estrogenic activity with the MAC values lower than 6.25 µg/mL. Aqueous and aqueous methanol extracts showed less activity with the MAC values of 25 and 12.5 µg/mL, respectively. 
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Figure 4. Effect of Erythrina crista-galli extract and fractions on the rate of proliferation of the MCF-7 cell line. * Significantly different from corresponding control at p < 0.05. 
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Table 1. The computed binding energy values (ΔGbinding) for the molecular docking study for the binding of the isolated components in Erythrina crista-galli extract with human Estrogen Receptor R (ERR).
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Compound Name

	
Binding Energy (ΔGbinding)






	
Apigenin-7-O-rhamnosyl-6-C-glucoside

	
−44.7




	
Apigenin-6-C-glucoside

	
−39.11




	
Luteolin-6-C-glucoside

	
−41.91




	
Apigenin

	
−43.33




	
Luteolin

	
−40.97




	
17β-estradiol

	
−36.38








The ligand-enzyme interaction energy value (∆Gbinding) was calculated using the following equation: ∆Gbinding = Ecomplex − (EERRα + Eligand), where Ecomplex was the potential energy for the complex of human Estrogen Receptor R (ERR) bound with the ligand, EERRα was the potential energy of the receptor alone, and Eligand was the potential energy for the ligand alone.
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Table 2. IC50 values of extracts and fractions from Erythrina crista-galli on the growth of MCF-7 cells.
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Addition

	
IC50 (µg/mL)






	
Aqueous extract

	
187.0 ± 11.2




	
Aqueous methanol extract

	
>1000




	
Fraction I

	
23.3 ± 1.9




	
Fraction II

	
51.5 ± 3.5
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Table 3. The proliferation-enhancing activity of Erythrina crista-galli in MCF-7 cells using the SRB assay relative to the control.
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Drug

	
Viability %




	
Day 1

	
Day 3

	
Day 7

	
Day 10






	
Control

	
100.00 ± 9.2

	
200.00± 22.92

	
210.97 ± 22.36

	
210.97 ± 25.36




	
Aq.alc. extract (10 µg/mL)

	
88.37 ± 9.63

	
204.87 ± 24.14

	
234.14 ± 29.02

	
234.14 ± 29.02




	
Fraction I (10 µg/mL)

	
91.46 ± 8.41

	
198.78 ± 18.7

	
290.24 ± 27.22 *

	
290.24 ± 21.22 *




	
(1 µg/mL)

	
86.58 ± 7.19

	
193.90 ± 20.26

	
261.95 ± 32.12

	
279.83 ± 26.34 *




	
Fraction II (10 µg/mL)

	
93.41 ± 5.97

	
198.78 ± 21.66

	
290.24 ± 31.22 *

	
290.24 ± 21.22 *




	
(1 µg/mL)

	
92.68 ± 10.85

	
203.66 ± 24.14

	
262.73 ± 30.12

	
276.83 ± 26.34 *








Data are represented in terms of mean ± SEM (n = 3). * Significantly different from control at p < 0.05.








© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license ( http://creativecommons.org/licenses/by/4.0/).
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