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Abstract

:

The incorporation of edible flowers in the human diet and culinary preparations dates back to ancient times. Nowadays, edible flowers have gained great attention due to their health-promoting and nutritive effects and their widespread acceptance by consumers. Therefore, edible flowers are ideal candidates for use in the design and development of functional foods and dietary supplements, representing a new and promising trend in the food industry. Thus, the present study attempts to assess the potential of various edible flowers against oxidative stress by applying a combination of in vitro, in silico and spectroscopic techniques. Specifically, the spectroscopic profiles of edible flower extracts were evaluated using ATR-FTIR spectroscopy, while their total phenolic contents and antioxidant/antiradical activities were determined spectrophotometrically. The most abundant phytochemicals in the studied flowers were examined as enzyme inhibitors through molecular docking studies over targets that mediate antioxidant mechanisms in vivo. Based on the results, the red China rose followed by the orange Mexican marigold exhibited the highest TPCs and antioxidant activities. All samples showed the characteristic FTIR band of the skeletal vibration of phenolic aromatic rings. Phenolic compounds seem to exhibit antioxidant activity with respect to NADPH oxidase, myeloperoxidase (MP), cytochrome P450 and, to a lesser extent, xanthine oxidase (XO) enzymes.
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1. Introduction


Edible flowers are defined as non-toxic, harmless food products with important nutraceutical properties beneficial for human health. Therefore, they can be safely incorporated in human nutrition [1,2]. The most popular edible flowers include chrysanthemum, rose, hibiscus, violet, carnation, pansy, marigold, calendula, among others [2]. Edible flowers can enhance the aroma, taste and appearance of meals and can be used in the development of functional foods [3]. They are of great nutritional interest as they are almost free of calories and constitute rich sources of phytochemicals, such as phenolics, carotenoids, other pigments, terpenoids, alkaloids, and vitamins, all associated with significant health benefits [4]. The composition of edible flowers in terms of bioactive constituents depends on the botanical part of the flower (petal, pollen, nectar, etc.), the flowering stage, the seasonality of flower production, color differentiation among the cultivars, soil and climatic conditions, production processes, geographical origin, among other factors [5,6]. Edible flowers and their extracts have been reported to exhibit high antioxidant, antiradical, antimicrobial, antibacterial, antithrombotic, anti-inflammatory, anti-obesity, anti-hyperglycemic, anti-cholesterol, anti-hypertensive, antitumor and anti-diabetic activities [5,7,8,9]. Their phytochemical profiles have been studied using a variety of analytical methods. Indicatively, flowers belonging to Calendula, Carthamus, Cassia, Centaurea, Chamaemelum, Chrysanthemum, Dahlia, Hibiscus, Lavandula, Lonicera, Monarda, Ocimum, Rosa, Salvia, Spilanthes, Tagetes, Theobroma and Tropaeolum species were investigated by Fourier-transform infrared (FTIR) spectral analysis [10,11,12], high-performance liquid chromatography coupled with mass spectrometry or with diode-array detection (HPLC–DAD, LC–DAD–ESI/MSn) [11,13,14,15,16], proton nuclear magnetic resonance spectroscopy (1H-NMR) [17,18], direct-infusion high-resolution mass spectrometry (DI-HRMS) [17] and gas chromatography–mass spectrometry (GC–MS) [19,20].



Apart from analytical methodologies, in silico techniques, such as molecular docking, have been widely utilized to evaluate the potential of phytochemicals to inhibit enzymes that negatively influence antioxidant activity [21,22,23,24,25]. Several enzymes, such as NADPH oxidase, cytochrome P450 (CP450), lipoxygenase (LOX), myeloperoxidase (MP) and xanthine oxidase (XO), are responsible for the generation of reactive oxygen species (ROS) during the metabolism of arachidonic acid and their inhibition is of paramount importance, since the ROS production cycle is thereby interrupted. As a result, redox homeostasis is regulated and oxidative stress is decreased [23,26].



Hence, it would be particularly interesting to studythe application of in vitro and in silico methodologies in combination with thespectroscopic profiling for the phytochemical evaluation of edible flowers and next their potential exploitation in the food industry. Therefore, the first goal of the study was to extract the bioactive compounds of the petals of selected edible flowers, to evaluate the extracts’ spectroscopic profiles by attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy and to establish their total phenolic contents and antioxidant and antiradical activities. In a step further, the most frequently encountered phytochemicals in edible flowers, based on data reported in the literature, were subjected to molecular docking studies to identify their binding affinities and inhibition potential in relation to multiple molecular targets mediating antioxidant activity. The ultimate goal was to evaluate the effectiveness of flower extracts as potential sources of antioxidants either through their radical scavenging and reducting power capacities or through their antioxidant enzymatic activities.




2. Materials and Methods


2.1. Standards and Reagents


All solvents used for the spectrophotometric assays were of HPLC grade and were obtained from Mallinckrodt Chemical Works (St. Louis, MO, USA). Folin–Ciocalteu phenol reagent, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), Ferrous sulfate heptahydrate, 2,4,6-tris(2-pyridyl)-S-triazine (TPTZ) and iron(III) chloride hexahydrate were obtained from the Sigma Chemical Co. (St. Louis, MO, USA); ABTS (2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) was obtained from the Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan); and gallic acid (3,4,5-trihydroxybenzoic acid) was obtained from Alfa Aesar (Karlsruh, Germany).




2.2. Sample Collection and Characterization


The flowers were collected during autumn from the flower market in central Athens. Three flowerpots for each studied flower, containing at least thirty flowers in total, were purchased. The petals were carefully removed from the flowers and then weighed in order to be used for phenolic compound extraction. The family, scientific and common names, together with the colors of the flower samples, are given in Table 1. The moisture content of fresh flower petals was determined by a moisture analyzer—the Kern MLS 50-3 (Balingen, Germany).




2.3. Extraction of Phenolic Compounds


Each sample of fresh flower petals (1 g) was extracted with 20 mL of methanol–water, 80:20 (v:v), at room temperature, for 72 h. This procedure was repeated six times. The extracts were filtered using a Büchner funnel and stored at −5 °C for all the spectrophotometric assays. After the spectrophotometric studies, the remaining flower extracts were freeze-dried in a Modulyo D Freeze Dryer equipped with a Thermo Savant ValuPump VLP200 (Thermo Electron Corporation, Thermo Fisher Scientific, Waltham, MA, USA) at −50 °C for 48 h at 2 × 10−1 mbar. Following freeze-drying, each extract powder was ground using a blender in order to perform the ATR-FTIR analysis.




2.4. Spectrophotometric Studies


2.4.1. Total Phenolic Content (TPC)


The total phenolic content (TPC) of the flower extracts was determined by applying a modified micromethod of the Folin–Ciocalteu (FC) colorimetric assay, as described by Andreou et al. [27]. The results were expressed as mg of gallic acid equivalents (GAE) per 1 g of flower, using standard solutions with a range of 25–500 mg L−1 of gallic acid. The photometric measurements were performed at 750 nm using a Vis spectrophotometer (Spectro 23 Digital Spectrophotometer, Labomed, Inc., Los Angeles, CA, USA).




2.4.2. Scavenging Activity on 2,2′-Azino-Bis-(3-Ethylbenzothiazoline-6-Sulfonic Acid) Radical (ABTS●+)


The antiradical activity of flower extracts was determined according to the method described by Lantzouraki et al. [28]. Trolox was used as the standard compound and the antiradical activity of samples was expressed as mg of Trolox Equivalents (TE) per 1 g of flower, using standard solutions with a concentration range of 0.20–1.5 mM. Absorbance was measured at 734 nm with a Vis spectrophotometer (Spectro 23 Digital Spectrophotometer, Labomed, Inc., Los Angeles, CA, USA).




2.4.3. Ferric Reducing/Antioxidant Power Assay (FRAP)


The ferric reducing/antioxidant power (FRAP) assay of the flower extracts was carried out according to the modified method of Lantzouraki et al. [29]. A standard curve was prepared using various concentrations (600–2000 μM) of FeSO4·7H2O stock solutions. The results were expressed as mg of Fe (II) per 1g of flower. Absorbance was measured at 595 nm on a Vis spectrophotometer (Spectro 23 Digital Spectrophotometer, Labomed, Inc., Los Angeles, CA, USA).





2.5. Fourier-Transform Infrared Spectroscopy with Attenuated Total Reflectance (ATR-FTIR)


The FTIR spectrum was recorded at room temperature using attenuated total reflectance (ATR). Each powdered sample was loaded in an FTIR spectrometer (Shimadzu, IRAffinity-1S FTIR Spectrometer, Kyoto, Japan). The ATR reference was set at 3284.77 cm−1. The samples and the background spectra were obtained from 4000 to 499 cm−1 and the average of 20 scans at a resolution of 4 cm−1 was recorded. Data processing and analysis were performed using LabSolutions IR software (version 2.21 (25 April 2018), Shimadzu, IRAffinity-1S FTIR Spectrometer, Kyoto, Japan).



The FTIR spectra of flower samples were subjected to ATR correction, normalization, derivatization and smoothing treatment using the Savitzky–Golay method. All peaks with relative intensities less than 10% were omitted during the process. Then, all data corresponding to frequency peaks were selected and subjected to further processing via OriginPro 2022b software in order to acquire the exact percentage relative intensity for each peak.




2.6. Statistical Analysis


Spectrophotometric data (n = 6) were averaged and reported along with their standard deviations (SDs). The data regarding TPC and antiradical/antioxidant activity were analyzed with one-way ANOVA post hoc tests (IBM SPSS Statistics, version 19.0, Chicago, IL, USA), using Tukey’s test for pairwise multiple comparisons, with statistical significance set at p < 0.05. The correlation among the results was performed using Pearson’s correlation test. All statistical calculations were performed with the SPSS statistical software for Windows (IBM SPSS Statistics, version 19.0, Chicago, IL, USA).




2.7. Molecular Docking Studies


Multiple molecular targets that mediate antioxidant activity were retrieved from the Protein Data Bank (PDB) as .pdb files, including NADPH oxidase enzyme (PDB: 2CDU), cytochrome P450 (CP450) enzyme (PDB: 1OG5), lipoxygenase (LOX) enzyme (PDB: 1N8Q), myeloperoxidase (MP) enzyme (PDB: 1DNU) and xanthine oxidase (XO) enzyme (PDB: 3NRZ) and were subjected to protein preparation [30]. Specifically, all water molecules were removed, missing residues and hydrogens were added, and restrained energy minimization was followed using an OPLS2005 force field.



A total of 22 phenolic compounds (Figure 1), present in most of the studied flowers [5,31,32], were sketched and prepared at pH = 7.0 ± 0.5, using LigPrep of MAESTRO [33].



Validation was performed based on the RMSD values, expressing the similarity between the overlapping crystallographic and docking poses of the co-crystallized ligands. Figure S1 (Supplementary Materials) presents the superimposition of the crystallographic and predicted poses together with their RMSD values. Additionally, dextromethorphan, 5-fluorouracil, zileuton, melatonin and febuxostat, molecules with known activity against NADPH oxidase, CP450, LOX, MP and XO enzymes, respectively, were also rendered as positive controls, reinforcing the validation process. Through the validation process, the critical protein–ligand interactions, which may positively contribute to antioxidant capacity were identified, in accordance with previous studies [23,24].



Subsequently, molecular docking simulations were performed for all compounds by applying Glide in standard precision (SP) mode [34] to identify their favorable binding poses. The maximum number of docking poses was set equal to 10 and each of them was visually inspected and analyzed.





3. Results and Discussion


3.1. Spectrophotometric Profiles of Flowers


The flowers were assessed for total phenolic content (TPC) and antiradical (ABTS●+) and antioxidant (FRAP) activity on wet basis. The results are given in Table 2. It was observed that TPC and antiradical and antioxidant activity significantly varied among the studied flower extracts. Therefore, TPC ranged from 0.92 to 18.55 mg GAE per g of flower. The antiradical capacity of flowers varied from 2.42 to 43.88 mg of TE per g of flower, while the antioxidant activity of flowers extended from 3.06 to 130.96 mg of Fe(II) per g of flower. The highest TPC and antioxidant activity, as determined by FRAP assay, were found in the red China rose, followed by the orange Mexican marigold. The lowest TPCs and antiradical and antioxidant activities were found in pink lily, in pink carnation and white lantana, and in purple common snapdragon, respectively. In accordance with our results, Gonçalves et al. [8] reported that red rose and Mexican marigold possessed high total phenolic and flavonoid contents.



High positive Pearson’s correlations (p < 0.01) were found between TPC and antiradical activity (R = 0.936), TPC and antioxidant activity (R = 0.816) as well as antiradical and antioxidant activity (R = 0.731). This indicates that phenolic compounds measured by the Folin–Ciocalteu assay contribute significantly to the antiradical and antioxidant activities of flower extracts. In accordance with the above result, other studies reported that the antioxidant activities of flowers were significantly correlated with total phenolic contents [1,35]. Moreover, the in vitro biological activities of edible flowers are possibly attributed to the presence of various compounds, such as natural pigments and other substances, especially carotenoids, flavonoids (flavonols, flavones and flavanols), coumarins, phenolic acids (hydroxybenzoic and hydroxycinnamic acids), anthocyanins, tannins, terpenoids and alkaloids [1,7,35].



Another interesting finding was that the flowers belonging to the family Rosaceae, Compositae, Primulaceae, Violaceae and Plumbaginaceae appeared to have higher TPCs as well as antiradical and antioxidant activities than the flowers of other families. Furthermore, in some cases, the colors of flowers of the same family seemed to significantly affect TPC, antiradical and antioxidant activity values, as shown in the case of lantana flowers (yellow lantana versus white and pink lantana) and sowbread flowers (red spring sowbread versus white and fuchsia spring sowbread). According to the study of Iwashina et al. [36], flower color is associated with the presence of specific compounds. Therefore, it was shown that red-, pink-, magenta- and red-purple-colored flowers are generally rich in anthocyanidins, such as pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin. The blue, purple and violet colors of flowers are mainly attributed to the presence of petunidin, malvidin, delphinidin and their methylated derivatives. In addition, the yellow hue of flowers is due to the presence of carotenoids and some flavonoids. Finally, flavonols and flavonoids, such as quercetin and apigenin, are found in almost all white flowers.




3.2. Interpretation of FTIR Spectra


The attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy of flower extract samples revealed 20 different bands (Figure 1, Table 3), which were located between the wavenumbers from 3300 to 550 cm−1. All spectra exhibited a strong double peak from 3300 to 3500 cm−1, due to N–H stretching, indicating the presence of amines and amides, as well as a broad absorption band between 3200 and 3300 cm−1, which is assigned to O-H stretching vibrations of alcohols or phenols [37]. The moderate peak at 2920–2940 cm−1 of C-H stretching exhibited the presence of methyl and methylene groups in carbohydrates or carboxylic acids [38]. The band from 1740 to 1700 cm−1 is assigned to C=O stretching vibration of carbonyl compounds, such as aldehydes, ketones, esters, carboxylic acids, or carbohydrates and polyphenols [37]. The band from 1640 to 1680 cm−1 is defined either as the olefin compound absorption band due to carbon double bonds or as the amide band due to C=O stretching, whereas the double peak at 1490–1610 cm−1 is related to the skeletal vibrations of phenolic aromatic rings [11,39]. The peak at 1430–1470 cm−1 is associated with CH3 and CH2 bending vibrations and deformation of aliphatic compounds, whereas the peak at 1390–1410 cm−1 is ascribed to C-C stretching vibration of phenyl groups [11]. The band at 1350–1380 cm−1 is related to O-H bending vibrations of organic acids, while the existence of a double peak at 1500–1610 and at 1330–1350 cm−1 is attributed to N=O symmetrical and asymmetric stretching vibration [37]. The strong bands at 1280–1310 and 1220–1270 cm−1 are related to N-O stretching vibration of amides and to C-O stretching vibration of esters or ethers or phenolic compounds, respectively [39]. The band at 1180–1210 cm−1 could be associated with C-C stretching vibration of carbohydrates or phenolics, whilst the band at 1140–1160 cm−1 could be related to C–H deformation vibrations of carbohydrates [40,41]. All spectra exhibited absorption bands at 1020–1110 cm−1, which are assigned to glycoside C-O stretching vibration and/or to C-O-H and C-O-C bond deformation, pertaining to carbohydrates [41]. The band at 960–970 cm−1 is related to the C-H out-of-plane deformations of trans vinyl groups of carotenoids [42]. The band at 840–890 cm−1 is attributed to C-H out-of-plane bending vibrations of 1,3,5-tri-substituted aromatic derivatives, whereas the bands at 810–840, 760–810 and 730–680 cm−1 are associated with C-H out-of-plane bending vibrations of para-, ortho- and meta-substituted aromatic derivatives, respectively [43].



According to the percentage relative intensities of the ATR-FTIR spectra bands of the flower samples that emerged after derivatization, smoothing and normalization (Table S1), all samples showed the characteristic band of skeletal vibrations of phenolic aromatic rings, at 1490–1610 cm−1, with a relative intensity higher than 90%, in most cases. Furthermore, most of the extracts’ FTIR spectra demonstrated the stretching vibrations of phenolic hydroxyl groups at 3200–3300 cm−1 and of phenolic C-O groups at 1220–1270 cm−1. Moreover, the bands of substituted phenolics, at 840–890, 810–840 and 760–810 cm−1, were observed in all samples as having medium or elevated relative intensities. These observations indicated that the flower extracts are rich in phenolics, which can be correlated with the TPCs and antiradical and antioxidant activities demonstrated by the spectrophotometric assays. These phenolic compounds stemming from the flower extracts could emerge as good candidates for molecular docking studies, also clarifying the mechanism by which phenolic compounds could act as antioxidants in vivo.




3.3. Molecular Docking Studies


A set of 22 characteristic phenolic compounds (Figure 2), abundant in the studied edible flowers, was generated for further exploration. This comprised phenolic acids, stilbenes, flavanols, flavanones and flavonols [5,31,32,44].



The molecular target selection was based on the inhibition of reactive oxygen species (ROS) overproduction which negatively affects antioxidant activity. Therefore, five enzymes that are responsible for reactive oxygen species (ROS) production during metabolism, NADPH oxidase (PDB: 2CDU), cytochrome P450 (CP450) (PDB: 1OG5), lipoxygenase (LOX) (PDB: 1N8Q), myeloperoxidase (MP) (PDB: 1DNU) and xanthine oxidase (XO) (PDB: 3NRZ) enzymes, were utilized for docking studies [23,26]. Additionally, dextromethorphan (DEX), 5-fluorouracil (FLU), zileuton (ZIL), melatonin (MEL) and febuxostat (FEB) were utilized as positive controls against NO, CP450, LOX, MP and XO enzymes, respectively, and were subjected to docking studies. Representative binding poses of phenolic compounds at the binding sites of NADPH oxidase, CP450, LOX, MP and XO enzymes are illustrated in Figure 3.



Analysis of the docking results indicated that the tested molecules exhibited similar or greater binding energy values compared to positive controls at all targets, ranging from −9.00 kcal·mol−1 to −4.00 kcal·mol−1 (Table 4). Therefore, the evaluation of docking poses was based not only on docking scores but also on the common interactions between the co-crystallized ligands and positive controls. The interactions of positive controls, co-crystallized ligands and examined phytochemicals for each enzyme target are illustrated in Table 5. It is critical to highlight that the presented interactions are in accordance with the results of recent published studies [23,24].



In general, the visual inspection of the derived docking poses revealed that the examined compounds are stabilized into the binding pockets of the enzymes via the formation of hydrogen bonds and by pi–pi and pi–c interactions. However, several phenolic compounds did not seem to bind to lipoxygenase (LOX) and xanthine oxidase (XO) enzymes, probably due to steric hindrances. In contrast, all of the compounds exhibited binding capacity to NADPH oxidase, cytochrome P450 (CP450) and myeloperoxidase (MP) enzymes and could potentially inhibit ROS reproduction, thus providing oxidative stress reduction.



In the case of the NADPH oxidase enzyme, docking results showed a significantly higher binding affinity for all tested compounds compared to the positive control DEX. Additionally, docking poses indicated that all phenolic acids included in the set form direct hydrogen bonds with Asp179 and/or Val214, similar to the co-crystallized ligand and the positive control. The group of flavanols presents a common interaction pattern, including crucial interactions, such as hydrogen bonds with Asp179 and Val214. Additionally, it was observed that within the group of flavonols, rutin, kaempferol 3-glucoside and myricetin present similar interaction patterns, including interactions with Lys213 and Val214, while quercetin 3-glucoside is capable of a variety of interactions and direct hydrogen bonding with Asp179. Furthermore, the aglycones hesperetin and naringenin present the same interaction motif, different from their glucosides. The above-mentioned interactions have been found to be positively correlated with increased (predicted) antioxidant activity in recent publications [23,24,45].



Based on our in silico results regarding the CP450 enzyme, the formation of pi–pi interactions with Phe476 and/or Phe214 was observed for all of the examined compounds. In a recent publication, Costa et al. [23] suggested that interactions with Phe100, Phe214 and Phe467 may be crucial for CP450 binding, confirming our findings. Among tested compounds, naringin presents the most interesting results because it exhibits the highest docking score but also interacts via hydrogen bonds with Phe100 and Thr301, like the co-crystallized ligand, and via pi–pi interaction with Phe114. Interestingly, its aromatic ring is found at a close proximity to the heme ring.



From the results (Table 4 and Table 5), it is obvious that several phenolic compounds could not bind to the lipoxygenase (LOX) enzyme. However, five compounds belonging to the phenolic acid group exhibited common interactions, including a pi–pi interaction with His518, an interaction crucial for the binding.



The docked poses of the examined compounds at the MP binding sites indicated greater docking scores compared to the positive control (MEL) and also pointed out a variety of interactions, including direct hydrogen bonds. Notably, among the examined compounds, caftaric acid and kaempherol 3-glucoside form five hydrogen bonds. The hydrogen bonds with Asn189, Val199 and Gln201 residues are common to MEL [23].



Regarding the XO enzyme, the binding energies of the examined compounds present higher values in almost all cases compared to the positive control (FEB). The docking scores of resveratrol, gallic acid and catechin are significantly high, providing a strong indication of their binding and consequent antioxidant activity. Furthermore, an interesting observation related to the docking pose analysis was that all glucosylated forms of phenolic compounds could not bind the XO enzyme. The potential antioxidant activity of the rest of the compounds is highlighted by similar interaction patterns with the positive control.





4. Conclusions


Edible flowers have gained substantial attention due to their bioactive properties, their high nutritional values and their acceptance by consumers. In light of this, in the present study, in vitro and in silico techniques combined with spectroscopy were applied to evaluate a range of edible flowers and their potential application in the food industry. The results indicated the highest TPC and antioxidant activity, as identified by FRAP assay, in red China rose, followed by orange Mexican marigold. Additionally, ATR-FTIR spectra analysis revealed that the examined flower extracts were rich in phenolics, with a good correlation between TPC and antiradical and antioxidant activity. Molecular docking results showed that most phenolic compounds could bind and potentially inhibit multiple molecular targets that mediate antioxidant activity. The results indicate synergistic effects based on different mechanisms for increased antioxidant activity.
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Figure 1. Overlay of ATR−FTIR spectra, acquired from 4000 to 499 cm−1 for the flower samples. Different spectrum color line correspond to different flower sample. 
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Figure 2. The chemical structures of the examined phenolic compounds. 
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Figure 3. Representative binding poses of (a) caftaric acid, (b) naringin, (c) vanillic acid, (d) kaempherol 3-glucoside and (e) resveratrol, derived from molecular docking studies of NADPH oxidase, CP450, LOX, MP and XO enzymes. Hydrogen bonds are depicted with dashed yellow lines and pi–pi interactions with dashed blue lines. 
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Table 1. Classification of flower samples used in the present study.






Table 1. Classification of flower samples used in the present study.





	
Common Name and Flower Color

	
Scientific Name

	
Family Name






	
Purple Mexican petunia

	
Ruellia simpex C. Wright

	
Acanthaceae




	
Yellow black-eyed Susan vine

	
Thunbergia alata Bojer ex Sims




	
Pink periwinkle

	
Catharanthus roseus L. G. Don

	
Apocynaceae




	
Orange Cape honeysuckle

	
Tecomaria capensis (Thunb.) Spach

	
Begoniaceae




	
Pink carnation

	
Dianthus caryophyllus L.

	
Caryophyllaceae




	
Orange marigold

	
Tagetes erecta L.

	
Compositae




	
Purple Indian chrysanthemum

	
Chrysanthemum indicum L.




	
Dark red Indian chrysanthemum

	
Chrysanthemum indicum L.




	
Pink azalea

	
Rhododendron simsii Planch.

	
Ericaceae




	
Pink lily

	
Lilium candidum L.

	
Liliaceae




	
Red hibiscus

	
Hibiscus rosa-sinensis L.

	
Malvaceae




	
White hibiscus

	
Hibiscus rosa-sinensis L.




	
Red wax mallow

	
Malvaviscus arboreus Cav.




	
White jasmine

	
Jasminum Officinale L.

	
Oleaceae




	
Purple common snapdragon

	
Antirrhinum majus L.

	
Plantaginaceae




	
Blue plumbago

	
Plumbago auriculata Lam.

	
Plumbaginaceae




	
Red spring sowbread

	
Cyclamen repandum Sm.

	
Primulaceae




	
White spring sowbread

	
Cyclamen hederifolium Aiton




	
Fuchsia spring sowbread

	
Cyclamen hederifolium Aiton




	
Red China rose

	
Rosa chinensis Jacq.

	
Rosaceae




	
Yellow lantana

	
Lantana camara L.

	
Verbenaceae




	
White lantana

	
Lantana camara L.




	
Pink lantana

	
Lantana camara L.




	
Yellow heartsease

	
Viola tricolor L.

	
Violaceae




	
Purple heartsease

	
Viola tricolor L.
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Table 2. Total phenolic contents and antiradical (ABTS●+ assay) and antioxidant activities (FRAP assay) of fresh flowers.
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	No.
	Common Name and Flower Color
	Moisture (%)
	TPC (mg GAE/g Fresh Flowers)
	ABTS (mg Trolox (TE)/g Fresh Flowers)
	FRAP (mg Fe(II)/g Fresh Flowers)





	1
	Red China rose
	84.32
	18.55 ± 0.63 a
	43.88 ± 0.97 a
	130.96 ± 2.80 a



	2
	Orange Mexican marigold
	83.26
	7.58 ± 0.58 b
	17.67 ± 1.20 b
	124.27 ± 1.41 b



	3
	Red spring sowbread
	89.31
	7.35 ± 0.61 b
	24.65 ± 0.38 c
	25.08 ± 0.83 c



	4
	Yellow heartsease
	87.23
	7.15 ± 0.48 b
	21.72 ± 0.21 d
	24.39 ± 0.58 c



	5
	Purple heartsease
	87.31
	6.91 ± 0.59 bc
	13.84 ± 1.01 e
	24.78 ± 0.47 c



	6
	White spring sowbread
	88.24
	6.39 ± 0.11 c
	23.77 ± 0.49 f
	17.22 ± 0.39 d



	7
	Blue plumbago
	90.75
	6.25 ± 0.18 c
	10.68 ± 0.61 g
	26.94 ± 0.35 e



	8
	Fuchsia spring sowbread
	89.17
	5.46 ± 0.13 d
	18.81 ± 0.78 h
	15.51 ± 0.85 f



	9
	White jasmine
	89.42
	4.59 ± 0.17 e
	6.38 ± 0.13 j
	7.58 ± 0.37 g



	10
	Purple Mexican petunia
	87.22
	4.30 ± 0.27 e
	3.89 ± 0.13 k
	11.06 ± 0.32 h



	11
	Red hibiscus
	83.08
	4.30 ± 0.32 e
	10.91 ± 0.42 g
	26.44 ± 0.37 e



	12
	White hibiscus
	82.87
	4.20 ± 0.30 e
	7.32 ± 0.26 l
	26.56 ± 0.13 e



	13
	Pink periwinkle
	85.34
	3.51 ± 0.25 f
	3.18 ± 0.33 m
	14.44 ± 1.51 f



	14
	Yellow lantana
	86.93
	2.59 ± 0.09 g
	3.52 ± 0.14 m
	4.83 ± 0.42 jo



	15
	Orange cape honeysuckle
	88.90
	2.49 ± 0.08 g
	3.34 ± 0.17 m
	4.08 ± 0.36 j



	16
	Red wax mallow
	91.23
	2.25 ± 0.10 h
	5.18 ± 0.20 n
	11.60 ± 0.32 h



	17
	Purple Indian chrysanthemum
	82.16
	2.13 ± 0.12 hj
	4.45 ± 0.82 n
	12.73 ± 0.44 k



	18
	Yellow black-eyed Susan vine
	90.71
	2.02 ± 0.28 hj
	2.94 ± 0.38 mn
	3.34 ± 0.25 l



	19
	Dark red Indian chrysanthemum
	82.75
	1.94 ± 0.13 jk
	3.40 ± 0.32 m
	9.58 ± 0.46 m



	20
	Pink azalea
	92.18
	1.76 ± 0.11 kl
	3.99 ± 0.40k m
	12.95 ± 0.25 k



	21
	White lantana
	86.23
	1.68 ± 0.07 l
	2.42 ± 0.48 n
	3.38 ± 0.36 l



	22
	Pink lantana
	87.16
	1.40 ± 0.08 m
	2.56 ± 0.23 n
	3.38 ± 0.21 l



	23
	Pink carnation
	83.10
	1.30 ± 0.06 m
	2.42 ± 0.35 n
	6.30 ± 0.26 n



	24
	Purple common snapdragon
	85.25
	0.97 ± 0.05 n
	2.48 ± 0.56 n
	3.06 ± 0.35 l



	25
	Pink lily
	88.48
	0.92 ± 0.05 n
	3.32 ± 0.49 m
	5.18 ± 0.31 o







a–o Different letters in the same column indicate statistically different values (p < 0.05).
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Table 3. Peaks detected in flower extract samples using ATR-FTIR.
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Peaks

(cm−1)

	
Flower Samples 1






	

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
21

	
22

	
23

	
24

	
25




	
3300–3500

	
√ 2

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
3200–3300

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
2920–2940

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
1700–1740

	
√

	
√

	
√

	

	

	
√

	

	
√

	
√

	

	
√

	

	

	
√

	

	
√

	
√

	

	

	
√

	

	

	
√

	

	
√




	
1640–1680

	
√

	
√

	

	
√

	
√

	

	

	
√

	

	
√

	

	

	

	

	
√

	
√

	
√

	

	
√

	
√

	

	

	

	
√

	




	
1490–1610

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	

	
√

	

	
√

	
√

	
√

	
√

	
√

	
√




	
1430–1470

	
√

	

	
√

	

	
√

	
√

	
√

	
√

	
√

	

	
√

	

	

	

	

	

	

	

	

	

	

	

	
√

	

	




	
1390–1410

	

	
√

	

	
√

	
√

	

	
√

	

	
√

	

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
1350–1380

	

	

	

	
√

	
√

	

	
√

	

	
√

	
√

	
√

	
√

	
√

	

	
√

	
√

	

	

	

	
√

	

	

	
√

	

	




	
1330–1350

	
√

	
√

	
√

	

	

	
√

	
√

	
√

	

	

	

	
√

	

	

	
√

	
√

	

	

	
√

	

	
√

	
√

	
√

	
√

	




	
1280–1310

	

	
√

	

	
√

	
√

	

	
√

	

	
√

	
√

	
√

	
√

	

	

	

	

	

	
√

	

	

	

	

	
√

	
√

	




	
1220–1270

	

	

	

	
√

	
√

	
√

	
√

	

	
√

	
√

	

	

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	

	
√

	
√




	
1180–1210

	

	

	
√

	
√

	
√

	

	
√

	
√

	
√

	
√

	

	
√

	

	
√

	

	
√

	
√

	

	
√

	
√

	
√

	
√

	
√

	

	
√




	
1140–1160

	
√

	

	

	
√

	
√

	

	

	

	
√

	
√

	
√

	

	

	
√

	

	
√

	
√

	

	

	
√

	

	
√

	
√

	

	
√




	
1020–1110

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
960–970

	
√

	
√

	

	
√

	
√

	
√

	
√

	

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
840–890

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
810–840

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
760–810

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	
√

	

	
√

	
√

	
√

	
√

	
√

	
√

	
√




	
680–730

	

	

	

	

	
√

	

	

	

	

	

	
√

	

	

	

	
√

	

	

	
√

	
√

	

	

	

	

	

	
√








1 Identity of samples as in table. 2 √: Presence of a specific wavelength in the sample.
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Table 4. The docking scores of the examined compounds at the binding sites of various molecular targets.
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Compounds

	
NADPH Oxidase (PDB: 2CDU)

	
Cytochrome P450 (CP450)

(PDB: 1OG5)

	
Lipoxygenase (LOX)

(PDB: 1N8Q)

	
Myeloperoxidase (MP)

(PDB: 1DNU)

	
Xanthine Oxidase (XO)

(PDB: 3NRZ)




	
Docking Score (kcal·mol−1)






	
Dextromethorphan (DEX)

	
−3.82

	
NT 1

	
NT

	
NT

	
NT




	
5-Fluorouracil (FLU)

	
NT

	
−6.13

	
NT

	
NT

	
NT




	
Zileuton (ZIL)

	
NT

	
NT

	
−2.35

	
NT

	
NT




	
Melatonin (MEL)

	
NT

	
NT

	
NT

	
−3.53

	
NT




	
Febuxostat (FEB)

	
NT

	
NT

	
NT

	
NT

	
−6.70




	
Caftaric acid

	
−6.97

	
−5.41

	
NB 2

	
−4.30

	
−6.39




	
Caffeic acid

	
−5.76

	
−6.84

	
−5.21

	
−4.69

	
−5.55




	
Catechin

	
−6.75

	
−5.78

	
NB

	
−5.19

	
−7.83




	
Chlorogenic acid

	
−5.97

	
−5.88

	
NB

	
−5.14

	
−5.40




	
Epicatechin

	
−6.67

	
−8.73

	
NB

	
−5.23

	
−4.09




	
Epicatechin gallate

	
−5.24

	
−7.76

	
NB

	
−4.03

	
−4.00




	
Epigallocatechin gallate

	
−5.24

	
−7.76

	
NB

	
−5.22

	
NB




	
Gallic acid

	
−5.27

	
−5.87

	
−6.36

	
−4.84

	
−7.68




	
Hesperetin

	
−6.11

	
−6.08

	
NB

	
−4.41

	
−6.76




	
Hesperidin

	
−4.88

	
−6.83

	
NB

	
−5.32

	
NB




	
Kaempferol 3-glucoside

	
−6.01

	
−6.60

	
NB

	
−4.56

	
NB




	
Myricetin

	
−6.56

	
−6.18

	
NB

	
−4.84

	
−7.31




	
Naringenin

	
−6.43

	
−6.99

	
NB

	
−5.10

	
−5.44




	
Naringin

	
−4.54

	
−8.15

	
NB

	
−4.29

	
NB




	
Procyanidin B1

	
−4.01

	
−7.72

	
NB

	
−4.13

	
NB




	
Procyanidin B2

	
−4.84

	
−7.90

	
NB

	
−4.41

	
NB




	
Pyrogallol

	
−4.63

	
−5.75

	
−6.45

	
−4.61

	
−6.37




	
Quercitin 3-Glucoside

	
−6.57

	
−5.84

	
NB

	
−5.01

	
NB




	
Resveratrol

	
−6.84

	
−5.62

	
NB

	
−4.86

	
−8.23




	
Rutin

	
−4.91

	
−8.13

	
NB

	
−5.18

	
NB




	
Syringic acid

	
−5.96

	
−5.39

	
−5.49

	
−4.70

	
−5.94




	
Vanillic acid

	
−5.77

	
−5.78

	
−6.08

	
−4.67

	
−6.54








1 NT: Not tested, 2 NB: Not bound.













[image: Table] 





Table 5. The interaction patterns of co-crystallized ligands, positive controls and examined compounds at the binding sites of NO, CP450, LOX, MP and XO enzymes. The common interactions among the tested compounds and co-crystallized ligands/positive controls are marked in bold font.
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Compounds

	
NADPH Oxidase

(PDB: 2CDU)

	
Cytochrome P450 (CP450)

(PDB: 1OG5)

	
Lipoxygenase

(LOX)

(PDB: 1N8Q)

	
Myeloperoxidase

(MP)

(PDB: 1DNU)

	
Xanthine Oxidase (XO)

(PDB: 3NRZ)




	
Interactions






	
Dextromethorphan (DEX) and adenosine-5′-diphosphate

	
HB 1: Ile160, Gly161, Ile178, Asp179, His181, Tyr188, Cys242

Pi–c: Lys187, Lys213

	

	

	

	




	
5-Fluorouracil (FLU)

and warfarin

	

	
HB: Gly98, Phe100, Ala103, Asn217

pi–c: Arg97, Phe476

	

	

	




	
Zileuton (ZIL) and

protocatechuic acid

	

	

	
pi–pi His518

	

	




	
Melatonin (MEL) and N-acetyl-D-glucosamine

	

	

	

	
HB: Asn189, Asn192, Val199, Gln201

	




	
Febuxostat (FEB) and

hypoxanthine

	

	

	

	

	
HB: Glu802, Arg880, Thr1010

pi–pi: Phe914, Phe1009




	
Caftaric acid

	
HB: Asp179 2, Leu185, Tyr186, Tyr188, Val214

	
HB: Thr301, Ser365

	
NO 1

	
HB: Arg185, Asn189, Ser191, Val199, Gln201

	
HB: Ser876, Arg880, Thr1010

pi–pi: Phe914, Phe1009




	
Caffeic acid

	
HB: Asp179, Val214

	
HB: Ala103, Thr364, Ser365

pi–pi: Phe476

	
HB: Ile857

pi–pi: Trp519



	
HB: Asn186, Gln201, Phe214

	
HB: Glu802, Arg880, Thr1010

pi–pi: Phe914, Phe1009




	
Catechin

	
HB: Asp179, Tyr188, Val214

pi–c: Lys187

	
HB: Ser365

pi–pi: Phe476

	
NO

	
HB: Asn186, Arg188, Asn189, Phe213

	
HB: Glu802, Thr1010

pi–pi: Phe914, Phe1009




	
Chlorogenic acid

	
HB: Asp179, Gly180, Val214

	
HB: Leu208, Asn217, Thr364, Ser365

pi–pi: Phe476

	
NO

	
HB: Asn186, Asn189, Ser191, Gln201, Phe213

	
HB: Lys771, Thr1010

pi–pi: Phe914, Phe1009




	
Epicatechin

	
HB: Asp179, Hie181, Val214

pi–c: Lys213

	
HB: Leu208, Thr364, Ser365

pi–pi: Phe476

	
NO

	
HB: Arg188, Val199, Phe213

	
HB: Ser876




	
Epicatechin gallate

	
HB: His181, Val214

pi–c: Lys187, Lys213

	
HB: Gly98, Gly296, Thr301, Thr364, Ser365

pi–pi: Phe476

	
NO

	
HB: Arg185, Gln201, Phe213

	
NO




	
Epigallocatechin gallate

	
HB: His181, Val214

pi–c: Lys187, Lys213

	
HB: Gly98, Gly296, Thr301, Thr364, Ser365

pi–pi: Phe476

	
NO

	
HB: Asn186, Arg188, Asn189, Phe213

	
NO




	
Gallic acid

	
HB: Asp179, Tyr188, Cys242

	
HB: Thr364, Ser365

pi–pi: Phe476

	
HB: Gln514, Ile857

pi–pi: His518

	
HB: Arg188, Met190, Val199

	
HB: Glu802, Arg880, Thr1010

pi–pi: Phe914, Phe1009




	
Hesperetin

	
HB: Val214

pi–pi: His181

	
HB: Ser365

pi–pi: Phe476

	
NO

	
HB: Arg188, Val199, Gln201

	
HB: Thr1010

pi–pi: Phe914, Phe1009




	
Hesperidin

	
HB: Ile243, Arg246

	
HB: Leu208

pi–pi: Phe114

	
NO

	
HB: Arg188, Met190, Ser191, Gln201, Gln204, Phe213

	
NO




	
Kaempferol 3-glucoside

	
HB: Lys213, Val214

pi–pi: His181

	
HB: Gly98, Ser365

pi–c: Arg97

	
NO

	
HB: Arg185, Asn186, Asn189, Val199, Gln201

	
NO




	
Myricetin

	
HB: Val214

pi–c: Lys213

	
HB: Ser365

pi–c: Phe476

	
NO

	
HB: Asn186, Ser191, Gln201, Phe213

	
HB: Glu802, Thr1010

pi–pi: Phe914, Phe1009




	
Naringenin

	
HB: His181, Val214

	
HB: Ser365

pi–pi: Phe476

	
NO

	
HB: Asn186, Asn189, Phe213

	
HB: Leu648

pi–pi: Phe1009




	
Naringin

	
HB: Lys187, Lys213, Arg246

	
HB: Phe100, Thr301

pi–pi: heme, Phe214

	
NO

	
HB: Asn186, Arg188, Met190, Phe214

	
NO




	
Procyanidin B1

	
HB: Lys213, Val214

	
HB: Ala106, Leu208, Ser365

pi–pi: Phe214

	
NO

	
HB: Gln201, Gln204, Gly207

	
NO




	
Procyanidin B2

	
HB: Asp179, Lys189, Tyr188, Lys213

	
HB: Gly98, Ser365

pi–pi: Phe476

	
NO

	
HB: Asn192, Gln201, Gly207, Asp539

	
NO




	
Pyrogallol

	
HB: Asp179, Lys187

	
HB: Thr364, Ser365

pi–pi: Phe476

	
HB: Gln514

pi–pi: His518, His523

	
HB: Asn186, Met190

	
HB: Glu802, Thr1010

pi–pi: Phe914, Phe1009




	
Quercitin 3-glucoside

	
HB: Asp179, Gly180, Lys213, Ile243, Arg246

	
HB: Ala106, Leu208, Asn217, Phe476

pi–pi: Phe114

	
NO

	
HB: Asn186, Arg188, Asn189, Met190, Ser191, Val199, Phe213

	
NO




	
Resveratrol

	
HB: His181, Lys187, Tyr188, Val214

pi–c: Lys187

	
HB: Ser365

pi–pi: Phe476

	
NO

	
HB: Asn200, Gln201, Gln204

	
HB: Glu802, Thr1010

pi–pi: Phe914, Phe

1009




	
Rutin

	
HB: Lys213, Val214

	
HB: Asn107, Leu208, Gln214

pi–c: Arg97

	
NO

	
HB: Asn189, Gln201, Asn258, Asn540

	
NO




	
Syringic acid

	
HB: Val214

	
HB: Leu208, Ser365

	
HB: Ile857

pi–pi: His518

	
HB: Arg188, Met190, Ser191, Val199

	
HB: Asn768, Glu802




	
Vanillic acid

	
HB: Asp179, Val214

	
HB: Thr364, Ser365

pi–pi: Phe476

	
HB: Gln514, Ile857

pi–pi: His518

	
HB: Arg188, Met190, Val199

	
HB: Glu802, Arg880, Thr1010

pi–pi: Phe914, Phe1009








1 HB: Hydrogen bond; NO: Not observed. 2 Notes in bold refer to the crucial amino acids for the binding
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