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Abstract

:

The aim of this study was to determine the compositions of carbohydrates, phenolic compounds, fatty acids (FAs), and amino acids (AAs) of four Rea Sea halophytes: Anabasis ehrenbergii, Suaeda aegyptiaca, Suaeda monoica, and Zygophyllum album. The results showed that S. aegyptiaca and S. monoica were rich in gallic acid with 41.72 and 47.48 mg/g, respectively, while A. ehrenbergii was rich in naringenin with 11.88 mg/g. The polysaccharides of the four species were mainly composed of galactose (54.74%) in A. ehrenbergii, mannose (44.15%) in S. aegyptiaca, glucose and ribose (33 and 26%, respectively) in S. monoica, and arabinose and glucose (36.67 and 31.52%, respectively) in Z. album. Glutamic acid and aspartic acid were the major AAs in all halophyte species with 50–63% and 10–22% of the total AAs, respectively. The proportion of unsaturated fatty acids (UFA) of the four species was 42.18–55.33%, comprised mainly of linolenic acid (15.54–28.63%) and oleic acid (5.68–22.05%), while palmitic acid (23.94–49.49%) was the most abundant saturated fatty acid (SFA). Phytol and 9,19-cyclolanost-24-en-3β–ol represented the major unsaponifiable matter (USM) constituents of S. monoica and A. ehrenbergii with proportions 42.44 and 44.11%, respectively. The phenolic fraction of S. aegyptiaca and S. monoica demonstrated noteworthy antioxidant activity with IC50 values of 9.0 and 8.0 μg/mL, respectively, while the FAs fraction of Z. album exhibited potent cytotoxic activity against Huh-7, A-549, and Caco-2 cancer cell lines with IC50 values of 7.4, 10.8, and 11.8 μg/mL, respectively. Our results indicate that these plants may be considered a source of naturally occurring compounds with antioxidant and anticancer effects that could be suitable for future applications.
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1. Introduction


Halophytes are salt-tolerant plants that grow in a wide variety of saline habitats such as mangrove swamps, marshes, seashores, and saline semi-deserts [1]. The plants exhibit different strategies that adapt to osmotic, ionic, and oxidative stresses including delays in germination or growth, exclusion of salts in the root zone, excretion of salts via glands or hairs, controls and compartmentalization of ion uptake as well as an effective antioxidant system to reduce oxidative stress [2]. The antioxidant system is responsible for maintaining the level of reactive oxygen species (ROS) which is important for metabolic pathways [3]. A large number of halophytes are precious natural resources and have potential economic value as food, animal feed, biofuel feedstock, and coastal protection [4]. Besides, it has been discovered that some halophytes can grow on toxic metal soils, providing a novel way to treat environmental pollution [5].



Saudi Arabia is estimated to contain over 100 halophyte species divided into 33 families. Among these species, Anabasis ehrenbergii, Suaeda aegyptiaca, and Suaeda monoica (family: Chenopodiaceae), and Zygophyllum album (family: Zygophyllaceae) are important for their economic and therapeutic properties, mostly as ornamentals, folk remedies, and sources of food and fibers. S. monoica is mainly used in traditional medicine for the treatment of rheumatism, paralysis, asthma, snake-bites, skin disease, and ulcer as well as hepatitis [6,7]. Previous phytochemical studies of this plant have shown that it contained triterpenoids, phenolic compounds, amino acids, and fatty acids. Different extracts and some metabolites of the plant have been shown to possess in vitro cell proliferative, antioxidative, anti-apoptotic, hepatoprotective, and antimicrobial activities [6,8,9,10]. S. aegyptiaca is another species found around salt marshes and native to North Africa and Arabia. It is used traditionally for stomach pain, wound healing, and skin infection. However, this species is noted for its antidiabetic and antioxidant properties with limited studies on its chemical composition [11,12,13]. Likewise, there are no phytochemical data on A. ehrenbergii, however, its Anabasis genus is described in ethnomedical reports mainly for the treatment of diabetes, digestive tract disorders, rheumatism, and poison antidote [14,15,16]. Z. album commonly known as “Bougriba” is one of the most popular herb drugs widely distributed in arid regions. This plant is described in several ethnomedical surveys as antispasmodic, antirheumatic, and anti-eczema [17], and used as a diuretic, antihistaminic, and anaesthetic [18]. Furthermore, its crude extract and organic fractions exhibited considerable anti-inflammatory, antihyperlipidemic cytotoxic potential, as well as could reduce hepatotoxicity and nephrotoxicity [19,20]. A number of secondary metabolites flavonoids, triterpenoids, and fatty acids have been recently reported from this species [21,22].



Currently, an increasing number of halophyte species are being reported from various parts of the world. However, phytochemical analyses of these plants remain unexplored. Therefore, in the present study, four halophytes widely found along Red Sea shorelines: A. ehrenbergii, S. aegyptiaca, S. monoica and Z. album were assessed. These halophytes were investigated for their detailed compositions of fatty acids and other lipids (such as hydrocarbons and sterols), polysaccharides, amino acids, and phenolic compounds (Supplementary Material Figures S1–S20). The MeOH extracts and contents of polyphenol and lipoids were evaluated for their antioxidant activity using DPPH free radical scavenging method and cytotoxicity using the MTT assay.




2. Results and Discussion


2.1. Monosaccharide Compositions


The GC-MS analysis of the four halophytes polysaccharides after hydrolysis and derivatization to their volatile states revealed the presence of different carbohydrate moieties in varied proportions (Table 1). Analysis of monosaccharide compositions of the polysaccharide fractions showed that they consisted primarily of glucose, galactose, arabinose, mannose, and xylose, which accounted for the majority of monosaccharides present. Small amounts of rhamnose, galacturonic acid, glucuronic acid, and fucose were also detected in the fractions. The results also indicated that monosaccharide compositions of A. ehrenbergii consisted primarily of galactose and glucose with maximum values of 54.74 and 14.79%, respectively, while arabinose and glucose formed the backbone of the polysaccharides in Z. album with the highest percentages of 36.67 and 31.52% compared with the other monosaccharide compositions. Moreover, the polysaccharides in S. monoica were mainly comprised of glucose, ribose, and xylose with the majority of 33.0, 26.0, and 10.7%, respectively. In comparison, S. aegyptiaca was constituted mainly of mannose with the highest composition (44.15%) along with small molar ratios of 16.3, 9.63, 8.79, and 3.35% of glucose, galactose, ribose, and rhamnose, respectively. These results were different from previous reports on other Saueda species [23,24]. Besides the genetic variations in salt tolerance, the reasons may also be closely related to the growth environment of the plants as well as the extraction and purification methods.




2.2. Phenolic Compositions


Halophytes synthesized phenolic compounds in high amounts in order to survive under stressful conditions, particularly high levels of salinity [25]. The result in Table 2 showed that a total of 17 phenolic compounds corresponding to 6 flavonoids, 8 phenolic acids, phenolic ester, phenolic diol, and phenolic aldehyde were detected in the investigated phenolic contents of the halophytes with different concentrations. The highest total phenolic was found in A. ehrenbergii with 16 compounds, followed by S. monoica (15 compounds), S. aegyptiaca (12 compounds), and Z. album (11 compounds). Among these species, S. aegyptiaca and S. monoica were noteworthy for their extremely high gallic acid content with 41.72 and 47.48 mg/g, respectively, which was reported as an abundant phenolic component in other halophyte plants [26]. Ellagic acid was predominant in A. ehrenbergii with a value of 9.96 mg/g, while a high content of chlorogenic acid was found in S. monoica and A. ehrenbergii with values of 7.2 and 5.07 mg/g, respectively. The phenolic acids were presented in Z. album in very small amounts compared to the significant amounts of flavonoids naringenin and rutin (quercetin-3-O-rutinoside) with values of 6.42 and 5.17 mg/g, respectively. These flavonoids are also predominant in A. ehrenbergii with values of 11.88 and 4.79 mg/g, respectively, where the flavonoid metabolites are considered a chemotaxonomic marker in plants. However, hesperetin (flavonone), quercetin, and Kaempferol (flavonol) were in very few proportions in all investigated halophyte species. The phenolic patterns of the investigated halophytic species are consistent with those of other halophyte species [27]. Additionally, previous research conducted on the phenolic composition of non-halophyte S. monoica indicated the presence of fewer flavonoids and phenolic acids with lower concentrations in comparison with the same halophyte Suaeda species [10]. This could be attributed to the salinity stress condition under which the halophyte species grow which increases the synthesis of non-enzymatic molecules with antioxidant properties in order to decrease the production of reactive oxygen species (ROS) [3].




2.3. Amino Acid Compositions


The results for the protein content (%) and amino acid (AAs) composition (µg/g DW) of the four halophyte species are listed in Table 3. The protein content of the halophyte species ranged from 8.28% (S. monoica) to 5.72% (Z. album). These results are in agreement with a previous study for both S. monoica and Z. album by Ahmed and Lotfy, 2015 [28]. The high abundance of essential amino acids (EAA) was detected in A. ehrenbergii (230.68 µg/g), comprised mainly of phenylalanine, leucine, methionine, and lysine with values of 77.13, 47.92, 39.15, and 24.96 µg/g, respectively. However, the ratio of EAA to non-EAA in all investigated species is low but A. ehrenbergii has the highest ratio (1:0.344). The highest amount of non-EAA was found in Z. album (1108.34 µg/g), represented 85.34% of total AAs, and comprised mainly of glutamic acid and aspartic acid with values of 818.07 and 146.08µg/g, respectively, Additionally, the ratio of EAA/total AAs determined in S. aegyptiaca and S. monoica were 16.7 and 17.5%, respectively, indicated that both species have resemblance with almost free AAs contents. Moreover, the current results showed that glutamic acid and aspartic acid were the major amino acids in all species and accounted for 50–63% and 10–22% of the total AA, respectively.



With exception of the huge amounts of these amino acids and the absence of cystine in all investigated halophytes, other amino acids (non-EAA) were detected in considerable amounts ranging from 55.94 µg/g (arginine) to 12.93 µg/g (alanine). In contrast, histidine and threonine (EAA) were recorded at the lowest values (less than 0.3 and 0.8% of the total AAs, respectively), compared with other EAA in all species.



The AAs profiles in the present study of S. aegyptiaca and S. monoica were found to be quite different when compared to non-salt stressed related species [10,29]. El-Tantawy reported that aspartic acid, glutamic acid, proline, glycine, alanine, cysteine, and threonine were completely absent in S. aegyptiaca while Elsharabasy et al., identified methionine and histidine as the most abundant AAs with the absence of valine, isoleucine, and phenylalanine in S. monoica. The present study agreed with the previous findings that the change in AA constituents in response to salinity is considered an important factor since negatively charged ions (aspartate and glutamate) played a significant role in osmoregulation [30]. Earlier reports indicated that raising the salinity immediately increased the levels of aspartate, glutamate, glycine, histidine, lysine, and arginine. Moreover, proline is a well-known amino acid involved in plant stress tolerance as an osmolyte as well as antioxidant. Additionally, the synthesis of alanine reduces sodium to potassium ratios in plants, while the accumulation of isoleucine and phenylalanine promotes glycolysis to alleviate salt stress [31]. There is a possibility that glycine, an amino acid earlier reported to have unique osmotic properties [32], could help protect the cells of halophytes against osmotic damage. In general, AAs’ osmotic activity is attributable to their dipolar zwitterion properties, and their solubility in water.




2.4. Free Fatty Acid Compositions


The fatty acids (FAs) profiles of the halophytes are comprised of 7 to 14 FAs components ranging from C12 to C26 accounting for the total FAs ranging from 88.48 to 98.8% (Table 4). S. monoica and Z. album were recorded with the largest concentration of SFA (~51%) with respect to their total FAs. Conversely, A. ehrenergii and S. aegyptiaca were characterized by their high percentage of unsaturated FAs which represent 55.33 and 51.49% of the total FAs, respectively. For instance, the unsaturation of various halophytes has been reported in a range of 54–74% [33]. The most abundant SFA in all the investigated halophytes was palmitic acid (16:0) with a maximum value of 49.49% (S. monoica), which had been previously reported to be the most predominant fatty acid in halophytes [34]. Omega-9 oleic acid (C18:1) was the major MUFA (24.14–5.68%) and linoleic acid (C18:2) as omega-6 was the most predominant PUFA (28.63–15.54%), where both acids were prevalent in all investigated halophytes. Furthermore, A. ehrenergii and S. monoica possessed relatively high levels of the C18 conjugated FAs as trienoic (α-linolenic acid, C18:3, n-3) with proportions of 15.12 and 18.97%, respectively, and dienoic (linolenic acid, C18:2, n-6) with proportions of 28.63 and 22.49%, respectively. Besides both being essential omega-FAs, they have several described beneficial biological and pharmacological values including anti-inflammatory activity [35,36].



The highest omega-6 was recorded from A. ehrenergii (28.63%), followed by 24.14% omega-9 from Z. album, 18.97% omega-3 from S. monoica, and 2.5% omega-7 from Z. album. However, S. aegyptiaca has good proportions of omega-9 (22.81%) and omega-6 (21.03%), as well as has a significant nutrition ratio of omega-6/omega-3 (2.89:1) recommended in the diet. Many studies showed that a high omega-6/omega-3 ratio (~16:1), as found in today’s Western diets promotes the pathogenesis of many diseases including cardiovascular disease, cancer, and inflammatory and autoimmune diseases whereas a low omega-6/omega-3 ratio (~3:1 to 4:1) exerts suppressive effects [37].



Surprisingly in this study, the long-chain PUFA arachidonic acid (C20:4, n-6) and docosahexaenoic acid (C22:6, n-3) were only detected in S. aegyptiaca as traces. These fatty acids are generally major components of cell membranes and have particular importance to the brain and blood vessels that are essential for neurogenesis and brain development [38]. However, there was evidence that PUFA contributes greatly to the resistance of halophyte species to photo-inhibition, with their concentration increased in membrane lipids compared with non-halophytes, which enhances photosystem II’s tolerance to salt stress [39,40].




2.5. Hydrocarbons and Sterols Compositions


Terpenoids exhibited a great diversity in halophyte plants. In general terms, among the four investigated halophytes species, triterpenes (6 compounds) were the most unsaponifiable matter (USM) abundant, followed by sesquiterpenes (4 compounds), diterpenes (3 compounds), and one terpene lactone (Table 5). Diterpenes, neo-phytadiene (36.76%) and phytol (42.44%) with its degradation product phytone (8.31%), were the major constituents of S. monoica. Phytol which was already reported in other halophyte plants [41] is well known for its antioxidant activity as well as for its apoptotic effects in human gastric cancer cells [42]. Longipinane (15.75%) was the main sesquiterpene observed only in Z. album along with epizonarene (1.74%) and α-and β-eudesmol (4.42%). Several triterpenoids (β-amyrin, lupeol, botulin, uvaol, squalene, and 9,19-cycloart-23-ene-3,25-diol) were detected in all investigated halophytes with different amounts. The predominant triterpenes, lupeol (12.83%), and uvaol (11.94%) were recorded from A. ehrenbergii and Z. album, respectively. It can be clearly seen from the results that the content of terpenoids is the highest in S. monoica (100%) and the lowest in S. aegyptiaca (80.58%). Furthermore, a number of terpenoids (9 compounds) was identified in Z. album; contrastively, the least number (3 compounds) was identified in A. ehrenbergii. The latter halophyte was found to be rich in an interesting lipophilic constituent 9,19-cyclolanost-24-en-3β-ol (cycloartenol) with a value of 44.14%. This phytosterol was reported to have an antiproliferative effect on glioma U87 cells [43]. Other phytosterols such as stigmastanol, 24-ethylcholest-22-en-3-ol, stigmast-7-en-3-ol, and stigmast-3,5-diene were found only in S. aegyptiaca corresponding to 18.33,11.08, 5.10, and 2.15% of the total USM, respectively. Moreover, lanosterol (21.42%) and taraxasterol (5.12%) were found only in Z. album.



Recently, a number of studies have found a reduced risk of breast cancer and cardiovascular diseases with some phytosterols [44,45]. Other major components were identified such as 2,2,4-trimethyl-3-(3,8,12,16-tetramethyl-heptadeca-3,7,11,15-tetraenyl)-cyclohexanol with a proportion of 9.42% from A. ehrenbergii, and behenic alcohol (5.33%) and α-eudesmol (4.08%) from Z. album.




2.6. Antioxidant Activity


In addition to their morphological and physiological adaptations to high salinity, halophytes have developed different antioxidative stress defense mechanisms, including producing biologically active metabolites to resist and quench reactive oxygen species (ROS) toxicity [46]. In this study, the DPPH free radical scavenging assay was used to evaluate the antioxidant activity of the MeOH extract, USM, FAs, and phenolic contents (Table 6). The results interestingly demonstrated that S. monoica extract and its phenolic content were the most potent antioxidant with IC50 values of 9.0 and 8.0 μg/mL, compared to the antioxidant ascorbic acid (IC50 value of 10.6 μg/mL). In addition, the phenolic fraction of S. aegyptiaca exhibited high antioxidant activity with an IC50 value of 10.1 μg/mL. These antioxidant activities of S. aegyptiaca and S. monoica are attributed to the presence of high amounts of gallic acid and chlorogenic acid. The antioxidant effect of phenolic acids is thought to be based on their ability to directly scavenge free radicals, inhibit ROS-producing enzymes, and activate the antioxidant enzyme system to repair ROS-induced damage [47]. Conversely, the phenolic fractions of other halophytes are nearly inactive, while only A. ehrenbergii extract showed relatively weak activity with an IC50 value of 28.3 μg/mL. These findings match well with the previous studies [48,49].




2.7. Cytotoxic Activity


The MeOH extracts, USM, FAs, and phenolic contents were screened for their cytotoxicity against three human cancer cells: A549, Huh-7, and Caco2. The bioactive samples were assessed for their IC50 values (Table 6), where S. aegyptiaca crude extract showed a high cytotoxic effect against Huh-7 (11.3 μg/mL) and A-549 (14.5 μg/mL) cells, which may be induced by the USM content activity (IC50 12.1 μg/mL). The same extract displayed a mild cytotoxic effect on Caco2 cells with an IC50 value of 24.8 μg/mL. However, the FAs and phenolic contents of S. aegyptiaca showed mild to weak activity on all tested cell lines with IC50 values ranging from 23.2 to 58.7 μg/mL. Unlike S. aegyptiaca extract, S. monica and Z. album extracts were resistant to all tested cell lines in this assay, and A. ehrenbergii showed the least cytotoxic extract on A-549 cells with an IC50 value of 50.0 μg/mL. Interestingly, the FA content of Z. album showed the highest cytotoxic activity against all cell lines with IC50 ranging from 7.4 to 11.8 μg/mL. In addition, significant cytotoxic effects were observed from the USM of Z. album against A-549 and Huh-7 cells with IC50 values of 13.2 and 11.3 μg/mL, respectively, and moderate cytotoxic potential against Caco2 cells with an IC50 value of 22.1 μg/mL. S. monica MeOH extract and chemical contents did not show anticancer properties with all tested cell lines except the FAs content which exhibited mild activity against liver Huh7 and lung A-549 cells with IC50 values of 27.9 and 30.3 μg/mL, respectively. These results are well agreed with those reported of Iraq S. monica extract against liver cancer cells [50].





3. Materials and Methods


3.1. Plant Materials


The leaves of four halophyte species, A. ehrenbergii, S. aegyptiaca, S. monoica, and Z. album were collected by hand from the Southern Corniche of Jeddah (21.254022 N; 39.134704 E), Saudi Arabia. The samples were identified by Marine Biology Department, Faculty of Marine Sciences, King Abdulaziz University, where voucher specimens of Anabasis ehrenbergii (Schweinf), Suaeda aegyptiaca (Hasselq. Zoh.), Suaeda monoica (Forsk), and Zygophyllum album (L.) have been deposited. All samples were rinsed with distilled water and dried in an oven at 60 °C. Dried powdered samples (1 g of each plant) were extracted with 20 mL of methanol/water mixture (70:30; v/v) at room temperature, for 24 h. The extracts were then filtered through a Whatman No 4 filter paper. The filtrates were concentrated using a vacuum rotary evaporator at 40 °C to yield crude extracts which were then stored at −27 °C until chemical analyses.




3.2. GC-MS Analysis of Monosaccharide Compositions


The halophytic samples (2.5 g) were extracted twice in 40 mL of boiling water, and the polysaccharides were precipitated by ethanol [51]. The polysaccharide precipitates were washed successively with acetone and ethanols then the precipitates were freeze-dried. The dry polysaccharide powder of each plant (1.0 mg) was heated in 0.5 mL oximination reagent (2.5% hydroxylamine hydrochloride in pyridine) at 80 °C for 1 h. After cooling, 1.0 mL of silylation reagent (trimethylchlorosilane: N,O-bis(trimethylsilyl)acetamide; 1:5, v:v) was added, and the mixture was kept at 80 °C for 30 min. The silylated components were analyzed by HP (6890 series) GC equipped with an FID detector under the following condition: column ZB-1701 (30 m × 0.25 mm, 0.5 μm, 14% cyanopropylphenylmethylpolysiloxane). Helium as a carrier gas was used at a flow rate of 1.2 mL/min. The temperature was set at 150–200 °C, at a rate of 7 °C min−1.




3.3. HPLC Analysis of Amino Acids Compositions


The total protein (%) of each halophyte species was determined using the methods described by AOAC (1990) [52]. The acid hydrolysis of the protein samples was carried out and the compositions of amino acids were determined using the Agilent method [53]. In this method, each protein sample was weighted into a hydrolyzed tube and heated with 6N HCl in a 110 °C oven for 24 h. After cooling, the contents were quantitatively dissolved in HPLC-grade water. Aliquots of hydrolysate (1 mL), together with appropriate standards were loaded into reaction vials. Before injection, amino acids were derivatized online using o-phthaldehyde (OPA). HPLC chromatographic analysis was carried out using an Agilent 1260 series using the Eclipse Plus C18 column (4.6 mm × 250 mm i.d., 5 μm). The mobile phase consisted of buffer (sodium phosphate dibasic and sodium borate), pH 8.2, and ACN:MeOH:H2O 45:45:10 at a flow rate of 1.5 mL/min. Fluorescence detection was carried out at 340 (excitation) and 450 nm (emission). The UV diode array detector was used to determine cystine at 338 nm. Before injecting the samples, the lysine standard was used for calibration.




3.4. HPLC Analysis of Phenolic Compounds


The quantitative estimation of phenolic acids: p-coumaric, caffeic, chlorogenic, syringic, ferulic, cinnamic, ellagic, gallic and methyl gallate, vanillin, pyrocatechol, and flavonoids (catechin, quercetin, rutin, naringenin, kaempferol, and hesperetin) in MeOH extracts of the halophyte plants was determined using reversed-phase HPLC. Agilent HPLC-1260 series with a C18 column (4.6 × 250 mm, 5 μm) was used with the mobile phase of water (A) and 0.02% trifluoroacetic acid in acetonitrile (B) at a flow rate of 1 mL/min. The mobile phase was programmed consecutively in a linear gradient as: 0–5 min (80% A); 5–8 min (40% A); 8–12 min (50% A); 12–14 min (80% A); and 14–16 min (80% A). The UV detector was monitored at λ 280 nm. Peaks were identified by congruent retention times and compared with those of the standards [54].




3.5. GC-MS Analysis of Lipoidal Compositions


3.5.1. Extraction of Lipoidal Matters


The powder of each halophyte sample (100 g) was extracted with a mixture of MeOH/CHCl3 (1:1, v:v) by soaking at room temperature. Extraction for each sample was repeated many times until exhausted. The combined solvent extracts for each plant sample were concentrated under reduced pressure at 40 °C until dryness. The resulted crude extracts were dissolved in water and fractionated with chloroform. The CHCl3 fractions were concentrated until dryness.




3.5.2. Unsaponifiable Matter (USM)


One gram of each CHCl3 fraction was saponified with alcoholic KOH (30 g KOH in 1000 mL EtOH) at 80 °C for 6 h under reflux. The USM matter was extracted with diethyl ether, washed several times with distilled water, and dried over anhydrous Na2SO4. Then the solvent was evaporated, and the USM content was subjected to the GC-MS analysis [55].




3.5.3. Saponifiable Matter: Free Fatty Acids (FAs)


The alkaline aqueous solutions remaining after extraction of the USM were acidified with HCl to liberate the FAs which were then extracted several times with diethyl ether. The combined extracts were washed several times with distilled water and then filtered over anhydrous Na2SO4. The filtrates were evaporated to dryness as FAs (saponified) contents [56]. FAs were methylated by refluxing the saponified contents (each in 100 mL absolute MeOH with 3 mL of H2SO4) for 3 h. Then the contents were cooled and diluted with distilled water (about 100 mL) for diethyl ether extraction. The resultant extracts of saponifiable FAs-methyl ester (FAs-ME) were dried over anhydrous Na2SO4. The solvents were evaporated and the residues of FAs-ME were subjected to GC-MS analysis.




3.5.4. GC-MS Analysis


GC-MS analysis of the USM and FAs-ME fractions was carried out on a Hewlett-Packard 6890 GC equipped with an HP-5MS capillary column (30 m × 0.32 mm × 0.2 µm film thickness) and MS spectrometric detector. Helium was used as a carrier gas at a column head pressure of 60 kPa. The column oven temperature cycle was 50 °C for 10 min, then 50 to 310 °C gradually 3 °C/min, then 310 °C for 20 min. The identification of the constituents was performed by comparing their spectral fragmentation patterns with those of the available database libraries Wiley USA (Wiley Int.), and/or published data. Quantitative determination was carried out based on peak area integration [57].





3.6. Antioxidant Activity: Free Radical Scavenging Assay


The antioxidant activity of the MeOH extract and phenolic and lipoidal contents were evaluated by DPPH free radical scavenging method [58]. The DPPH free radical has a deep purple color and a characteristic absorbance peak at 517 nm. Briefly, the methanolic stock solution of 0.1 mM DPPH reagent was freshly prepared and 0.1 mL of sample and 0.9 mL methanol were added to 2 mL of 0.06 mM DPPH methanolic solution. After vortex-mixed for 10 s, the absorbance at 517 nm was determined with a spectrophotometer (UV-vis spectrophotometer). The addition of samples resulted in a decrease in the absorbance due to the scavenging activity of the oxidisable groups of a sample. All samples and the antioxidant control (ascorbic acid) were made in triplicate. The percentage of inhibition achieved by different concentrations of samples was calculated by the following equation: I (%) = (A0 − A)/A0 × 100, where (A0) is the absorbance of the control reaction and (A) is the absorbance of the examined samples. The values were calculated by regression analysis of the data for a series of diluted sample solutions.




3.7. Cytotoxicity Assay


Human lung cancer (A549), hepatocellular cancer (Huh-7 cells), and intestinal cancer (Caco2) cell lines were obtained from VACSERA Tissue Culture Unit (Cairo, Egypt). Cell culture media RPMI1640 and IMDM, HEPES buffer, and stable glutamine and penicillin/streptomycin were obtained from Lonza (Pharma & Biotech, Portsmouth, NH, USA). All cells were maintained at 37 °C in a humidified atmosphere with 5% CO2. Cytotoxic activity of the plant metabolites (MeOH extract and contents of phenolic, FAs, and USM) was evaluated using cell viability assay [59], and vinblastine sulfate was used as a positive control. In brief, after the end of the incubation period, media were aspirated and the crystal violet solution (1%) was added to each well for at least 30 min. The stain was removed and the plates were rinsed using tap water until all excess stain is removed. Glacial acetic acid (30%) was then added to all wells and mixed thoroughly, and then the absorbance was measured at λ490 nm using a microplate reader (Tecan, Inc., Morrisville, NC, USA). The relation between surviving cells and sample concentration is plotted to get the survival curve of each tumor cell line after treatment with the plant metabolite samples. The 50% inhibitory concentration (IC50) was estimated from graphic plots of the dose–response curve for each concentration using Graphpad Prism software (San Diego, CA, USA). The data presented are the mean of at least three separate experiments.





4. Conclusions


The Red Sea coastal area exhibits unique biodiversity with mangroves and halophytes in particular. Over the centuries, many of these species have been used for therapeutic purposes, and more recently, herbal medicines and food supplements have become more popular worldwide. The established procedure herein allowed investigation of the chemical composition of four understudied halophyte plants; A. ehrenbergii, S. aegyptiaca, S. monoica, and Z. album. Knowledge of both the phytochemical constituents and their amounts in these plant species might expand the basis for their future phytochemical exploration and food applications. Additionally, some of the crude extracts and fractions of these halophyte plants have significant antioxidant and cytotoxic properties; therefore, coupling the chemical composition of these plants to their biological activities could support a more effective isolation process that focuses on their predicted bioactive principles, ultimately improving drug discovery.
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Table 1. Monosaccharide compositions of polysaccharides from the Red Sea halophytes *.






Table 1. Monosaccharide compositions of polysaccharides from the Red Sea halophytes *.





	
Sugar

	
Chenopodiaceae

	
Zygophyllaceae




	
A. ehrenbergii

	
S. aegyptiaca

	
S. monoica

	
Z. album




	
Relative (%)






	
Arabinose

	
-

	
-

	
-

	
36.67




	
Xylose

	
0.95

	
-

	
10.7

	
0.68




	
Ribose

	
0.65

	
8.79

	
26.0

	
-




	
Mannose

	
2.25

	
44.15

	
-

	
2.60




	
Rhamnose

	
3.00

	
3.35

	
0.68

	
-




	
Galactose

	
54.74

	
9.63

	
4.96

	
8.53




	
Glucose

	
14.79

	
16.3

	
33.0

	
31.52




	
Fucose

	
-

	
-

	
-

	
0.24




	
Glucouronic acid

	
-

	
0.19

	
0.62

	
3.09




	
Galacturonic acid

	
1.90

	
0.16

	
-

	
0.48








* Means values (n = 2).
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Table 2. Phenolic contents of the investigated Red Sea halophytes (mg/g; n = 2).






Table 2. Phenolic contents of the investigated Red Sea halophytes (mg/g; n = 2).





	Compound
	A. ehrenbergii
	S. aegyptiaca
	S. monoica
	Z. album





	Cinnamic acid
	0.003
	0.02
	0.02
	0.004



	Coumaric acid
	0.38
	0.79
	2.80
	0.37



	Coffeic acid
	1.1
	0.13
	-
	-



	Ferulic acid
	0.13
	2.15
	-
	0.40



	Syringic acid
	2.4
	2.47
	1.07
	0.39



	Chlorogenic acid
	5.07
	-
	7.20
	-



	Ellagic acid
	9.96
	-
	1.12
	0.61



	Gallic acid
	4.95
	41.72
	47.48
	0.57



	Methyl gallate
	1.74
	0.04
	0.16
	-



	Vanillin
	0.38
	0.77
	0.18
	0.16



	Pyrocatechol
	1.26
	-
	1.68
	-



	Catechin
	0.21
	0.04
	0.63
	-



	Naringenin
	11.88
	1.50
	1.49
	6.42



	Quercetin
	0.38
	0.09
	0.02
	0.06



	Kaempferol
	0.1
	-
	0.13
	0.32



	Rutin
	4.79
	0.1
	0.59
	5.17



	Hesperetin
	-
	-
	0.1
	-
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Table 3. Protein content (%) and amino acid compositions (µg/g DW) of the Red Sea halophytes.






Table 3. Protein content (%) and amino acid compositions (µg/g DW) of the Red Sea halophytes.





	
Amino acids (AAs) *

	
A. ehrenbergii

	
S. aegyptiaca

	
S. monoica

	
Z. album






	
Total protein

	
6.33

	
7.6

	
8.28

	
5.72




	
Essential amino acids (EAA)




	
Histidine

	
2.59

	
3.77

	
2.56

	
1.05




	
Leucine

	
47.92

	
44.75

	
51.95

	
32.61




	
Iso-leucine

	
15.75

	
15.08

	
15.18

	
20.69




	
Lysine

	
24.96

	
33.83

	
34.66

	
19.82




	
Methionine

	
39.15

	
28.25

	
30.65

	
29.62




	
Phenylalanine

	
77.13

	
55.29

	
59.08

	
64.41




	
Valine

	
17.02

	
14.25

	
14.73

	
17.65




	
Threonine

	
6.16

	
9.58

	
6.09

	
4.71




	
Non-essential amino acids (Non-EAA)




	
Alanine

	
17.7

	
20.04

	
14.08

	
12.93




	
Arginine

	
28.65

	
16.32

	
16.62

	
55.94




	
Aspartic acid

	
94.81

	
180.64

	
274.59

	
146.08




	
Glutamic acid

	
448.13

	
702.98

	
612.18

	
818.07




	
Glycine

	
25.88

	
22.34

	
23.14

	
17.41




	
Proline

	
23.35

	
39.66

	
28.74

	
21.56




	
Serine

	
17.75

	
16.95

	
28.3

	
16.42




	
Tyrosine

	
14.11

	
20.72

	
16.73

	
19.93




	
∑AAs

	
901.06

	
1224.45

	
1229.28

	
1298.9




	
∑EAA

	
230.68

	
204.8

	
214.9

	
190.56




	
∑Non-EAA

	
670.38

	
1019.65

	
1014.38

	
1108.34




	
Ratio EAA/non-EAA

	
0.344

	
0.201

	
0.219

	
0.172




	
EAA/total AAs (%)

	
25.5

	
16.7

	
17.5

	
14.7








* Tryptophan has not been measured; means (n = 2).
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Table 4. Fatty acid (FA) compositions (relative %; n = 2) of the investigated Red Sea halophytes.






Table 4. Fatty acid (FA) compositions (relative %; n = 2) of the investigated Red Sea halophytes.

















	Identified FAs
	A. ehrenbergii
	S. aegyptiaca
	S. monoica
	Z. album
	Identified FAs
	A. ehrenbergii
	S. aegyptiaca
	S. monoica
	Z. album





	1. Saturated FAs (SFA)
	
	
	
	
	2. Unsaturated FAs (UFA)
	
	
	
	



	Lauric acid (C12:0)
	1.3
	-
	-
	0.65
	5-Dodecenoic acid (12:1, n-7)
	1.3
	-
	-
	0.65



	Myristic acid (C14:0)
	5.05
	2.79
	0.85
	3.53
	Palmitoleic acid (C16:1, n-7)
	-
	-
	-
	1.85



	Pentadecanoic acid (C15:0)
	-
	1.07
	0.54
	0.93
	10Z-Heptadecenoic acid (C17:1, n-7)
	-
	0.38
	-
	-



	Palmitic acid (C16:0)
	23.94
	26.34
	49.49
	33.16
	α-Linolenic acid (C18:3, n-3)
	15.12
	6.9
	18.97
	-



	14-Methylpalmitic acid (17:0)
	2.2
	-
	-
	-
	Linoleic acid (C18:2, n-6)
	28.63
	20.83
	22.49
	15.54



	Margaric acid (C17:0)
	-
	0.77
	-
	0.74
	Oleic acid (C18:1, n-9)
	10.28
	22.05
	5.68
	24.14



	Stearic acid (C18:0)
	4.52
	2.19
	0.78
	5.01
	Arachidonic acid (20:4, n-6)
	-
	0.2
	
	-



	Arachidic acid (C20:0)
	2.33
	0.77
	
	1.8
	11Z-Eicosenoic acid (C20:1, n-9)
	-
	0.76
	
	-



	Behenic acid (C22:0)
	2.39
	2.46
	
	4.11
	Docosahexaenoic acid (DHA) (22:6, n-3)
	-
	0.37
	
	-



	Lignoceric acid (C24:0)
	-
	0.6
	
	1.08
	∑ω9
	10.28
	22.81
	5.68
	24.14



	Cerotic acid (26:0)
	-
	-
	
	0.41
	∑ω7
	1.30
	0.38
	-
	2.50



	∑SFA
	41.73
	36.99
	51.66
	51.42
	∑ω6
	28.63
	21.03
	22.49
	15.54



	
	
	
	
	
	∑ω3
	15.12
	7.27
	18.97
	-



	
	
	
	
	
	ω6:ω3
	1.89
	2.89
	1.19
	-



	
	
	
	
	
	∑UFA
	55.33
	51.49
	47.14
	42.18



	
	
	
	
	
	∑PUFA
	43.48
	29.06
	41.46
	15.54



	
	
	
	
	
	∑FAs
	97.06
	88.48
	98.8
	93.6
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Table 5. Unsaponifiable matters (USM, relative %; n = 2) of the investigated Red Sea halophytes.
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Compound

	
A. ehrenbergii

	
S. aegyptiaca

	
S. monoica

	
Z. album

	
Compound

	
A. ehrenbergii

	
S. aegyptiaca

	
S. monoica

	
Z. album






	
1. Hydrocarbon compounds

	
Uvaol

	

	

	

	
11.94




	
5-Eicosene

	
-

	
3.16

	
-

	
-

	
9,19-Cycloart-23-ene-3,25-diol

	

	

	

	
2.03




	
Pentacosane

	
-

	
0.72

	
-

	
-

	
9,19-Cyclolanost-24-en-3β-ol

	
44.11

	
4.13

	

	
0.46




	
Hexacosane

	
-

	
0.87

	
-

	
-

	
24-Methyl-9,19-cyclolanost-25-en-3β–ol

	
3.5

	
5.64

	

	




	
Heptacosane

	
-

	
2.73

	
-

	
0.49

	
24-Methyl-9,19-cyclolanost-24-en-3β–ol

	

	

	

	
0.61




	
Nonacosane

	
-

	
1.24

	
-

	
-

	
Cholesterol

	
0.96

	

	

	




	
Pentacosane

	
-

	
0.72

	
-

	
-

	
Campesterol

	
1.22

	

	

	
3.98




	
γ-Asarone

	

	

	

	
2.49

	
Stigmasterol

	
5.43

	
8.98

	
1.11

	
2.24




	
2. Oxygenated compounds

	
β-Sitosterol

	

	

	
0.41

	




	
Neo-phytadiene

	
-

	
1.12

	
36.76

	
-

	
γ–Sitosterol

	
14.15

	
16.65

	
-

	
10.6




	
Phytone

	

	
1.12

	
8.31

	
0.28

	
Stigmastanol

	

	
18.33

	

	




	
Phytol

	
3.11

	
2.99

	
42.44

	
1.65

	
Stigmast-7-en-3β-ol

	

	
5.10

	

	




	
Behenic alcohol

	
-

	
-

	
-

	
5.33

	
Stigmast-3,5-diene

	
-

	
2.15

	
-

	
-




	
α-Eudesmol

	
-

	
-

	
-

	
4.08

	
Taraxasterol

	

	

	

	
5.12




	
β-Eudesmol

	
-

	
-

	
-

	
0.34

	
Lanosterol

	

	

	

	
21.42




	
2,2,4-Trimethyl-3-(3,8,12,16-tetramethyl-heptadeca-3,7,11,15-tetraenyl)-cyclohexanol

	
9.42

	
-

	
-

	
-

	
24-Ethylcholest-22-en-3α-ol

	

	
11.08

	

	




	
Dihydroactinidiolide

	

	

	
3.67

	
0.41

	
∑Sterols and terpenes

	
94.63

	
80.58

	
100

	
87.57




	
Epizonarene

	
-

	
-

	
-

	
1.74

	
∑USM compounds

	
94.63

	
90.02

	
100

	
90.55




	
Longipinane

	

	

	

	
15.75

	

	

	

	

	




	
β-Amyrin

	
-

	
-

	
3.09

	
-

	

	

	

	

	




	
Squalene

	
0.93

	
-

	
-

	
-

	

	

	

	

	




	
Lupeol

	
12.83

	
3.29

	
4.21

	
-
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Table 6. Antioxidant and cytotoxic activities (IC50 µg/mL, n = 3) of the halophytic MeOH extracts and lipoidal and phenolic contents.






Table 6. Antioxidant and cytotoxic activities (IC50 µg/mL, n = 3) of the halophytic MeOH extracts and lipoidal and phenolic contents.





	
Sample

	
Antioxidant

	
Cytotoxic Activity




	
A-549

	
Huh-7

	
CACO-2






	
A. ehrenbergii

	

	

	

	




	
MeOH extract

	
28.3 ± 2.1

	
50.0 ± 1.9

	
-

	
-




	
FAs content

	
-

	
29.3 ± 1.7

	
23.6 ± 0.9

	
42.7 ± 2.1




	
USM content

	
-

	
-

	
-

	
-




	
Phenolic content

	
72.4 ± 1.9

	
-

	
-

	
-




	
S. aegyptiaca

	

	

	

	




	
MeOH extract

	
74.0 ± 4.7

	
14.5 ± 0.6

	
11.3 ± 0.7

	
24.8 ± 2.6




	
FAs content

	
-

	
33.5 ± 1.5

	
47.8 ± 2.1

	
58.7 ± 2.4




	
USM content

	
-

	
12.1 ± 1.0

	
12.1 ± 0.7

	
23.2 ± 1.5




	
Phenolic content

	
10.1 ± 0.6

	
41.2 ± 1.9

	
28.9 ± 1.6

	
46.4 ± 3.9




	
S. monoica

	

	

	

	




	
MeOH extract

	
9.0 ± 0.5

	
-

	
-

	
-




	
FAs content

	
-

	
30.3 ± 1.0

	
27.9 ± 1.2

	
50.8 ± 2.4




	
USM content

	
-

	
-

	
-

	
-




	
Phenolic content

	
8.0 ± 0.3

	
54.7 ± 1.8

	
-

	
-




	
Z. album

	

	

	

	




	
MeOH extract

	
-

	
-

	
-

	
-




	
FAs content

	
-

	
10.8 ± 0.5

	
7.4 ± 0.3

	
11.8 ± 0.7




	
USM content

	
-

	
13.2 ± 0.8

	
11.3 ± 0.5

	
22.1 ± 1.1




	
Phenolic content

	
78.4 ± 2.8

	
-

	
-

	
-




	
Ascorbic acid (control)

	
10.6 ± 0.8

	

	

	

















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











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  molecules-27-03415


  
    		
      molecules-27-03415
    


  




  





media/file0.png





