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Abstract

:

Profiling of polyphenolics in four types of brown macroalgae, namely Laminaria japonica (L. japonica), Undaria pinnatifida (U. pinnatifida), Sargassum fusiforme (S. fusiforme), and Ascophyllum nodosum (A. nodosum), and their effect on oxidation resistance were investigated for the first time. Polyphenolic extracts from marine brown macroalgae were shown to effectively remove oxidants from cells and cellular systems. A. nodosum showed the highest antioxidant activity among evaluated brown macroalgae, showing a better scavenging effect on 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical and alleviating oxidative damage caused by hydrogen peroxide to human keratinocytes (HaCaT) cells. Through Q-Exactive HF-X mass spectrometry analysis, 12 polyphenolic compounds were preliminarily identified, including phlorotannins, phenolic acids, and flavonoids. Significant differences in content and variety of polyphenolics were found in evaluated brown macroalgae, which could be related to differences in antioxidant activity in vivo and in vitro. Moreover, the antioxidant activity might be related to the total phenolic content and the types of polyphenolics, especially phlorotannins. The findings presented in this study indicate that A. nodosum could be used as an important substitute for functional ingredients in foods and pharmaceutical preparations, as well as a raw material for phlorotannins research.
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1. Introduction


In order to replace the previously used synthetic ingredients and potentially harmful ingredients, the industry is now focusing its efforts and resources on the discovery and application of natural biologically active compounds [1,2]. In the last ten years, the marine ecosystem has been attracting the attention of researchers worldwide as it is a rich source of organisms possessing or producing substances with high biological activity. In particular, marine macroalgae (seaweeds) are a type of heterogeneous photosynthetic organisms different from land plants [3], having great potential industrial applications. In 2016, the global production of commercial aquatic plants (including macroalgae) reached 31.2 million tons, of which macroalgae aquaculture accounted for 96.5% [4]. Macroalgae are often exposed to unfavorable environmental conditions that can lead to deleterious effects that are often not readily visible, hence a wide variety of metabolites (pigments, polysaccharides, polyphenolics, and so on) are produced by macroalgae to neutralize such effects [5]. Macroalgae are mainly divided into three orders, namely Laminariales, Fucales, and Dictyotales. In particular, the phytochemical composition of Laminaria, Sargassum, Ascophyllum, Ecklonia, Undaria, Himanthalia, and Dictyota have been widely studied [6].



Polyphenolics are derived from the secondary metabolism of plants, whose structure is formed by an aromatic benzene ring with one or more hydroxyl bonded directly to the aromatic carbon, which includes all functional derivatives [7]. Among phytochemicals, polyphenolics can counteract dangerous reactive oxygen species (ROS) due to their high redox potential, thus acting as reducing agents, hydrogen donors, singlet oxygen quenchers, and metal chelators [8]. The polyphenolic compounds commonly found in terrestrial plants are gallic and ellagic acid. However, polyphenolics in brown macroalgae vary from simple phenols (such as phenolic acids with a single aromatic structure) to highly complex compounds called phlorotannins, which are synthesized by polymerization of phloroglucinol (1,3,5-trihydroxybenzene) units [9]. The biosynthetic pathway for phlorotannins biosynthesis is still ill-defined, but it has been suggested that phloroglucinol is formed by the acetate-malonate (or polyketide) pathway [10]. The production of phlorotannins is limited to brown macroalgae which are known to occur in soluble (in the cytoplasm or within cell organelles) or in cell wall-bound forms, similar to other tannins [11]. Phlorotannins play a variety of roles in brown macroalgae, both at the cellular and organismal level, from early developmental stages to adult plants, especially in alleviating the oxidative damage caused by high oxygen concentration in the environment [12]. Phlorotannins possess a heterogeneous and high molecular weight group of compounds, in the dry algae in an amount up to 20% [13]. Phlorotannins can be divided into five major subclasses according to the nature of structural linkages between phloroglucinol units and the number and distribution of hydroxyl groups: fucols, phlorethols, fucophlorethols, eckols, and fuhalols [14]. Phlorotannins have been increasingly investigated for their wide array of bioactivities [15], including antioxidant [16], anti-inflammatory [17], anticancer [18], and antidiabetic [19]; thus, macroalgae-derived products rich in bioactive components such as phlorotannins show promising commercial potential in the food and pharmaceutical sectors [20].



Current knowledge on polyphenolics in brown macroalgae derives from research performed on crude extracts based on colorimetric methods (Folin-Ciocalteu assay). Nonetheless, it is limited by their chemical characterization, mainly due to the complexity and reactivity of structure [21]. Hence, more in-depth studies are needed for the adequate identification and characterization of polyphenols in brown macroalgae. The availability of advanced chromatography and mass spectrometry techniques allows the possibility to tentatively identify polyphenols [22] since the chemical characterization is crucial to understand both the ecological and commercial relevance of polyphenols. Moreover, it has been reported that phlorotannins bioactivities are dependent on the molecular weight of the compound: a higher degree of polymerization of the compound has been associated with enhanced activity, as a higher number of phenolic rings is associated with a greater number of hydroxyl groups, which is the reducing component [23,24]. Moreover, the arrangement of such hydroxyl groups around the phlorotannin ring also impacts reactivity. Marine macroalgae can by adjusting the content and composition of intracellular metabolites, in time and space to adapt to the surrounding environment. In addition, it is also largely affected by species genotype [25]. However, the association between species and changes in the metabolic profile and biological activity of polyphenols has not been yet elucidated.



Considering the potential use of brown macroalgae as a natural source of polyphenolic compounds with antioxidant activity, determining which species of brown algae are abundant in polyphenolics is a crucial step. Therefore, the present study aimed to evaluate antioxidant activity in four types of brown macroalgae, namely Laminaria japonica, Undaria pinnatifida, Sargassum fusiforme, and Ascophyllum nodosum; identify polyphenolic compounds using mass spectrometry and perform multivariate data analysis; and determine the association between polyphenolic components and antioxidant activity. The above research can provide a strong basis for the application of polyphenolics in brown macroalgae.




2. Materials and Methods


2.1. Chemicals and Reagents


Folin Ciocalteu reagent and fetal bovine serum (FBS) were purchased from Shenggong Bioengineering Co., Ltd. (Shanghai, China). 2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma-Aldrich (St. Louis, MI, USA). Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, Waltham, MA, USA) and Penicillin-streptomycin (HyClone™) were purchased from Beijing Baoxidi Co., Ltd. (Beijing, China). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and dimethylsulfoxide (DMSO) were purchased from Soleibao Technology Co., Ltd. (Beijing, China). Methanol and acetonitrile were HPLC grade, and other reagents were analytical grade produced by local companies in China.




2.2. Brown Macroalgae Samples


L. japonica and U. pinnatifida produced from the Yellow Sea in Liaoning, China, as well as S. fusiforme produced from the East Sea in Zhejiang, China, were purchased from Dalian local supermarkets (Liaoning, China). A. nodosum produced in Chile was supplied by Qingdao Mingyue Algae Group Co., Ltd. in Shandong Province, China. During transportation, 4 kinds of brown macroalgae materials were dried and sealed. After removal of impurities, macroalgae samples were dried at 50 °C and ground to a powder (particle size < 0.9 mm). Powdered macroalgae samples were vacuum-packed and stored below −30 °C until further experiments.




2.3. Sample Preparation


Polyphenolic compounds were extracted following the method described by Ummat et al. [26] with minor modifications. Briefly, the powdered sample was mixed with 50% ethanol (1:15, w/v) and, after an ultrasonic treatment for 30 min, the mixture was incubated in a shaking water bath at 50 °C under 120 rpm for 8 h. Supernatant was then filtered through Whatman #1 filter paper (Whatman International Limited, Maidstone, UK) and ethanol was evaporated (70 rpm, 50 °C, 0.1 MPa) in a rotary evaporator (SY-2000, Shanghai Yarong Biochemical Instrument Factory, China). The remaining aqueous mixture was loaded onto a Sep-Pak C18 Plus Short Cartridge (500 mg sorbent per cartridge, 3 mL column volume, 50/pkg) (Agela, Beijing, China), which was previously conditioned with methanol followed by water. Polyphenolic compounds were eluted with methanol and the solvent was evaporated under reduced pressure until completely dry. Dry polyphenolic extracts were vacuum sealed and stored at −80 °C until analyses were performed.




2.4. Determination of Total Phenolic Content


Total phenolic content was determined as gallic acid equivalents (GAE) using the Folin–Ciocalteu reagent [27]. The macroalgae phenolic extract (50 µL) was diluted with deionized water (750 µL), Folin-Ciocalteu phenol reagent (50 µL) was added, and contents were mixed thoroughly. After 1 min, 150 µL of 20% sodium carbonate solution was added, followed by thorough homogenization. After incubation for 1 h at 37 °C, absorbance was measured at 760 nm using a Tecan infinite 200 Microplate Reader (Tecan Trading AG, Switzerland). The measured value was compared to a standard curve prepared with a gallic acid solution. Total phenolic content was expressed as GAE per gram of dried extract.




2.5. Profiling of Polyphenolic Compounds by Mass Spectrometry


Analyses were performed in a Q-Exactive HF-X Hybrid Quadrupole-Orbitrap (Q-Exactive HF-X) mass spectrometer with electrospray ionization (ESI) using a Dionex UltiMate 3000 system (Dionex Softron GmbH, Germany) with an Acquity UPLC BEH HILIC column (2.1 × 150 mm, particle size 1.7 μm; Waters Corporation, Milford, MA, USA). Run conditions were: 65 °C column temperature; 0.4 mL/min final flow rate; 1 μL injection volume; 10 °C chamber temperature. Mobile phase A was 0.1% formic acid in water. Mobile phase B was acetonitrile: water (95:5, v/v) containing 0.1% formic acid. Polyphenols were separated by the following gradient elution: 0–2 min 100% B; 2–7.7 min 100–70% B; 7.7–9.5 min 70–40% B; 9.50–10.250 min 40–30% B; 12.250–12.750 min 30–100% B; 12.750–17.000 min 100% B. Spectra acquisition was performed in positive ionization modes, and spectra were acquired over a mass range of m/z 60–900. In both modes, the sheath gas flow rate was 60%, the aux gas flow rate was 20%, the sweep gas flow rate was 1%. Spray voltage was at 3.6 kV, capillary temperature was 380 °C, aux gas heater temperature was 370 °C. All acquisitions were performed using D3–1-methylnicotinamide (m/z 141.0976) for lock mass calibration. Four analytical replicates from each sample were analyzed in Q-Exactive HF-X. In order to relatively quantify the polyphenolic compounds of brown macroalgae, the final concentration of polyphenolic extracts of four kinds of brown macroalgae was 2 mg/mL, and the dissolving solvent was methanol.



Compounds were identified according to their m/z ratio in the ESI mass spectrometer. Identified compounds were compared against analytical standards and available databases based on their neutral mass isotope distribution, retention time, and MS/MS fragments using a customized database of polyphenolics on PubChem (https://pubchem.ncbi.nlm.nih.gov/), online metabolite databases METLIN (http://metlin.scripps.edu/) and MassBank (http://www.massbank.jp), and previously published data.




2.6. DPPH Radical Scavenging Ability by Electron Spin Resonance


Electron spin resonance (ESR), also known as electron magnetic resonance (EMR) or electron paramagnetic resonance (EPR), is the most effective and direct method to measure free radicals (such as DPPH radical) [28]. Detection of free radicals was performed by ESR spectroscopy (A200, Bruker, Karisruhe, Germany) according to Qi et al. [29] with a few modifications. Sample concentration for the determination of DPPH free radical scavenging ability was set at 40 μg/mL; ESR scanning conditions were: 3477.5 G central magnetic field; 100 G scanning width; 5.21 mW microwave power; 40 ms conversion time; and 81.92 ms time constant. Each sample was scanned at least three times. Sample concentration for the determination of hydroxyl radical scavenging ability was 20 μg/mL; ESR scanning conditions were: 3470 G central magnetic field, 80 G scanning width, 6.08 mW microwave power, 360 ms conversion time, and 5242.88 ms time constant.



DPPH radical scavenging ability was calculated as follows (1):


DPPH radical scavenging ability (%) = A0 − A/A0 × 100



(1)




where A0 is the absorbance of the control and A is the absorbance of samples/standards.




2.7. Cell Culture


Human epidermal keratinocyte (HaCaT) cells were obtained from Tong-Pai Bio-Technology Co., Ltd. (Shanghai, China). Cells were kept in DMEM high glucose and enhanced with 10% FBS and 1% penicillin-streptomycin in a humidified incubator under 5% CO2 at 37 °C. Samples were prepared by dissolution in dimethyl sulfoxide (DMSO). Stock solutions were diluted to desired concentrations using complete DMEM.




2.8. Cell Viability


The MTT assay was used to detect the effect of polyphenol extracts from brown macroalgae on the oxidative damage induced by H2O2 in HaCaT cells. Cells (1.5 × 105 cells/well) were plated on a 96-well plate and cultured for 24 h. After that, cells were treated with H2O2 (1 mM) for an initial 1 h and then with the polyphenolic extract (5 μg/mL) for 23 h. MTT stock solution (5 mg/mL) was added to the wells, and cells were incubated for 4 h to yield formazan crystals. After the dissolution of crystals in DMSO, absorbance was measured at 570 nm using a multiwell scanning spectrophotometer. Control (untreated cells) was considered as 100% viability and resulting cell viability was calculated as (2):


Cell viability(%) = Asample/Acontrol×100



(2)




where Asample is the absorbance of the sample and Acontrol is the absorbance of control.




2.9. Statistical Analysis


All experiments were repeated at least three times. Differences between samples for each analyzed polyphenolic compounds were tested with one-way analysis of variance (ANOVA) in SPSS 20.0 (SPSS Inc., Chicago, IL, USA). p-value < 0.05 was considered statistically significant. Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and heatmap clustering analysis were performed in MetaboAnalyst 4.0.





3. Results and Discussion


3.1. Evaluation of Total Phenolic Content and Antioxidant Activity


Total phenolic content in four brown macroalgae was determined by the Folin-Ciocalteu colorimetric method. Total phenolic content in the evaluated macroalgae varied significantly, ranging from 112.69 ± 2.85 to 241.85 ± 9.62 (mg GAE/g dried extract) (Figure 1a). Total phenolic content was highest in A. nodosum (241.85 ± 9.62) and lowest in L. japonica (112.69 ± 2.85), which are in line with similar studies. Kirke et al. [30] studied changes in total phenolic content in A. nodosum during different seasons, which ranged from 50–250 mg GAE/g dried extract. Similar phenolic content was reported in Ecklonia kurome (97 mg PGE/g) [31], Ecklonia bicyclis (192.8 mg GAE/g) [32], and Laminaria ochroleuca (173.65 mg GAE/g) [33].



DPPH radical scavenging ability of polyphenolics extracted from evaluated brown macroalgae was analyzed by ESR with spin trapping. The polyphenolics extracted from A. nodosum (75.03 ± 1.07%) showed significantly strong (p < 0.05) scavenging activity when compared to S. fusiforme (44.62 ± 0.62%), U. pinnatifida (40.97 ± 0.59%) and L. japonica (16.30 ± 0.65%) (Figure 1b).



Previous studies have found that polyphenolics in brown macroalgae can protect cells against oxidative damage induced by H2O2. Of notice, polyphenolics in marine macroalgae were shown to effectively reduce the death of Chinese hamster lung fibroblasts induced by H2O2, as well as inhibit radiation-induced cell damage and eliminate the production of ROS [34]. In the present study, the protective effects of polyphenolic extracts from brown macroalgae against oxidative damage induced by H2O2 in HaCaT cells were evaluated and cell viability was measured by the MTT method. H2O2-stimulated cells without polyphenolic extracts showed 54.01 ± 2.45% cell survival rate, while rates of survival were increased when cells were pre-treated with a non-toxic concentration (5.00 µg/mL) of polyphenols extracted from L. japonica (59.84 ± 0.50%), U. pinnatifida (62.09 ± 1.15%), S. fusiforme (63.82 ± 2.60%) and A. nodosum (67.67 ± 0.96%) (Figure 1c).



Interestingly, total phenolic contents differed significantly among the evaluated types of brown macroalgae; however, changes in antioxidant activity were not affected by total phenolic content. For example, the total phenolic content of U. pinnatifida was higher than in S. fusiforme; this might be explained by the fact that the Folin-Ciocalteu method not only measures the reducing capacity of polyphenolic compounds but also that of other reducing substances such as ascorbic acid, aromatic amines and sugars [35]. In addition, the degree of antioxidant activity observed in the evaluated macroalgae might not only be due to the higher polyphenol content but also due to the geometric arrangement of the polyphenol structure and the location of free radicals [24].




3.2. Identification of Polyphenolic Compounds by Q-Exactive HF-X Mass Spectrometry


Q-Exactive HF-X mass spectrometry was used to identify polyphenolic compounds in the evaluated brown macroalgae. Twelve compounds were detected using this method which belonged to various classes: phenolic acids (n = 5), flavonoid (n = 1) and phlorotannins (n = 6). Phenolic acids were 4-hydroxybenzoic acid, vanillic acid, gallic acid, caffeic acid, and ferulic acid. The identified flavonoid was epicatechin. Six special classes of polyphenolics were detected. They were phloroglucinol, bifuhalol, phloroglucinol trimer, trifuhalol, tetrafuhalol, and phloroglucinol pentamer. Detected polyphenolics were further identified by comparison of obtained mass spectra with previously available data. Retention times (Rt), precursor ions, fragment ions, and structural formula for each identified polyphenolic compound are presented in Table 1. Q-Exactive HF-X secondary mass spectra of identified peaks are provided in Figure 2 along with the structural formula and mass spectral fragmentation of identified polyphenolic compounds.



Q-Exactive HF-X spectrum of compound 1 showed an absorption peak at Rt = 6.16 min, and its parent ion was detected at m/z 127.0865, being thus identified as phloroglucinol; a fragment ion was observed at m/z 109.0736 ([M+H]+-18amu), which might be caused by the loss of one molecule of water, and the peak was further confirmed by comparing its fragmentation pattern with previously reported data [24]. Phloroglucinol was previously reported that it showed antioxidant activity in brown macroalgae by Kang et al. [36]. Compound 2 was identified as 4-hydroxybenzoic acid [32] and compound 3 as vanillic acid [37], and mass spectra of both compounds correspondingly showed the loss of one molecule of water. The absorption peak of compound 4 was detected at Rt = 6.30 min and fragment ions were detected at m/z 153.065 and m/z 127.0703, which may be due to the loss of one molecule of water ([M+H]+-18 aum) or carboxylic acid ([M+H]+-44aum) [38]. Compound 5 (m/z 181.0580; Rt = 8.24 min) was identified as caffeic acid based on previous research [37]; fragment ions at m/z 137.0461 and m/z 119.0582 were observed, the latter likely being generated by the combined elimination of an ethylene group and a molecule of water as a consequence of the internal cleavage of benzene ring structures [39]. Compound 6 was refereed to be ferulic acid [40], and significant losses of 18 (H2O) and 44 (COOH) amu were detected. Compared with previous research, compound 7 (m/z 267.0949; Rt = 3.37 min) was identified as bifuhalol, a type of phlorotannin [41], and its fragmentation patterns were similar to those of compound 5. Compound 8 was identified as a type of flavonoid, namely epicatechin [32], being detected at m/z 291.0691, whose fragmentation rule was deduced in Mass Frontier 7.0 (Figure 2h); fragment ions were detected at m/z 157.028. The remainder compounds (9–12) were identified as phlorotannins. Compound 9 was viewed as a phloroglucinol trimer, which is a common phlorotannin occurring in several seaweed species of the orders Fucales and Laminariales [24,39]. According to results obtained by Zhang et al. [41], compound 10 (m/z 391.2094; Rt = 1.55 min) was identified as trifuhalol and compound 11 as tetrafuhalol. Compounds 9 and 10 lost one molecule of water ([M+H]+-18 aum), while compound 11 (m/z 515.3170; Rt = 2.65 min) did not yield any fragment ions, which has been observed previously [41]. Finally, compound 12 (m/z 623.2487; Rt = 1.49 min) was viewed as phloroglucinol pentamers [42] showing the loss of one molecule of water ([M+H]+-18 aum).




3.3. Metabolomic Tools for Profiling Polyphenolic Compounds


Multivariate data analysis has been increasingly regarded as an important tool in the food industry. In particular, PCA has been used to differentiate and classify food products according to geographical origin, as well as to implement a chemotaxonomic approach to botanical classification. In the present study, multivariate statistical analyses were used to determine the distinct composition and behavioral patterns of polyphenolic compounds in four brown macroalgae species.



PCA was conducted to evaluate variation in the dataset when reduced and redistributed linearly and also randomly in scores (species) and loadings (polyphenolic compounds). Figure 3a depicts the PCA score plot of components 1 and 2 which explain 89.3% of the total variance. PCA plot showed clear differentiation in polyphenolic profiles among evaluated brown macroalgae species. Interspecific variation in low molecular weight phlorotannin profiles in certain brown macroalgae species has been previously reported. For instance, phlorotannins profiles in Pelvetia canaliculata, Fucus vesiculosus, A. nodosum, and Himanthalia elongata were shown to differ according to the species and the season [30]. Figure 3b depicts the PCA loading plot with the distribution of polyphenolic profiles of all four brown macroalgae. The PCA score plot and the PCA loading plot showed great correspondence in spatial position. Polyphenolic compounds in A. nodosum were mainly vanillic acid, gallic acid, ferulic acid, phloroglucinol, and bifuhalol. 4-hydroxybenzoic acid was the main polyphenolic compound in L. japonica.



To obtain a more distinct discrimination of samples and determine which metabolites contribute to such discrimination, PLS-DA was performed on obtained Q-Exactive HF-X mass spectrometric data. For the PLS-DA model, values of Q2 max (0.76) and R2 (0.83) were higher in the permutation test than in the real model, suggesting good predictability and goodness of fit. Figure 4a provides relevant information for species separation as identified by PLS-DA.



According to the PCA and PLS-DA score map, A. nodosum was separated from L. japonica, S. fusiforme, and U. pinnatifida in the first principal component (PC 1). Moreover, A. nodosum and L. japonica were separated from S. fusiforme and U. pinnatifida in PC 2. VIP score is a weighted sum of squares of the PLS-DA loadings and were used to determine which polyphenolic compounds contributed to the separation into the aforementioned groups (Figure 4b). Polyphenolic compounds that presented VIP scores greater than 0.9 and likely have contributed to discriminating polyphenolic profiles in evaluated macroalgae were gallic acid (VIP score = 1.88), vanillic acid (VIP score = 1.54), bifuhalol (VIP score = 1.14), phloroglucinqol (VIP score = 1.05) and phloroglucinol pentamer (VIP score = 0.91).




3.4. Correlation between Polyphenolic Compounds and Antioxidant Capacity


Through q-Exactive HF-X analysis data, a relative quantitative heat map (Figure 5) was drawn to identify the variation pattern of polyphenolics content in four evaluated brown macroalgae. Based on results of DPPH free radical scavenging and H2O2-challenged cell viability assays, the antioxidant activity of brown macroalgae extracts was highest in A. nodosum and lowest in L. japonica (Figure 1a). Total phenolic content in A. nodosum was the highest compared to other evaluated brown macroalgae, whose levels of gallic acid, phloroglucinol, vanillic acid, ferulic acid, and bifuhalol were significantly higher, and was shown to contain other polyphenolics such as trifuhalol, phloroglucinol trimer, tetrafuhalol, and 4-hydroxybenzoic acid. Therefore, the A. nodosum extract was found to possess the strongest antioxidant activity when confronting all four brown macroalgae extracts. Although total phenolic content in U. pinnatifida was higher than that in S. fusiforme, the higher antioxidant activity found in S. fusiforme extract might be related to a higher content of trifuhalol, phloroglucinol trimer, and tetrafuhalol, and the effect of polyphenolic compounds on antioxidant activity was also reported by Kirke et al. [30]. So the biological activity of polyphenolics in algae has been shown to be significantly affected by the type and structure of polyphenolic compounds. More specifically, simple polyphenolics have one hydroxyl (-OH) group attached to a carbon atom in a benzene ring; catechol and intercal hydroquinone (benzenediol) have two -OH groups; and pyrogallol and phloroglucinol (benzenetriol) have three -OH groups [6]. It has also been demonstrated that the effectiveness and biological activity of polyphenolics depend on the resonance stability of phenoxy radicals, while resonance stability of phenoxy radicals is affected by the number of substituents (relative to -OH groups) in ortho and para position in aromatic rings [22]. Phlorotannins are the most studied group of polyphenolics in marine macroalgae and can have up to eight interconnected rings which are derived from phloroglucinol (1,3,5-trihydroxybenzene) monomer units [11]. Therefore, phlorotannins are a more potent scavenger of free radicals than other polyphenols derived from terrestrial plants, including green tea catechins [3]. Finally, as seen in Figure 5, the varieties and content of polyphenols in L. japonica were low, which also contributed to its weaker antioxidant activity compared to other tested brown macroalgae.





4. Conclusions


Differences in polyphenolic compounds and antioxidant activity of four brown macroalgae species were determined. Q-Exactive HF-X mass spectrometry was used to identify and characterize polyphenolic compounds. A total of 12 polyphenolic compounds were identified, including 5 phenolic acids, 1 flavonoid, and 6 phlorotannins. Through multivariate analysis (PCA and PLS-DA), polyphenolic compounds and antioxidant activity were found to significantly differ among evaluated species of brown macroalgae. Total phenolic content and antioxidant activity were highest in A. nodosum and lowest in L. japonica. In addition, the antioxidant activity of polyphenolics in all four brown macroalgae was shown to be affected by polyphenolic compounds, especially phlorotannins. Interestingly, phlorotannins were uniquely found in brown algae and showed great antioxidant properties and other physiological activities. Collectively, A. nodosum was shown to be a good source of natural polyphenolics with strong antioxidant activity. This highlights that this species is an ideal marine polyphenolics enrichment species for future commercial applications, as well as its applicability as a model species for further study of phlorotannins.
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Figure 1. Evaluation of total phenolic content and antioxidant activity in four types of brown macroalgae in vitro and in vivo. (a) Total phenolic content (mg GAE/g dry weight extract) (b) 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (c) Cell viability after challenge with H2O2. Data are presented as mean ± standard deviation. Different letters in the same row indicate significant differences as assessed by Duncan’s multiple-range test following one-way ANOVA (p < 0.05). 
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Figure 2. MS/MS fragmentation pattern of identified polyphenolic compounds in Solid-Phase Extraction (SPE) polyphenolic fraction of brown macroalgae. Polyphenolic compounds’ molecular structures were obtained from http://www.chemspider.com/ database. 
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Figure 3. Principal component analysis (PCA) score plot (a) and PCA loadings plot (b) for four types of brown macroalgae. 
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Figure 4. Partial least squares discriminant analysis (PLS-DA) score plot (a) and VIP scores by PLS-DA (b) derived from Q-Exactive HF-X mass spectrometry data using positive electrospray ionization of polyphenolic compounds in four types of brown macroalgae. 
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Figure 5. Hierarchical cluster analysis (HCA) and heatmap of polyphenolic compounds in four types of brown macroalgae. 
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Table 1. Identification of bioactive compounds in the polyphenolic fraction of Solid-Phase Extraction (SPE) obtained from L. japonica, U. pinnatifida, S. fusiforme, and A. nodosum using Q-Exactive™ HF-X Hybrid Quadrupole-Orbitrap™ mass spectrometry analysis.
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	Compound
	Rt(min)
	MS1[M+H]+
	Identification
	Molecular Formula
	References





	1
	6.16
	127.0865
	Phloroglucinol
	C6H6O3
	[23]



	2
	2.85
	139.0498
	4-Hydroxybenzoic acid
	C7H6O3
	[30]



	3
	1.79
	169.0969
	Vanillic acid
	C8H8O4
	[35]



	4
	6.30
	171.0758
	Gallic acid
	C7H6O5
	[36]



	5
	8.24
	181.0580
	Caffeic acid
	C9H8O4
	[35]



	6
	7.68
	195.0737
	Ferulic acid
	C10H10O4
	[38]



	7
	3.37
	267.0949
	Bifuhalol
	C12H10O7
	[39]



	8
	6.09
	291.0691
	Epicatechin
	C15H14O6
	[30]



	9
	1.41
	375.2131
	Phloroglucinol Trimer
	C18H14O9
	[23,37]



	10
	1.55
	391.2094
	Trifuhalol
	C18H14O10
	[39]



	11
	2.39
	515.3173
	Tetrafuhalol
	C24H18O13
	[39]



	12
	1.49
	623.2487
	Phloroglucinol Pentamer
	C30H22O15
	[40]







Rt: retention time in minutes; MS1[M+H]+: molecular ion.
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