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Abstract

:

Macrophages play an important role in managing the onset and progression of chronic inflammatory diseases. The primary objective of this study is to explore the antioxidant potential and anti-inflammatory properties of Sargassum hemiphyllum ethanol extract (SHE) and its fraction. SHE and its five constituent fractions were assessed for overall antioxidant capabilities and inhibitory effects on LPS-induced inflammation by modulating macrophages polarization in both RAW 264.7 macrophages and bone-marrow-derived macrophages (BMDM). Among the organic solvent fractions of SHE, the ethyl acetate fraction displayed the highest total phenolic content and total antioxidant capacity. Notably, the n-hexane (Hex) fraction showed the most substantial suppression of LPS-induced tumor necrosis factor α secretion in BMDM among the five fractions of SHE. The SHE and Hex fraction significantly reduced the heightened expression of pro-inflammatory cytokines and inflammation-inducible enzymes induced by LPS in RAW 264.7 macrophages. In particular, the SHE and Hex fraction inhibited M1 macrophage polarization by reducing the mRNA expression of M1 macrophage markers in macrophages that were polarized toward the M1 phenotype. Furthermore, the SHE and Hex fraction attenuated the induction in nuclear factor E2-related factor 2 and its target genes, which was accompanied by an alteration in antioxidant gene expression in M1-polarized BMDM. The findings suggest that both SHE and its Hex fraction exhibit inhibitory effects on LPS-triggered inflammation and oxidative stress by modulating the polarization of M1 macrophages within macrophage populations.
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1. Introduction


Macrophages hold a pivotal role within the body’s internal immune and inflammatory response systems that maintain homeostasis in intracellular metabolism and tissue damage and repair [1,2]. Also, macrophages are the most heterogeneous and flexible immune cells due to their response characteristics to environmental stimuli [3]. This functional conversion or adaptation of macrophages is called macrophage polarization [4]. Polarized macrophages are typically classified into two primary groups: pro-inflammatory M1 referred to as classically activated macrophages, and anti-inflammatory M2 macrophages, known as alternatively activated macrophages [5]. Classic M1 macrophages are primarily activated by molecules such as lipopolysaccharide (LPS), interferon-γ (IFN-γ), and tumor necrosis factor α (TNFα). Conversely, alternative M2 macrophages are typically induced by interleukin-4 (IL-4), IL-10, and IL-13 [6]. M1 macrophages are characterized by their ability to generate pro-inflammatory cytokines, including TNF, IL-1β, IL-6, IL-12, nitric oxide (NO), and reactive oxygen species (ROS). In contrast, M2 macrophages are distinguished by their secretion of anti-inflammatory cytokines such as IL-10, IL-4, and IL-13 and their clearance of apoptotic cells due to their elevated phagocytic capabilities [7,8].



Macrophages increase ROS and NO production through cytokines, metabolic stress, and endoplasmic reticulum stress [9]. In particular, ROS plays an essential role in maintaining and inducing M1-type macrophage polarization [10]. Also, ROS activate pro-inflammatory signaling pathways, such as nuclear factor-κB (NFκB) and activating protein-1 (AP-1), to stimulate pro-inflammatory cytokine secretion from macrophages [9]. Thus, bioactive substances with antioxidant activity can improve chronic inflammatory diseases by reducing ROS and free radicals as well as regulating the inflammatory response of macrophages.



Sargassum hemiphyllum, a type of brown algae, is naturally found along the coasts of Jeju Island in South Korea, as well as in regions like Taiwan, Japan, Hong Kong, and East China. It has a history of traditional use in South Korean folk medicine for addressing inflammatory diseases [11,12,13]. Research studies have provided evidence indicating that S. hemiphyllum extract possesses antioxidant and anti-inflammatory properties [11,14]. S. hemiphyllum sulfated polysaccharide extract inhibited LPS-induced pro-inflammatory cytokines through the inhibition of NFκB nuclear translocation in RAW 264.7 macrophages [11]. Furthermore, S. hemiphyllum hot water extract has been shown to exhibit antioxidant activity by reducing DPPH and superoxide anion radical scavenging. Also, this hot water extract also demonstrated immunostimulatory effects by enhancing immunoglobulin M secretion in human–human hybridoma HB4C5 cells and macrophage J774.1 cells [14]. S. hemiphyllum extract contains fucoxanthin, a xanthophyll carotenoid, which has anti-inflammatory and antioxidant effects [15,16,17,18]. However, it remains unverified whether SH ethanol extract (SHE) possesses the capability to modulate macrophage polarization, leading to anti-inflammatory responses in macrophages. Therefore, the primary aim of this research was to examine whether SHE and its various fractions possess antioxidant properties by reducing free radicals as well as the inhibitory effects on LPS-induced inflammation by modulating macrophage polarization in both RAW 264.7 macrophages and bone-marrow-derived macrophages (BMDM).




2. Results


2.1. Extraction Yield and Total Phenolic Content (TPC)


The overall extraction yield and TPC of SHE were 2% and 7.49 ± 1.12 mg gallic acid equivalents (GAE)/g dry weight, respectively (Table 1). Among the five fractions of SHE, the water (H2O) fraction had the highest amount of extraction yield at 48%, followed by n-hexane (Hex, 35%), butanol (BuOH, 5%), ethyl acetate (EtOA, 5%), and chloroform (CHCl3, 3%). The TPC of the five fractions of SHE ranged from 48.68 to 1.76 mg GAE/g dry weight. EtOA had the highest TPC at 48.68 ± 3.84 mg GAE/g dry weight, followed by CHCl3 (17.49 ± 0.44), Hex (6.72 ± 1.85), BuOH (3.98 ± 1.04), and H2O (1.76 ± 0.15) at the lowest TPC.




2.2. Total Antioxidant Capacity


The total antioxidant capacity of SHE and its five fractions was assessed using three different assays: ABTS, DPPH, and FRAP assay (Table 2). SHE exhibited significant ABTS, DPPH, and FRAP radical scavenging capabilities with values of 15.02 ± 1.19 mg vitamin C equivalents (VCE)/g dry weight, 22.00 ± 3.44 mg VCE/g dry weight, and 0.12 ± 0.00 mM FeSO4 equivalents (FSE)/g dry weight, respectively. Among the five fractions of SHE, the EtOAc fraction demonstrated the highest ABTS radical scavenging activity, with a value of 58.35 ± 5.82 mg VCE/g dry weight. This was followed by CHCl3 (19.75 ± 1.52), Hex (11.60 ± 0.76), BuOH (7.30 ± 2.09), and finally, H2O (2.65 ± 0.76). For DPPH activity in the five fractions of SHE, EtOAc exhibited the highest activity with a value of 54.12 ± 3.19 mg VCE/g dry weight. In contrast, CHCl3 displayed a relatively lower DPPH radical scavenging activity, with a value 39.58 ± 2.78 mg VCE/g dry weight, followed by the Hex (21.40 ± 1.39), and BuOH (13.82 ± 2.92). The DPPH radical scavenging activity of H2O fraction was not detected. In terms of FRAP activity, the EtOAc fraction of SHE also displayed the highest FRAP activity among the five fractions, with a value of 0.39 ± 0.02 mM FSE/g dry weight, followed by CHCl3 (0.15 ± 0.01), Hex (0.13 ± 0.01), BuOH (0.07 ± 0.01), and H2O (0.04 ± 0.00). Therefore, the EtOA fraction demonstrated the highest ABTS and DPPH scavenging activity and FRAP activity. Given the consistent trends observed between SHE and its five constituent fractions with high TPC across all three total antioxidant assays, a Pearson correlation analysis was conducted to examine the relationship between the TPC and the results of these antioxidant assays (Table 2). The analysis revealed a strong and statistically significant positive relation between TPC and the overall antioxidant capacity as measured by ABTS (r = 0.95, p < 0.01), DPPH (r = 0.95, p < 0.01). Additionally, there was a robust positive correlation between TPC and the results of the FRAP assay (r = 0.88, p < 0.01). These findings underscore the close association between the phenolic content and the overall antioxidant capacity of SHE and its fractions, as indicated by these three different antioxidant assays.




2.3. Effect of SHE and Its Five Fractions on Cytotoxicity and TNFα Secretion in Macrophages


The high phenolic amount and antioxidant properties of natural sources is intricately linked to their capacity for exerting anti-inflammatory effects [19]. Therefore, we investigated whether SHE and its five fractions can inhibit LPS-induced TNFα production in RAW 264.7 macrophages. First, we measured the cell cytotoxicity of SHE and five fractions and observed that there was no significant toxicity within the concentration range of 0–100 µg/mL of SHE and its five fractions (Supplementary Figure S1). Based on the cell cytotoxicity data, the following experiments were carried out using concentrations less than 100 µg/mL of SHE and its fractions. In RAW 264.7 macrophages, LPS significantly increased the production of TNFα, which was significantly reduced in a dose-dependent manner by SHE and Hex and CHCl3 fractions (Figure 1). However, in the three fractions, EtOA, BuOH, and H2O fractions, no significant effect on the production of TNFα in LPS-induced BMDM was observed. In particular, even though the EtOA fraction exhibited the highest total antioxidant capacity with high phenolic content among all the fractions, it had no significant effect on LPS-induced TNFα production.




2.4. Effect of SHE and Hex Fraction on LPS Induced the Expression of Pro-Inflammatory Cytokines and Inflammation-Inducible Enzymes in RAW 264.7 Macrophages


Since the Hex fraction showed a higher inhibitory effect on LPS-induced TNFα production than other SHE fractions, we further proceeded to verify the inhibitory effects of SHE and Hex fraction on inflammation stimulated by LPS in RAW 264.7 macrophages. The gene expression of pro-inflammatory cytokines, such as Il1β, Il6, and Tnf, exhibited a significant increase in response to LPS stimulation, whereas SHE significantly reduced the expression of the Il1β, Il6, and Tnf genes activated by LPS in RAW 264.7 macrophages (Figure 2a). Also, LPS stimulation significantly increased the mRNA expression of NADPH oxidase 1 (Nox1) and cytochrome b-245 beta chain (Cybb), the gene which encodes NOX2 enzyme. Both Nox1 and Cybb were significantly reduced by SHE in RAW 264.7 macrophages (Figure 2b). SHE also significantly suppressed the LPS-induced mRNA expression of inflammation-inducible enzymes, such as nitric oxide synthase 2 (Nos2, the gene name for inducible NOS (iNOS)), and cyclooxygenase 2 (Cox2) in RAW 264.7 macrophages (Figure 2c). Furthermore, SHE demonstrated a noticeable reduction in the protein levels of iNOS and COX2 in RAW 264.7 macrophages activated by LPS (Figure 2d). In the case of the Hex fraction, it exhibited a similar anti-inflammatory effect to that of SHE in RAW 264.7 macrophages. LPS significantly increased the gene expression levels of the Il1β, Il6, and Tnf genes, which were significantly repressed by the Hex fraction in RAW 264.7 macrophages (Figure 3a). Also, upon stimulation with LPS, the gene expression of Nox1 and Cybb was significantly increased. However, the Hex fraction completely eliminated the expression of the Nox1 and Cybb genes in RAW 264.7 macrophages (Figure 3b). Furthermore, the Hex fraction significantly diminished both Nos2 and Cox2 gene expression in RAW 264.7 macrophages stimulated by LPS (Figure 3c). The elevated protein expression levels of iNOS and COX2 by LPS stimulation were markedly reduced by the Hex fraction in RAW 264.7 macrophages (Figure 3d).




2.5. Inhibitory Effect of SHE and Hex Fraction on M1 Macrophages Polarization in RAW 264.7 Macrophages and BMDM


Since the LPS-stimulated inflammatory response is closely linked to M1 polarization [20], we confirmed whether the anti-inflammatory effect of SHE and the Hex fraction in macrophages is due to its ability to inhibit macrophage polarization toward M1. RAW 264.7 macrophages and BMDM were induced to polarize into M1 macrophages using a combination of LPS and INF-γ. During the polarization of RAW 264.7 macrophages into M1 macrophages, the mRNA expression of M1 macrophages makers, including Il1β, Il6, Tnf, Nos2, the cluster of differentiation (Cd86), and chemokine CC ligand-2 (Ccl2, the gene name for monocyte chemoattractant protein-1), was significantly suppressed by SHE (Figure 4a). Also, BMDM macrophages’ polarization into M1 showed increased mRNA expression of Il1β, Il6, Tnf, Nos2, Cd86, and Ccl2, while SHE significantly reduced their expressions except for Tnf at 50 μg/mL. In the case of the Hex fraction, the LPS and INF-γ-induced expression of Il1β, Il6, Tnf, Nos2, Cd86, and Ccl2 was completely attenuated by the Hex fraction in M1-polarized RAW 264.7 macrophages (Figure 5a). Furthermore, their induced expressions were also significantly alleviated by the Hex fraction in M1-polarized BMDM (Figure 5b).




2.6. Effect of SHE and Hex Fraction on Antioxidant Gene Expression in M1-Polarized BMDM


As we observed the reduction in M1 polarization in both RAW 264.7 macrophages and BMDM by SHE and its Hex fraction, further investigation was conducted to determine whether SHE and its Hex fraction can alter the expression of antioxidant genes in M1-polarized BMDM. BMDM were polarized into M1 macrophages by a combination of LPS and INF-γ in the absence or presence of SHE and its Hex fraction. The combination of the LPS and INF-γ-induced expression of antioxidant genes, such as glutathione peroxidase 1 (Gpx1), superoxide dismutase (Sod1), and catalase (Cat). Although both SHE and its Hex fraction decreased the expression of Gpx1 and increased the expression of Cat, a reduced Sod1 mRNA expression was observed in Hex-fraction-treated samples but not in SHE-treated samples (Figure 6a,b). Nuclear factor E2-related factor 2 (NRF2) is recognized for its role in safeguarding cells against oxidative stress and inflammation by increasing antioxidant enzymes that can mediate the anti-inflammatory polarization of macrophages. Therefore, we measured the Nfe2l2 (the gene name for NRF2) and heme oxygenase-1 (Hmox1), an NRF2 target gene in M1-polarized BMDM. The mRNA expression of Nfe2l2 was significantly increased by the combination of LPS and INF-γ stimulation, which was significantly restored by both SHE and its Hex fraction. The mRNA expression of Hmox1 was significantly increased by a combination of LPS and INF-γ stimulation; while the Hex fraction inhibited the induction of Hmox1 expression, SHE did not alter its expression.




2.7. Fucoxanthin Content in SHE and Hex Fraction


Since S. hemiphyllum is known to contain fucoxanthin, which has anti-inflammatory and antioxidant effects [15,16,17,18], we further investigated the fucoxanthin amount in SHE and its Hex fraction using high-performance liquid chromatography (HPLC) for qualitative analysis and liquid chromatography tandem mass spectrometry (LC-MS/MS) for quantitative analysis. Fucoxanthin in the SHE and the Hex fractions was detected at a retention time of 11.8 min, equivalent to the standard fucoxanthin retention time (Figure 7a). The fucoxanthin content of SHE and its Hex fraction was 1.50 ± 0.08 and 2.56 ± 0.12 mg/g dry weight, respectively, indicating that the fucoxanthin content in the Hex fraction was 1.7 times higher than that in SHE (Figure 7b).





3. Discussion


Macrophages are known to serve as important targets for therapeutic strategies to prevent or treat inflammation-related chronic inflammation and oxidative stress [21]. It is necessary to discover bioactive materials that improve chronic inflammatory diseases by reducing ROS and free radicals and regulating the inflammatory response of macrophages. Studies have provided evidence that Sargassum hemiphyllum possesses antioxidant properties along with radical scavenging activity and suppress inflammatory cytokines secretion in macrophages [11,14]. However, up until this study, the effect of SHE and its fractions on the regulation of macrophages’ polarization to induce an anti-inflammatory response in macrophages had not been firmly established. In the course of this study, we unveiled that SHE and its Hex fraction not only suppressed inflammatory cytokine gene expressions but also regulated antioxidant genes. This is at least in part due to the inhibition of M1 macrophage polarization in activated macrophages such as RAW 264.7 cells and BMDM.



Macrophages are classified into two different phenotypes based on their function or the types of stimuli they receive [6,22]. Immune cells are functionally classified into two main categories pro-inflammatory (M1) and anti-inflammatory (M2). Classic M1 macrophages are primarily activated by Th1 cytokines such as IFN-γ and TNFα. For instance, RAW 264.7 macrophages can be polarized into M1 in response to a combination of LPS and IFN-γ [23,24]. In responses to these stimuli, M1 macrophages initiate a pro-inflammatory response by releasing cytokines such as IL-6, IL-1β, and TNFα. This polarization is a crucial part of the immune response and plays a pivotal role in host defense. On the other hand, alternative M2 macrophages are activated by Th2 cytokines including IL-4, IL-10, and IL-13. When these cytokines present, M2 macrophages undergo a shift in their phenotype and begin to produce anti-inflammatory cytokines such as IL-10 and TGFβ. This transition is associated with an anti-inflammatory and tissue repair role in the immune response [6,22]. Furthermore, M1 macrophages play a pivotal role in stimulating cytotoxic adaptive immunity. To carry out their immune functions, M1 macrophages upregulate the expression of the major histocompatibility complex class II (MHC II) and co-stimulatory molecules, including CD40, CD80, and CD86 [25].



In this study, we found that the polarization of both the RAW 264.7 macrophages and BMDM macrophages into M1 macrophages stimulated the expression of Il1β, Il6, Tnf, Nos2, Cd86, and Ccl2. However, SHE and its Hex fraction inhibited M1 macrophages’ polarization by attenuating the induction of Il1β, Il6, Nos2, Cd86, and Ccl2 mRNA expression. Noticeably, Tnf mRNA level in BMDM was decreased by 25 μg/mL SHE but not 50 μg/mL SHE. This may be due to its unique constitutive decay element (CDE) [26]. At high concentrations, certain substances in SHE may inhibit the degradation of Tnf mRNA in BMDM though CDE. However, further investigation is needed.



These results suggest that SHE and the Hex fraction have the capacity to hinder the process of macrophage M1 polarization, which is associated with pro-inflammatory functions. The inhibition of M1 polarization had a notable effect on reducing the inflammatory response provoked by the combination of LPS/IFN-γ in both RAW 264.7 and BMDM macrophages, which led to the reduced production of pro-inflammatory cytokines when these cells were exposed to the LPS and IFN-γ combination, compared to the control. Therefore, our data provide evidence that the modulatory effect of SHE and its Hex fraction on macrophage phenotype in both RAW 264.7 macrophages and BMDM contributed to the anti-inflammatory effect of SHE and its Hex fraction. Also, SHE and its Hex fraction inhibit M1 polarization in both RAW 264.7 macrophages and BMDM, which diminish the inflammatory responses that can be triggered by various stimuli commonly found in chronic inflammation disease. Hence, SHE and its Hex fraction might have therapeutic potential for alleviating chronic-inflammation-associated conditions by modulating macrophage polarization.



The strong antioxidant property of fucoxanthin is attributed to its distinct structure, characterized by the presence of oxygen functional groups like carbonyl, carboxyl, epoxy, hydroxyl, and an allene bond within its polyene hydrocarbon chain [18]. Furthermore, the existence of an allenic bond in fucoxanthin contributes to its strong capacity to effectively quench oxygen and scavenge free radicals. This allenic bond enhances its antioxidant properties and makes it effective in neutralizing ROS and free radicals [27]. In the current study, SHE and its Hex fraction contained fucoxanthin as 1.50 and 2.56 mg/g extract, respectively, which contribute to the ABTS and DPPH radicals’ scavenging activities. Also, SHE and its Hex fraction were found to significantly attenuate the overexpression of antioxidant enzyme Gpx1 in M1-polarized macrophages. These results suggest that SHE and the Hex fraction have the potential to regulate the expression of antioxidant enzymes, counteracting the oxidative stress associated with M1 macrophage polarization. In line with our results, the potent antioxidant capacity of SHE has been substantiated in previous studies. The hot-water extract of S. hemiphyllum showed DPPH free radicals’ scavenging activity, superoxide anion scavenging activity, and Fe3+ reducing activity as IC50 = 1.58, 2.41, and 0.41 mg/mL, respectively, which could be attributed to high levels of total phenolic compounds [14]. The levels of SOD, CAT, and malondialdehyde (MDA) in the brain, kidney, and liver were significantly attenuated when 30 mg/kg of crude phlorotannins extracts of S. hemiphyllum was administrated to Kunming mice pre-treated with carbon tetrachloride (CCl4) [28].



It is well-established that oxidative stress resulting from an excessive production of ROS can trigger an inflammatory response [29]. LPS, a major component of the outer membrane of Gram-negative bacteria, indeed possesses the ability to induce the production of ROS when it interacts with macrophages. Simultaneously, LPS triggers the secretion of pro-inflammatory cytokines and inflammation-inducible enzymes in these macrophages [30]. In the current study, SHE and its Hex fraction were found to significantly decrease the gene expression of pro-inflammatory cytokines, including Il1β, Il6, and Tnf in LPS-induced macrophages. During inflammatory processes, the elevated expression of pro-inflammatory cytokines is often mediated by the action of enzymes, such as iNOS and COX2. These enzymes play a crucial role in generating NO and prostaglandins, respectively, which are signaling molecules that contribute to the inflammatory response [31]. The production of NO through peroxynitrite is recognized to amplify oxidative stress and nitration within macrophages in response to ROS [32]. We found that SHE and its Hex fraction significantly decreased LPS-stimulated Nos2 and Cox2 gene expression levels with a concomitant decrease in their protein expression levels in macrophages. This result suggests that the reduction in the expression of Nos2 and Cox2 in LPS-stimulated macrophages by SHE and its Hex fraction plays a significant role in the reduced production of pro-inflammatory cytokines. This indicates that the anti-inflammatory effect of SHE and the Hex fraction is, at least in part, mediated by their ability to downregulate the expression of these key enzymes involved in the inflammatory response, thereby limiting the production of pro-inflammatory cytokines. Furthermore, SHE and its Hex fraction demonstrated antioxidant properties by reducing the scavenging activity of DPPH and ABTS free radicals, as well as by exhibiting FRAP activity. Therefore, the total antioxidant capacity of SHE and its Hex fraction are likely to contribute to the decreased gene expression of Il1β, Il6, Tnf, Nos2, and Cox2 in LPS-induced macrophages. Also, NOX enzymes, including NOX1, NOX2, NOX4, and NOX5, are recognized for their ability to generate ROS within macrophages. This ROS production can be a contributing factor to inflammation and is involved in various cellular processes and signaling pathways associated with immune responses and inflammation [33]. We found that SHE and its Hex fraction completely abolished the LPS-stimulated gene expression of Nox1 and Cybb in macrophages. SHE and its Hex fraction significantly suppressed the mRNA expression of Cybb, even surpassing the level observed in cells not exposed to LPS. The NOX2 enzyme, which is encoded by the Cybb gene, is involved in the M1 polarization signaling and its inhibition has been proposed to be responsible for the suppression of stress-induced oxidative burst. Substances with robust antioxidant capacity have demonstrated such potent inhibitory effects in several studies [34,35]. Although this study did not directly measure the effect of SHE and its Hex fraction on ROS generation in macrophages, it was observed that they can reduce the increased production of ROS by inhibiting Nox1 and Cybb expression in LPS-activated macrophages.



NRF2, indeed, plays a crucial role in the endogenous antioxidant defense system by promoting the expression of numerous antioxidant and detoxification genes [18,36,37]. Under oxidative stress conditions, ROS can trigger the dissociation of NRF2 from its inhibitor, Kelch-like ECH-associated protein 1. This dissociation allows NRF2 to translocate into the cell nucleus. Once in the nucleus, NRF2 can bind to antioxidant response elements in the DNA, promoting the transcription of antioxidant and detoxification genes such as Hmox1 and Sod1 [38]. We found in the current study that M1 polarization significantly increased the mRNA expression of Nfe2l2, which was significantly suppressed by SHE and its Hex fraction. Hex fraction, but not SHE, reduced the expression of Hmox1 and Sod1, two target genes regulated by NRF2. It is plausible that other substances in SHE may interfere with this signaling pathway. Additionally, the activation of NRF2 and the subsequent elevation of antioxidant gene expression can, indeed, have an anti-inflammatory effect by preventing the activation of NFκB [38]. Lee et al. [39] demonstrated that the berry anthocyanin fraction had significant anti-inflammatory and antioxidant effects. It reduced the mRNA expression of pro-inflammatory cytokines and lowered cellular ROS production in LPS-induced BMDM from wild-type mice. In contrast, when the same berry anthocyanin fraction was tested on LPS-stimulated BMDM from mice lacking Nfe2l2, it still significantly decreased the mRNA expression of pro-inflammatory cytokines without reducing cellular ROS levels. Furthermore, it has been demonstrated that fucoxanthin, which is abundant in S. hemiphyllum, inhibits LPS-induced inflammation and oxidative stress in macrophages by regulating nuclear factor NRF2 through the phosphatidylinositol 3-kinase/AKT pathway [18]. In the context of this study, SHE and its Hex fraction significantly reduced LPS-stimulated TNF-α secretion and the expression of Il1β, Il6, and Tnf, which is likely attributed to NRF2 regulation in M1-polarized BMDM. Therefore, the presence of fucoxanthin in SHE and its Hex fraction may contribute to suppressing the inflammatory response effect through the nuclear translocation of NRF2 in macrophages. Other components, such as phenolic compounds and meroterpenoids, are likely to contribute to their anti-inflammatory effect as well. A comprehensive understanding of the molecular mechanism of the NRF2-mediated antioxidant, and the anti-inflammatory effects of SHE in polarized macrophages, is warranted in further study.




4. Materials and Methods


4.1. Preparation of the Extraction and Fractions


Sargarssum hemiphyllum collected from Yere-dong, Seogwipo-si, Jeju Island, Republic of Korea was purchased from Parajeju (Jeju Island, Republic Korea). SH was washed two or three times with tap water, blended, and stored in a plastic bag at −20 °C for future use. The blended S. hemiphyllum was extracted twice with 100% ethanol by sonication for 1 h at room temperature. S. hemiphyllum extract was filtered using filter paper (F1093 grand, Chmlab, Barcelona, Spain). Then, the S. hemiphyllum extract was concentrated using a rotary vacuum evaporator (Büchi Labortechnik AG, Flawil, Switzerland) at a temperature 40 °C. Following concentration, the extract was dissolved in deionized water and underwent liquid–liquid partitioning using solvents of varying polarity. The aqueous crude extract was subjected to this partitioning process two or three times with an equal volume of Hex, CHCl3, EtOAc, BuOH, and H2O. Subsequently, the resulting fractions were, once again, concentrated, utilizing the rotary vacuum evaporator (Büchi Labortechnik AG) to quantify the yield obtained from each fraction.




4.2. Total Phenolic Contents and Total Antioxidant Capacity


TPC and total antioxidant activities, including ABTS, DPPH, and FRAP assay of SHE and its five fractions, were evaluated as previously described in our methods [40,41,42]. TPC was quantified and expressed as mg GAE/g dry weight for both SHE and its respective fractions through comparison with a calibration curve established using standard gallic acid. For DPPH and ABTS radical scavenging activities, the results were expressed as mg VCE/g dry weight both for SHE and for each fraction of SHE. FRAP values were expressed as mM FSE/g dry weight for both SHE and its individual fractions.




4.3. Reagents and Cell Culture


Dulbecco’s modified Eagle’s medium (DMEM, high glucose), thiazolyl blue tetrazolium bromide (MTT), and LPS (Escherichia coli O26:B6) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS) and penicillin–streptomycin solution was purchased from WelGENE (Gyeongsan, Republic of Korea) and Hyclone (Logan, UT, USA), respectively. Interferon gamma (INF-γ) was purchased from NKMAX (Sungnam, Republic Korea).



RAW 264.7 macrophages were obtained from the American Type Culture Collection (Manassas, VA, USA). These macrophages were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM), which was supplemented with 10% fetal bovine serum (FBS) and antibiotics consisting of 100 units/mL of penicillin and 100 µg/mL of streptomycin. The culture conditions maintained these cells at a temperature of 37 °C in a humidified atmosphere containing 5% CO2. Mouse BMDM were isolated from the femoral and tibial bone marrow of 15-week-old male C57BL/6N mice. Briefly, the isolated bone marrow cells were differentiated into macrophages in BMDM medium consisting of macrophage colony-stimulating factor, 5 mM L-glutamine, 10% FBS, penicillin (100 U/mL), and streptomycin (100 µg/mL).




4.4. Cytokine Measurement


SHE and five fraction samples were dissolved in dimethyl sulfoxide (DMSO) and diluted 1:1000 in medium. BMDM were pretreated with SHE and its five organic solvent fractions at 0, 25, 50, and 100 µg/mL for 6 h and then stimulated with 100 ng/mL of LPS for 24 h. The culture media were collected after BMDM were treated with SHE and five organic fractions. TNFα levels were measured using an enzyme-linked immunosorbent assay using a TNFα mouse uncoated ELISA kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.




4.5. Cell Viability


Cell viability was measured using colorimetric MTT assay. RAW 264.7 macrophages were seeded into a 96-well plate at a density of 1 × 104 cells/well and treated with various concentrations (0–400 µg/mL) of SHE and its five organic solvent fraction. After sample treatment for 24 h, MTT solution at a concentration of 500 μg/mL was introduced to the cells and allowed to incubate at a temperature of 37 °C for a duration of 90 min. Following the incubation with MTT solution, the MTT solution was removed from the cells. The insoluble formazan dye, which had formed as a result of cellular metabolic activity, was then dissolved by using dimethyl sulfoxide. Subsequently, the absorbance of the solution was measured at a wavelength of 560 nm spectrophotometrically, utilizing a spectrophotometer from Thermo Fisher Scientific (Waltham, MA, USA). This measurement allows for the assessment of cell viability and metabolic activity based on the conversion of MTT into formazan by viable cells.




4.6. Quantitative Real-Time PCR (qRT-PCR)


RAW 264.7 macrophages for pro-inflammatory cytokines and antioxidant genes analysis were treated with SHE and Hex fraction at 0, 25, and 50 µg/mL for 6 h and then induced by 100 ng/mL of LPS for 3 h in the presence or absence of SHE and its Hex fraction. For M1 polarization experiments, RAW 264.7 macrophages and BMDM were treated with SHE and its Hex fraction at 0, 25, and 50 µg/mL for 6 h and then induced by 100 ng/mL of LPS and 50 ng/mL of INF-γ for 24 h in the presence or absence of SHE and its Hex fraction. Total RNA was extracted from macrophages using homemade Trizol reagent, and cDNA synthesis and qRT-PCR analysis using the SYBR Green Q-PCR Master Mix (Smart Gene, Daejeon, Republic of Korea) and QuantStudio™ 1 Real-Time PCR system (Thermo Fisher Scientific) were conducted as previously described in our methods [41,42]. The primers used in this study are listed in Supplementary Table S1.




4.7. Western Blot Analysis


RAW 264.7 macrophages for Western blot analysis were pretreated with SHE and its Hex fraction at 0, 25, and 50 µg/mL for 6 h and then induced by 100 ng/mL of LPS for 24 h in the presence or absence of SHE and its Hex fraction. Macrophages were lysed using CETi lysis buffer (TransLab, Daejeon, Republic Korea). The lysate protein concentrations were measured by using the Pierce™ BCA protein assay kit (Thermo Fisher Scientific). Western blot analysis was performed as previously described in our methods [41,42].




4.8. High-Performance Liquid Chromatography Analysis


The dried SHE and its Hex fraction samples were dissolved in methanol then the content of fucoxanthin was analyzed using an Agilent Technologies 1200 Series HPLC system (Agilent, Palo Alto, CA, USA) with a binary pump, diode array detector (G1315B), and C18 reverse-phase symmetry analytical column (5 μm × 250 mm × 4.6 mm, YMC, Koyoto, Japan). The temperature of the column was 35 °C, and the mobile phase was HPLC grade acetonitrile with 0.1% formic acid (solvent A) and distilled water with 0.1% formic acid (solvent B). The gradient of the mobile phase used was as follows: (solvent A: solvent B) 0 min (80:20), 2 min (80:20), 12.5 min (100:0), 15 min (100:0), 15.1 min (80:20), and 18 min (80:20). The flow rate was 1 mL/min, and the injection volume was 5 µL. The UV-Vis spectra were detected at 447 nm for fucoxanthin qualitative.



The total fucoxanthin content of SHE and its Hex fractions for quantitative study was analyzed using a Xevo TQ-MS triple quadrupole mass spectrometer (Waters, Guyancourt, France) equipped with a Waters Acquity UPLC system (Waters). Chromatographic separation was achieved on a Waters BEH C18 column (1.7 μm × 2.1 mm × 100 mm, Waters). The analytical conditions were as follows: electrospray ionization with positive mode, desolvation temperature 500 °C, desolvation gas flow rate 700 L/h, and source temperature 150 °C. Acetonitrile containing 0.1% formic acid (solvent A) and distilled water containing 0.1% formic acid (solvent B) were used for the mobile phases. The gradient condition was as follows: (solvent A: solvent B) 0–1 min (20:80), 1–10 min (95:5), 10–15 min (95:5), 15–16 min (20:80), and 16–20 min (20:80). The column was maintained for 2.5 min with 95% (B). Mass spectrometric analysis was performed in the positive ion mode with a cone voltage of 35 V, collision energy of 30 V, and a dwell time of 0.091 s. The MRM transitions of fucoxanthin (m/z) were 659 > 109 (Table 3). The total fucoxanthin content in SHE and its Hex fraction was measured by using a standard curve and expressed as mg/g dry weight.




4.9. Statistical Analysis


All analyses were repeated three times. One-way analysis of variance (ANOVA) and Tukey’s post hoc test were performed using GraphPad 9.0 (GraphPad Software, La Jolla, CA, USA). All data were considered significant at p < 0.05. All values were expressed as mean ± SD.





5. Conclusions


In conclusion, this study provides evidence that both SHE and its Hex fraction possess significant inhibitory effects on LPS-activated inflammation and oxidative stress by modulating M1 macrophage polarization in macrophages. SHE and its Hex fraction suppressed the LPS-stimulated gene expression of pro-inflammatory cytokines and inflammation-inducible enzymes in macrophages, which is accompanied by TPC and overall antioxidant capacity by SHE and its Hex fraction. In particular, SHE and its Hex fraction inhibited M1 macrophages’ polarization in macrophages, leading to a reduced pro-inflammatory response. Also, SHE and its Hex fraction were observed to mitigate the LPS-stimulated induction in Nfe2l2 and its target genes, thus contributing to the suppressive effects of SHE and its Hex fraction on oxidative stress and inflammation. Therefore, based on our findings, it is suggested that SHE holds significant promise as a nutraceutical material with the potential for preventing and treating chronic inflammatory diseases. This potential is attributed to its ability to modulate M1 macrophage polarization, a pivotal factor in the development of these diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md21100533/s1, Figure S1: Cytotoxicity of SHE and fractions on RAW 264.7 macrophages; Table S1: List of primers used in the present study.





Author Contributions


Conceptualization, S.L. and L.C. methodology, S.J., S.B., J.L. and H.L.; software, S.J. and M.-B.K.; validation, S.J., M.-B.K., S.B., B.C. and H.L.; formal analysis, S.J., S.B. and H.L.; investigation, S.J., S.B., J.L. and H.L.; resources, S.L.; data curation, S.J. and M.-B.K.; writing—original draft preparation, S.J., M.-B.K., Y.K., B.C. and S.L.; writing—review and editing, S.J., M.-B.K., S.B., J.L., H.L., Y.K., L.C. and S.L.; visualization, S.J., M.-B.K. and S.L.; supervision, L.C. and S.L.; project administration, S.L.; funding acquisition, M.-B.K. and S.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, grant number 202202240002 to S.L. and 202300247455 to M.-B.K., separately.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, H.; Tsao, R. Dietary polyphenols, oxidative stress and antioxidant and anti-inflammatory effects. Curr. Opin. Food Sci. 2016, 8, 33–42. [Google Scholar] [CrossRef]

	



Alisi, A.; Carpino, G.; Oliveira, F.L.; Panera, N.; Nobili, V.; Gaudio, E. The role of tissue macrophage-mediated inflammation on NAFLD pathogenesis and its clinical implications. Mediat. Inflamm. 2017, 2017, 8162421. [Google Scholar] [CrossRef] [PubMed]

	



Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage activation and polarization. Front. Biosci.-Landmark 2008, 13, 453–461. [Google Scholar] [CrossRef] [PubMed]

	



Juhas, U.; Ryba-Stanisławowska, M.; Szargiej, P.; Myśliwska, J. Different pathways of macrophage activation and polarization. Adv. Hyg. Exp. Med. 2015, 69, 496–502. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, F.O.; Gordon, S. The M1 and M2 paradigm of macrophage activation: Time for reassessment. F1000prime Rep. 2014, 6, 13. [Google Scholar] [CrossRef] [PubMed]

	



Saqib, U.; Sarkar, S.; Suk, K.; Mohammad, O.; Baig, M.S.; Savai, R. Phytochemicals as modulators of M1-M2 macrophages in inflammation. Oncotarget 2018, 9, 17937. [Google Scholar] [CrossRef] [PubMed]

	



Rőszer, T. Understanding the mysterious M2 macrophage through activation markers and effector mechanisms. Mediat. Inflamm. 2015, 2015, 816460. [Google Scholar] [CrossRef]

	



Rendra, E.; Riabov, V.; Mossel, D.M.; Sevastyanova, T.; Harmsen, M.C.; Kzhyshkowska, J. Reactive oxygen species (ROS) in macrophage activation and function in diabetes. Immunobiology 2019, 224, 242–253. [Google Scholar] [CrossRef]

	



Canton, M.; Sánchez-Rodríguez, R.; Spera, I.; Venegas, F.C.; Favia, M.; Viola, A.; Castegna, A. Reactive oxygen species in macrophages: Sources and targets. Front. Immunol. 2021, 12, 734229. [Google Scholar] [CrossRef]

	



Hwang, P.-A.; Chien, S.-Y.; Chan, Y.-L.; Lu, M.-K.; Wu, C.-H.; Kong, Z.-L.; Wu, C.-J. Inhibition of lipopolysaccharide (LPS)-induced inflammatory responses by Sargassum hemiphyllum sulfated polysaccharide extract in RAW 264.7 macrophage cells. J. Agric. Food Chem. 2011, 59, 2062–2068. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, P.-A.; Hung, Y.-L.; Chien, S.-Y. Inhibitory activity of Sargassum hemiphyllum sulfated polysaccharide in arachidonic acid-induced animal models of inflammation. J. Food Drug Anal. 2015, 23, 49–56. [Google Scholar] [CrossRef] [PubMed]

	



Na, H.-J.; Moon, P.-D.; Ko, S.-G.; Lee, H.-J.; Jung, H.-A.; Hong, S.-H.; Seo, Y.; Oh, J.-M.; Lee, B.-H.; Choi, B.-W. Sargassum hemiphyllum inhibits atopic allergic reaction via the regulation of inflammatory mediators. J. Pharmacol. Sci. 2005, 97, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, P.-A.; Wu, C.-H.; Gau, S.-Y.; Chien, S.-Y.; Hwang, D.-F. Antioxidant and immune-stimulating activities of hot-water extract from seaweed Sargassum hemiphyllum. J. Mar. Sci. Technol. 2010, 18, 5. [Google Scholar] [CrossRef]

	



Heo, S.-J.; Yoon, W.-J.; Kim, K.-N.; Ahn, G.-N.; Kang, S.-M.; Kang, D.-H.; Oh, C.; Jung, W.-K.; Jeon, Y.-J. Evaluation of anti-inflammatory effect of fucoxanthin isolated from brown algae in lipopolysaccharide-stimulated RAW 264.7 macrophages. Food Chem. Toxicol. 2010, 48, 2045–2051. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, P.-A.; Phan, N.N.; Lu, W.-J.; Hieu, B.T.N.; Lin, Y.-C. Low-molecular-weight fucoidan and high-stability fucoxanthin from brown seaweed exert prebiotics and anti-inflammatory activities in Caco-2 cells. Food Nutr. Res. 2016, 60, 32033. [Google Scholar] [CrossRef] [PubMed]

	



Bae, M.; Kim, M.-B.; Park, Y.-K.; Lee, J.-Y. Health benefits of fucoxanthin in the prevention of chronic diseases. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1865, 158618. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.-B.; Kang, H.; Li, Y.; Park, Y.-K.; Lee, J.-Y. Fucoxanthin inhibits lipopolysaccharide-induced inflammation and oxidative stress by activating nuclear factor E2-related factor 2 via the phosphatidylinositol 3-kinase/AKT pathway in macrophages. Eur. J. Nutr. 2021, 60, 3315–3324. [Google Scholar] [CrossRef]

	



Mao, X.-Y.; Cheng, X.; Wang, X.; Wu, S.-J. Free-radical-scavenging and anti-inflammatory effect of yak milk casein before and after enzymatic hydrolysis. Food Chem. 2011, 126, 484–490. [Google Scholar] [CrossRef]

	



Lee, Y.; Lee, J.-Y. Blackcurrant (Ribes nigrum) extract exerts an anti-inflammatory action by modulating macrophage phenotypes. Nutrients 2019, 11, 975. [Google Scholar] [CrossRef]

	



Fleming, B.D.; Mosser, D.M. Regulatory macrophages: Setting the threshold for therapy. Eur. J. Immunol. 2011, 41, 2498–2502. [Google Scholar] [CrossRef] [PubMed]

	



Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.; Mohammadi, A.; Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 2018, 233, 6425–6440. [Google Scholar] [CrossRef]

	



Neog, M.K.; Sultana, F.; Rasool, M. Targeting RAW 264.7 macrophages (M1 type) with Withaferin-A decorated mannosylated liposomes induces repolarization via downregulation of NF-kappaB and controlled elevation of STAT-3. Int. Immunopharmacol. 2018, 61, 64–73. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Luo, P.; Wang, W.; Horst, K.; Blasius, F.; Relja, B.; Xu, D.; Hildebrand, F.; Greven, J. M1 But Not M0 Extracellular Vesicles Induce Polarization of RAW264.7 Macrophages Via the TLR4-NFkappaB Pathway In Vitro. Inflammation 2020, 43, 1611–1619. [Google Scholar] [CrossRef] [PubMed]

	



Porta, C.; Riboldi, E.; Ippolito, A.; Sica, A. Molecular and epigenetic basis of macrophage polarized activation. Semin. Immunol. 2015, 27, 237–248. [Google Scholar] [CrossRef] [PubMed]

	



Stoecklin, G.; Lu, M.; Rattenbacher, B.; Moroni, C. A constitutive decay element promotes tumor necrosis factor alpha mRNA degradation via an AU-rich element-independent pathway. Mol. Cell. Biol. 2003, 23, 3506–3515. [Google Scholar] [CrossRef] [PubMed]

	



Sachindra, N.M.; Sato, E.; Maeda, H.; Hosokawa, M.; Niwano, Y.; Kohno, M.; Miyashita, K. Radical scavenging and singlet oxygen quenching activity of marine carotenoid fucoxanthin and its metabolites. J. Agric. Food Chem. 2007, 55, 8516–8522. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.-L.; Yang, X.-Q.; Gong, Z.-Q.; Pan, M.-Z.; Han, Y.-L.; Liu, Y. Antioxidant activities of crude phlorotannins from Sargassum hemiphyllum. J. Huazhong Univ. Sci. Technol. [Med. Sci.] 2016, 36, 449–455. [Google Scholar] [CrossRef]

	



de Souza, L.F.; Barreto, F.; da Silva, E.G.; Andrades, M.E.; Guimarães, E.L.M.; Behr, G.A.; Moreira, J.C.F.; Bernard, E.A. Regulation of LPS stimulated ROS production in peritoneal macrophages from alloxan-induced diabetic rats: Involvement of high glucose and PPARγ. Life Sci. 2007, 81, 153–159. [Google Scholar] [CrossRef]

	



Cho, J.Y.; Baik, K.U.; Jung, J.H.; Park, M.H. In vitro anti-inflammatory effects of cynaropicrin, a sesquiterpene lactone, from Saussurea lappa. Eur. J. Pharmacol. 2000, 398, 399–407. [Google Scholar] [CrossRef]

	



Bae, H.; Kim, R.; Kim, Y.; Lee, E.; Kim, H.J.; Jang, Y.P.; Jung, S.-K.; Kim, J. Effects of Schisandra chinensis Baillon (Schizandraceae) on lipopolysaccharide induced lung inflammation in mice. J. Ethnopharmacol. 2012, 142, 41–47. [Google Scholar] [CrossRef] [PubMed]

	



Beauchesne, E. Stress Oxydatif Cerebrovasculaire et Rupture de la Barriere Hematoencephalique Dans le Syndrome de Wernicke-Korsakoff Experimental; Library and Archives Canada (Bibliothèque et Archives Canada): Ottawa, ON, Canada, 2012. [Google Scholar]

	



Lam, G.Y.; Huang, J.; Brumell, J.H. The many roles of NOX2 NADPH oxidase-derived ROS in immunity. In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2010; pp. 415–430. [Google Scholar]

	



Li, Y.; Jia, X.; Tang, N.; Tao, H.; Xia, R.; Cheng, Y. Melanoidins, extracted from Chinese traditional vinegar powder, inhibit alcohol-induced inflammation and oxidative stress in macrophages via activation of SIRT1 and SIRT3. Food Funct. 2021, 12, 8120–8129. [Google Scholar] [CrossRef] [PubMed]

	



Erlich, J.R.; To, E.E.; Luong, R.; Liong, F.; Liong, S.; Oseghale, O.; Miles, M.A.; Bozinovski, S.; Brooks, R.D.; Vlahos, R.; et al. Glycolysis and the Pentose Phosphate Pathway Promote LPS-Induced NOX2 Oxidase- and IFN-beta-Dependent Inflammation in Macrophages. Antioxidants 2022, 11, 1488. [Google Scholar] [CrossRef] [PubMed]

	



Kaspar, J.W.; Niture, S.K.; Jaiswal, A.K. Nrf2: INrf2 (Keap1) signaling in oxidative stress. Free Radic. Biol. Med. 2009, 47, 1304–1309. [Google Scholar] [CrossRef] [PubMed]

	



Farruggia, C.; Kim, M.-B.; Bae, M.; Lee, Y.; Pham, T.X.; Yang, Y.; Han, M.J.; Park, Y.-K.; Lee, J.-Y. Astaxanthin exerts anti-inflammatory and antioxidant effects in macrophages in NRF2-dependent and independent manners. J. Nutr. Biochem. 2018, 62, 202–209. [Google Scholar] [CrossRef] [PubMed]

	



Song, Y.S.; Park, C.M. Luteolin and luteolin-7-O-glucoside strengthen antioxidative potential through the modulation of Nrf2/MAPK mediated HO-1 signaling cascade in RAW 264.7 cells. Food Chem. Toxicol. 2014, 65, 70–75. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.G.; Kim, B.; Yang, Y.; Pham, T.X.; Park, Y.-K.; Manatou, J.; Koo, S.I.; Chun, O.K.; Lee, J.-Y. Berry anthocyanins suppress the expression and secretion of proinflammatory mediators in macrophages by inhibiting nuclear translocation of NF-κB independent of NRF2-mediated mechanism. J. Nutr. Biochem. 2014, 25, 404–411. [Google Scholar] [CrossRef]

	



Baek, S.H.; Cao, L.; Jeong, S.J.; Kim, H.-R.; Nam, T.J.; Lee, S.G. The comparison of total phenolics, total antioxidant, and anti-tyrosinase activities of Korean Sargassum species. J. Food Qual. 2021, 2021, 6640789. [Google Scholar] [CrossRef]

	



Kim, M.-B.; Lee, H.; Vance, T.; Lee, S.G. Antioxidant and Anti-Inflammatory Effects of Agarum cribrosum Extract and Its Fractions in LPS-Induced RAW 264.7 Macrophages. Appl. Sci. 2023, 13, 10048. [Google Scholar] [CrossRef]

	



Kim, M.-B.; Lee, H.; Lee, C.; Tan, Y.; Lee, S.G. The Anti-Muscle Atrophy Effects of Ishige sinicola in LPS-Induced C2C12 Myotubes through Its Antioxidant and Anti-Inflammatory Actions. Appl. Sci. 2023, 13, 10115. [Google Scholar] [CrossRef]








[image: Marinedrugs 21 00533 g001] 





Figure 1. The effects of SHE and its five fractions on TNF-α secretion in LPS-induced RAW 264.7 macrophages. Cells were treated with SHE and its five fractions at concentrations of 0, 25, 50, 100 µg/mL for 6 h and then stimulated by LPS (100 ng/mL) for 24 h in the presence or absence of SHE and its five fractions to measure TNF-α secretion. Columns that do not share a common letter are significantly different (p < 0.05). The data are presented as means ± SD. 
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Figure 2. The effect of SHE on LPS-induced pro-inflammatory cytokines and inflammation-inducible enzymes in RAW 264.7 macrophages. (a–c) RAW 264.7 macrophages were first pre-exposed to SHE at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 3 h in the presence or absence of SHE for gene analysis by RT-PCR. Rpl32 was utilized as an internal control. (d) RAW 264.7 macrophages were first pre-exposed to SHE at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 24 h in the presence or absence of SHE for Western blot analysis. β-Actin was utilized as a loading control. Columns that do not share a common letter are significantly different (p < 0.05). The data are presented as means ± SD. 
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Figure 3. The effect of Hex fraction of SHE on LPS-induced pro-inflammatory cytokines and inflammation-inducible enzymes in RAW 264.7 macrophages. (a–c) RAW 264.7 macrophages were first pre-exposed to Hex fraction at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 3 h in the presence or absence of Hex fraction for gene analysis by RT-PCR. Rpl32 was utilized as an internal control. (d) RAW 264.7 macrophages were first pre-exposed to Hex fraction at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 24 h in the presence or absence of Hex fraction for Western blot analysis. β-Actin was utilized as a loading control. Columns that do not share a common letter are significantly different (p < 0.05). The data are presented as means ± SD. 






Figure 3. The effect of Hex fraction of SHE on LPS-induced pro-inflammatory cytokines and inflammation-inducible enzymes in RAW 264.7 macrophages. (a–c) RAW 264.7 macrophages were first pre-exposed to Hex fraction at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 3 h in the presence or absence of Hex fraction for gene analysis by RT-PCR. Rpl32 was utilized as an internal control. (d) RAW 264.7 macrophages were first pre-exposed to Hex fraction at different concentrations (0, 25, and 50 µg/mL) for 6 h and then stimulated by LPS at a concentration of 100 ng/mL for 24 h in the presence or absence of Hex fraction for Western blot analysis. β-Actin was utilized as a loading control. Columns that do not share a common letter are significantly different (p < 0.05). The data are presented as means ± SD.



[image: Marinedrugs 21 00533 g003]







[image: Marinedrugs 21 00533 g004] 





Figure 4. The effect of SHE on M1 macrophages polarization in RAW 264.7 macrophages and BMDM. (a) RAW 264.7 macrophages and (b) BMDM were subjected to a pre-exposed to SHE at different concentrations (0, 25, and 50 µg/mL) for 6 h. Subsequently, the cells were stimulated with a combination of LPS (100 ng/mL) and IFN-γ (50 ng/mL) for 24 h with or without SHE for gene analysis by RT-PCR. Rpl32 was utilized as an internal control. Statistical significance was indicated by different letters within the same column (p < 0.05). The data are presented as means ± SD. 
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Figure 5. The effect of Hex fraction of SHE on M1 polarization macrophages in RAW 264.7 macrophages and BMDM. (a) RAW 264.7 macrophages and (b) BMDM were subjected to a pre-exposed Hex fraction at concentrations of 0, 25, and 50 µg/mL for 6 h. Subsequently, the cells were stimulated with a combination of LPS (100 ng/mL) and IFN-γ (50 ng/mL) for 24 h, with or without Hex fraction, for gene analysis by RT-PCR. Rpl32 was employed as an internal control. Statistical significance was indicated by different letters within the same column (p < 0.05). The data are presented as means ± SD. 
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Figure 6. The effect of SHE and its Hex fraction on antioxidant gene expression in M1-polarized BMDM. BMDM were treated with (a) SHE or (b) Hex fraction at 0, 25, and 50 µg/mL for 6 h and then stimulated by LPS (100 ng/mL) and IFN-γ (50 ng/mL) for 24 h with or without SHE and Hex fraction for gene analysis by RT-PCR. Rpl32 was used as internal controls. Statistical significance was indicated by different letters within the same column (p < 0.05). The data are presented as means ± SD. 
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Figure 7. The content of fucoxanthin in SHE and its Hex fraction. (a) HPLC chromatograms of fucoxanthin standard, SHE, and its Hex fraction. (b) The content of fucoxanthin in SHE and its Hex fraction. Statistical significance was indicated by different letters within the same column (p < 0.05). The data are presented as means ± SD. 
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Table 1. Extraction yield, total phenolic content, and total anti-oxidant capacity of the SHE and its various SHE fractions.
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	Extract/Fractions
	Extraction Yield (%)
	TPC

(mg GAE/g)
	ABTS

(mg VCE/g)
	DPPH

(mg VCE/g)
	FRAP

(mM FSE/g)





	Ethanol extract
	2
	7.49 ± 1.12 c
	15.02 ± 1.19 bc
	22.00 ± 3.44 c
	0.12 ± 0.00 c



	Hex fraction
	35
	6.72 ± 1.85 cd
	11.60 ± 0.76 cd
	21.40 ± 1.39 c
	0.13 ± 0.01 c



	CHCl3 fraction
	3
	17.49 ± 0.44 b
	19.75 ± 1.52 b
	39.58 ± 2.78 b
	0.15 ± 0.01 b



	EtOAc fraction
	5
	48.68 ± 3.84 a
	58.35 ± 5.82 a
	54.12 ± 3.19 a
	0.39 ± 0.02 a



	BuOH fraction
	5
	3.98 ± 1.04 cd
	7.30 ± 2.09 de
	13.82 ± 2.92 d
	0.07 ± 0.01 d



	H2O fraction
	48
	1.76 ± 0.15 d
	2.65 ± 0.76 e
	ND
	0.04 ± 0.00 e







TPC, total phenolic content; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity; ABTS, 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid radical scavenging capacity; FRAP, ferric-reducing antioxidant power. ND, nondetectable. The data are presented as the mean values along with standard deviation (SD) (n = 3). Columns that do not share a common letter are significantly different (p < 0.05).













 





Table 2. Pearson’s correlation between TPC and three total antioxidant capacity results in SHE and its fractions.
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	Antioxidant Activity
	TPC
	ABTS Assay
	DPPH Assay
	FRAP Assay





	TPC
	1
	0.95 (p < 0.05)
	0.95 (p < 0.01)
	0.88 (p < 0.01)



	ABTS assay
	
	1
	0.98 (p < 0.01)
	0.95 (p < 0.01)



	DPPH assay
	
	
	1
	0.95 (p < 0.01)



	FRAP assay
	
	
	
	1







TPC, total phenolic content; DPPH, 2,2-diphenyl-1-picrylhydrazyl radical scavenging capacity; ABTS, 2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid radical scavenging capacity; FRAP, fer-ric-reducing antioxidant power. The correlation was analyzed using Pearson’s correlation with p < 0.05 for a significant difference.













 





Table 3. LC-MS/MS parameters for fucoxanthin.
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	Analyte
	Precursor Ion (m/z)
	Daughter Ion

(m/z)
	Dwell Time (s)
	Cone (V)
	Collision (V)





	Fucoxanthin
	659
	109
	0.091
	35
	30
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