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Abstract

:

Excessive oxidative stress and chronic inflammation are implicated in the pathogenesis of chronic inflammation diseases. The purpose of this study was to determine whether the antioxidant and anti-inflammatory effects of Busan-grown Agarum cribrosum ethanol extract (ACE) and its organic solvent five fractions are exhibited in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages. ACE and its five fractions from ACE evaluated the total antioxidant activity and the effect of pro-inflammatory cytokines and antioxidant genes expression in LPS-induced RAW 264.7 macrophages. ACE and its ethyl acetate (EtOAc) fraction showed a high total phenolic content and total antioxidant capacity by decreasing free radicals scavenging activity. ACE and its EtOAc fraction significantly repressed LPS-induced tumor necrosis factor α and interleukin-1β gene expression. Additionally, ACE and its EtOAc fraction significantly diminished the LPS-stimulated gene expression of inducible nitric oxide synthase and cyclooxygenase 2 genes with a concomitant decrease in their protein levels in the macrophages. The gene expression of NADPH oxidase 2 was significantly abolished by ACE and its EtOAc fraction in LPS-induced macrophages, while other antioxidant genes showed minimal effects. The results suggest that ACE and its EtOAc fraction exert inhibitory effects on LPS-stimulated inflammation and oxidative stress in macrophages accompanied by total antioxidant activity.
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1. Introduction


Excessive oxidative stress and chronic inflammation are closely linked to the development of multiple chronic inflammation diseases such as cancer, rheumatoid arthritis, cardiovascular diseases, type 2 diabetes, and neurological disorders [1,2]. An important role of macrophages is to initiate inflammatory responses by producing pro-inflammatory cytokines such as interleukin-1β (IL-1β), IL-6, and tumor necrosis factor α (TNFα) [3,4]. Furthermore, excessive reactive oxygen species (ROS) activate the macrophages that stimulate pro-inflammatory transcription factors such as nuclear factor-κB (NFκB) and activating protein-1 (AP-1) [5]. Therefore, the reduction of intracellular ROS levels in macrophages leads to the inhibition of pro-inflammatory pathways in macrophages [3,6].



Natural seaweed is an emerging material in the field of biomedicine due to its high content of bioactive compounds with potential as anti-inflammatory and antioxidant agents [7,8]. Phenolic compounds in edible brown seaweeds play a crucial role in protecting algae from toxic ROS with their strong radical scavenging ability [9]. Phlorotannins are unique phenolic compounds with tridimensional polymerization of phloroglucinol, which can be found abundantly in edible brown seaweeds, but not in terrestrial plants [10]. Individual compounds in phlorotannins, including phlorofucofuroeckol A, dieckol, eckol, and 8,8′-bieckol showed excellent antioxidant properties [11]. These phlorotannins not only showed higher superoxide and 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacities than ascorbic acid and α-tocopherol, but also inhibited phospholipid peroxidation in the liposomal system [11]. Furthermore, brown algal phlorotannins, dieckol, 6,6′-bieckol, phlorofucofuroeckol A (PFF-A), and PFF-B are the main anti-inflammatory components that inhibit inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX2) gene expression in lipopolysaccharide (LPS)-induced macrophages [12]. In addition, eckol, 6,6′-bieckol, 8,8′-bieckol, dieckol, and PFF-A inhibited inflammation-related enzymes and pro-inflammatory cytokines, which was attributed to the suppression of the activation of NFκB and mitogen-activated protein kinases (MAPKs) signaling pathways [13].



Agarum cribrosum (AC) is one of the brown seaweeds rich in phlorotannins. AC has been distributed along the eastern coast in the Republic of Korea, Russia, Japan, British Columbia, northern Washington, and Alaska [14]. Several studies have demonstrated that AC has antioxidant properties and anti-inflammatory effects. The ultrasound extract of Gangneung-grown AC phlorotannin showed the strongest free-radical scavenging activity against 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), DPPH, and hydrogen peroxide [15]. AC fractions from Gangneung, which are rich in phlorotannins such as trifuhalol A, inhibited the mRNA expression of IL-1β, IL-6, and TNFα through the suppression of the NFκB and MAPKs signaling pathway in LPS-induced macrophages [16]. However, it has not been confirmed whether Busan-grown AC ethanol extract (ACE) and its fractions have inhibitory effects on inflammation and oxidative stress in LPS-stimulated macrophages. In this study, the total antioxidant activity of ACE and its five different organic solvent fractions such as Hex (n-hexane), CHCl3 (chloroform), EtOAc (ethyl acetate), BuOH (butanol), and H2O (water) from ACE was evaluated. Based on the total antioxidant activity of ACE and its five fractions, we selected one of the fractions of ACE with the best total antioxidant activity to determine whether the ACE and fraction of ACE can inhibit inflammation and oxidative stress in LPS-stimulated RAW 264.7 macrophages.




2. Materials and Methods


2.1. Chemical Reagents


Organic solvents including Hex, CHCl3, EtOAc, and BuOH were provided by Duksan Co., Ltd. (Siheung, Republic of Korea) for the purpose of fractionation. The total phenolic content and total antioxidant activity assay employed Folin–Ciocalteu’s phenol reagent, phloroglucinol, DPPH, and 2,2′-azobis (2-amidinopropane) dihydrochloride (AAPH), all obtained from Sigma-Aldrich (St. Louis, MO, USA). ABTS diammonium salt, 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ), and ferric chloride hexahydrate was procured from Roche (Basel, Switzerland). Cell experiments utilized fetal bovine serum (FBS) and penicillin–streptomycin solution from Hyclone (Logan, UT, USA), while Dulbecco’s modified Eagle’s medium (DMEM, high glucose), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and LPS (Escherichia coli O26:B6) were sourced from Sigma-Aldrich.




2.2. Preparation of the Extraction and Fractions


In May of 2016, AC was gathered from the Busan coast of the Republic of Korea. The dried AC (94.70 g) underwent two extractions with 80% ethanol (1000 mL each), employing sonication for 20 min at room temperature. The resulting AC extract was then passed through Whatman filter paper No. 1 and condensed using a rotary vacuum evaporator (Büchi Labortechnik AG, Flawil, Switzerland) at a temperature of 40 °C. The ACE (44.00 g) was dissolved in deionized water (DW, 1000 mL) and subjected to liquid–liquid partitioning using solvents of varying polarities. The aqueous crude extract underwent fractionation, wherein the process was repeated two or three times with equivalent volumes (1000 mL) of Hex, CHCl3, EtOAc, and BuOH. This resulted in the isolation of the following fractions: Hex (0.2 g), CHCl3 (0.6 g), EtOAc (0.9 g), BuOH (2.0 g), and H2O (17.8 g). To determine the yield of each fraction, they were concentrated utilizing the rotary vacuum evaporator (Büchi Labortechnik AG) and subsequently stored at a temperature of −20 °C until ready for analysis.




2.3. Total Phenolic Content


The quantification of total phenolic content in both ACE and its five fractions was conducted using the Folin–Ciocalteu method [17]. To outline the process, 200 µL of ACE or each fraction were combined with 200 µL of the Folin–Ciocalteu reagent and 2.6 mL of DW within a test tube. Following a 6 min reaction period, a subsequent addition of 2 mL of 7% sodium carbonate solution was added to the mixture, which was then allowed to incubate at room temperature in darkness for a duration of 90 min. Using a Shimadzu spectrophotometer (Shimadzu, Kyoto, Japan), the absorbance of the resulting blue-colored samples was measured at a wavelength of 750 nm. The total phenolic content (TPC) was quantified in terms of mg of phloroglucinol equivalents (PGE) per g of dry weight of either the ACE or its individual fractions. This determination was made by comparing the absorbance readings with a calibration curve generated using a standard phloroglucinol compound.




2.4. DPPH Radical Scavenging Activity


The assessment of DPPH radical scavenging activity was carried out as previously outlined in our methods [17]. In brief, a solution of DPPH radical was created by blending 7.89 mg of DPPH with 200 µL of 80% aqueous methanol, resulting in a concentration of 0.1 mM. This DPPH solution was then appropriately diluted with 80% aqueous methanol until the absorbance reached 0.700 ± 0.020 at 517 nm using a Shimadzu spectrophotometer (Shimadzu, Kyoto, Japan). Next, a total of 50 µL of ACE or each ACE fraction was combined with 2.95 mL of the DPPH solution, and the mixture was incubated at room temperature in darkness for a period of 30 min. Subsequently, the absorbance at 517 nm was gauged utilizing the Shimadzu spectrophotometer (Shimadzu). For reference, 80% aqueous methanol served as the blank, while vitamin C was utilized as the standard. The DPPH radical scavenging activity was expressed in terms of mg of vitamin C equivalents (VCE) per g of dry weight of either the ACE or its individual fractions.




2.5. ABTS Radical Scavenging Assay


The evaluation of ABTS scavenging activity was conducted in accordance with the previously outlined methods [17]. To provide a concise overview, an ABTS radical solution was created by blending 1.0 mM AAPH and 2.5 mM ABTS within 100 mL of phosphate-buffered solution (PBS). This mixture was then subjected to an incubation period at 80 °C for 40 min in darkness, generating the ABTS radical. Subsequently, the ABTS radical solution underwent filtration using a 0.45 µm PVDF filter and was diluted with PBS until the absorbance reached 0.700 ± 0.020 at 734 nm using a Shimadzu spectrophotometer (Shimadzu). In the experimental phase, 5 µL of both ACE and each ACE fraction were combined with 245 µL of the ABTS radical solution. The resulting mixture was incubated at 37 °C in darkness for a duration of 10 min, after which the absorbance at 734 nm was quantified utilizing a microplate reader (Fisher Scientific, Pittsburgh, PA, USA). The ABTS radical scavenging activity was quantified as mg of vitamin C equivalents (VCE) per g of dry weight of either the ACE or its individual fractions.




2.6. Ferric-Reducing Antioxidant Power Assay


The ferric-reducing antioxidant power (FRAP) of ACE and its corresponding fractions was evaluated following the procedures outlined in our previous methods [17]. The FRAP solution was prepared by combining a 20 mM solution of ferric chloride hexahydrate (FeCl3·6H2O), a 10 mM TPTZ solution (dissolved in 40 mM HCl), and a 300 mM acetate buffer (pH 3.6) in a volumetric ratio of 1:1:10, respectively. This FRAP solution was maintained at a temperature of 37 °C until it was ready for use. In the experimental phase, a total of 6 µL of ACE or each individual ACE fraction was blended with 200 µL of the prepared FRAP solution and then subjected to incubation at 37 °C for a duration of 4 min. Following this incubation, the absorbance at 593 nm was measured using a microplate reader (Fisher Scientific, Pittsburgh, PA, USA). For reference, DW was used as the blank, and ferrous sulfate (FeSO4, ranging from 0.1 mM to 1 mM) was employed as the standard. The FRAP values were expressed in terms of mM of FeSO4 equivalents (FSE) per g of dry weight of either the ACE or its individual fractions.




2.7. Cell Culture


The RAW 264.7 macrophages were sourced from the American Type Culture Collection (Manassas, VA, USA). These macrophages were cultivated in high-glucose DMEM, complemented with 10% FBS and antibiotics (100 units/mL penicillin A and 100 µg/mL streptomycin), and were maintained at a temperature of 37 °C in a humidified atmosphere containing 5% CO2.




2.8. Cell Viability


Cell viability was assessed using the colorimetric MTT assay. RAW 264.7 macrophages were seeded into a 96-well plate at a density of 6.25 × 104 cells per well and exposed to various concentrations (ranging from 0 to 100 µg/mL) of both ACE and the EtOAc fraction. Following a 24 h incubation with the samples, a solution of MTT (500 μg/mL) was introduced to the cells and allowed to incubate at a temperature of 37 °C for 90 min. Subsequently, the MTT solution was removed, and any resulting insoluble formazan dye was dissolved using dimethyl sulfoxide. The absorbance at 570 nm was then quantified through spectrophotometric analysis employing a Thermo Fisher Scientific spectrophotometer (Waltham, MA, USA).




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


RAW 264.7 macrophages designated for quantitative real-time PCR were exposed to ACE and the EtOAc fraction at concentrations of 0, 25, 50, and 100 µg/mL for a duration of 6 hr. Following this treatment, the cells were subsequently stimulated with 100 ng/mL of LPS for a period of 3 h, both in the presence and absence of ACE and the EtOAc fraction. Total RNA was isolated from RAW 264.7 macrophages using a homemade Trizol reagent. Subsequently, the RNA (1 µg) was reverse-transcribed into cDNA using the Compact cDNA Synthesis Kit (Smart Gene, Daejeon, Republic of Korea) within the GeneAmp PCR System 9700 (PerkinElmer, Inc., Waltham, MA, USA). Quantitative real-time PCR (qRT-PCR) was performed using the SYBR Green Q-PCR Master Mix (Smart Gene) on a QuantStudio™ 1 Real-Time PCR system (Thermo Fisher Scientific). The qRT-PCR process followed standard thermal cycling conditions, including polymerase activation at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 5 s and annealing/extension at 60 °C for 30 s. The primers utilized were sourced from Macrogen Co., Ltd. (Seoul, Republic of Korea). To ensure consistency, all mRNA levels were normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control.




2.10. Western Blot Analysis


RAW 264.7 macrophages selected for Western blot analysis were pre-exposed to ACE and the EtOAc fraction at concentrations of 0, 25, 50, and 100 µg/mL for a duration of 6 h. Following this pretreatment, the cells were subsequently stimulated with 100 ng/mL of LPS for a period of 24 h, both in the presence and absence of ACE and the EtOAc fraction. To prepare for analysis, macrophages were lysed using CETi lysis buffer (TransLab, Daejeon, Republic of Korea). The protein concentrations within the lysates were determined utilizing the Pierce™ BCA protein assay kit from Thermo Fisher Scientific. Equal quantities of protein (30 µg) were then subjected to separation through 8% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently transferred onto PVDF membranes. Following the transfer, the membranes were blocked using a blocking buffer at room temperature for a span of 1 h. Subsequently, they were incubated overnight at 4 °C with primary antibodies targeting iNOS, COX2, and β-Actin (diluted at 1:500–1000). After undergoing three washes with Tris-buffered saline containing 0.1% Tween 20, the membranes were exposed to goat anti-mouse and goat anti-rabbit IgG-conjugated secondary antibodies (diluted at 1:10,000) for a duration of 1 h at room temperature. Detection of proteins was accomplished through an ECL detection solution and visualization using the ImageQuant LAS 500 (GE Healthcare, Chicago, IL, USA). The relative intensity of each protein band was determined using the Image Studio Lite Western Blot Quantification software and subsequently normalized to the intensity of the corresponding loading control.




2.11. Statistical Analysis


A one-way analysis of variance (ANOVA) alongside Tukey’s multiple comparison test was performed to establish significant distinctions among the various treatments. This analysis was executed using GraphPad 9.0 (GraphPad Software, La Jolla, CA, USA). Results were deemed statistically significant when p values were less than 0.05. All provided values were expressed as the mean along with the corresponding standard deviation (SD).





3. Results


3.1. Extraction Yield and TPC


The phenolic hydroxyl structure of phenolic extracts can bind with free radicals to form a relatively stable semiquinone structure, which is responsible for the antioxidant and anti-inflammatory effects of phenolic extracts [18]. We determined the extraction yields and TPC of ACE and five organic solvent fractions of ACE (Table 1). ACE showed the extraction yield and TPC as 48.57% and 144.62 ± 10.33 mg PGE/g dry weight, respectively. The TPC of the five fractions from ACE were ranged from 17.04 to 320.97 mg PGE/g dry weight. The EtOAc fraction showed the highest TPC among the five fractions of ACE as 320.97 ± 3.41 mg PGE/g dry weight, followed by H2O (173.66 ± 2.69 mg PGE/g dry weight), BuOH (157.10 ± 2.23 mg PGE/g dry weight), CHCl3 (47.80 ± 3.10 mg PGE/g dry weight), and Hex (17.04 ± 0.37 mg PGE/g dry weight). The extraction yields of the five different fractions were ranged from 0.67 to 52.29%, and were Hex (0.67%), CHCl3 (2.00%), EtOAc (3.00%), BuOH (6.66%), and H2O (52.29%). The H2O fraction showed the highest extraction yield compared to the other fractions of ACE.




3.2. Total Antioxidant Capacity


The total antioxidant capacities of the ACE and its organic solvent fractions were determined using ABTS, DPPH, and FRAP assays (Table 1). The antioxidant capacity of ACE and the five different fractions of ACE observed a broad range. The highest total antioxidant capacity of the ABTS (highest 1144.48 ± 25.76 and lowest 9.38 ± 0.78 mg VCE/g dry weight), DPPH (highest 37.63 ± 0.93 and lowest 1.97 ± 0.19 mg VCE/g dry weight), and FRAP (highest 0.41 ± 0.05 and lowest 0.02 ± 0.00 mM FSE/g dry weight) assays was 122-, 19-, and 20-fold higher than the lowest total antioxidant capacity, respectively. ACE showed ABTS, DPPH, and FRAP radical scavenging capacities with 744.48 ± 9.62 mg VCE/g dry weight, 18.70 ± 0.24 mg VCE/g dry weight, and 0.26 ± 0.01 mM FSE/g dry weight, respectively. ABTS radical scavenging activity was the highest for EtOAc (1144.48 ± 25.76 mg VCE/g dry weight) among the five fractions of ACE, followed by H2O (822.86 ± 27.67 mg VCE/g dry weight), BuOH (763.33 ± 39.01 mg VCE/g dry weight), CHCl3 (110.48 ± 6.60 mg VCE/g dry weight), and Hex (9.38 ± 0.78 mg VCE/g dry weight). In the case of DPPH activity, EtOAc (37.63 ± 0.93 mg VCE/g dry weight), BuOH (19.27 ± 0.44 mg VCE/g dry weight), H2O (15.57 ± 0.80 mg VCE/g dry weight), CHCl3 (5.02 ± 0.08 mg VCE/g dry weight), and Hex (1.97 ± 0.19 mg VCE/g dry weight) had the lowest DPPH radical scavenging activity. For FRAP activity, the EtOAc fraction also showed the highest FRAP activity among the five fractions of ACE, being 0.41 ± 0.05 mM FSE/g dry weight, followed by H2O (0.29 ± 0.01 mM FSE/g dry weight), BuOH (0.25 ± 0.01 mM FSE/g dry weight), CHCl3 (0.09 ± 0.02 mM FSE/g dry weight), and Hex (0.02 ± 0.00 mM FSE/g dry weight). Therefore, the EtOAc fraction of ACE showed the highest antioxidant activity in all assays evaluating total antioxidant activity.



ACE and its fractions with high TPC showed superior results in total antioxidant activity, suggesting that TPC has a positive correlation with total antioxidant activity. Thus, we further performed Pearson correlation analysis to measure the relation between the TPC and three antioxidant assays (Table 2). The TPC assay was significantly positively correlated with the ABTS (r = 0.94, p < 0.01), DPPH (r = 0.98, p < 0.01), and FRAP (r = 0.96, p < 0.01) assays. In addition, the ABTS assay showed a significantly positive correlation between the DPPH (r = 0.97, p < 0.01) and FRAP (r = 0.99, p < 0.01) assays. This result indicated that polyphenol compounds in ACE and its fractions have strong total antioxidant activity.




3.3. Inhibitory Effect of ACE on LPS-Stimulated Inflammation in Macrophages


The antioxidant effect by free radical scavenging activity is closely related to the suppression of pro-inflammatory gene expression [19]. Since ACE and its five fractions showed high TPC and total antioxidant activity, we investigated whether the ACE can inhibit LPS-induced inflammation in macrophages. When the cytotoxicity of ACE was measured at 0–100 µg/mL on RAW 264.7 macrophages, cell viability was ~98% at 100 µg/mL ACE (Figure 1a). Thus, the following experiments were performed at ACE concentrations under 100 µg/mL. The mRNA expression of TNFα and IL-1β was significantly elevated by LPS, whereas ACE significantly diminished the LPS-induced expression of TNFα and IL-1β in macrophages (Figure 1b). LPS significantly increased the expression of inflammation-inducible enzymes such as iNOS and COX2 in macrophages, while 100 µg/mL of ACE significantly decreased the mRNA expression of iNOS and COX-2 (Figure 1c). However, 25 and 50 µg/mL of ACE showed minimal effects on the mRNA expression of iNOS and COX2 in LPS-stimulated macrophages. The LPS-increased protein levels of iNOS and COX2 were also noticeably decreased by ACE in macrophages (Figure 2).




3.4. Effect of EtOAc Fraction from ACE on LPS-Induced Inflammation in Macrophages


As the EtOAc fraction showed the highest TPC and antioxidant activity among other ACE fractions, we additionally confirmed the inhibitory effect of the EtOAc fraction on inflammation in LPS-stimulated macrophages. We measured the cell viability of the EtOAc fraction in macrophages and found that ~90% of cells were viable when treated 0–100 µg/mL of the EtOAc fraction (Figure 3a). LPS significantly increased TNFα and IL-1β gene expression levels, which were completely abolished by the EtOAc fraction in macrophages (Figure 3b). Additionally, the EtOAc fraction significantly repressed the mRNA expression of iNOS and COX2 in LPS-stimulated macrophages (Figure 3c). Increases in the protein expression of iNOS and COX2 by LPS were markedly decreased by the EtOAc fraction in macrophages (Figure 2).




3.5. Effects of ACE and Its EtOAc Fraction on LPS-Induced Antioxidant Gene Expression in Macrophages


We observed that ACE and its EtOAc fraction have a potent antioxidant effect because of their high TPC and total antioxidant activity. Therefore, the effects of ACE and its EtOAc fraction on the expression of antioxidant genes in LPS-stimulated macrophages were evaluated. LPS significantly stimulated the mRNA expression of NADPH oxidase 2 (NOX2), an enzyme that generates ROS, which was significantly suppressed by ACE and its EtOAc fraction in macrophages (Figure 4a,b). Although the mRNA expression of the other antioxidant genes, such as nuclear factor E2-related factor 2 (Nrf2), catalase (CAT), and superoxide dismutase (SOD1), was not altered by LPS, ACE and its EtOAc fraction significantly suppressed the expression of Nrf2, CAT, and SOD1 in LPS-stimulated macrophages. However, the expression of heme oxygenase-1 (Hmox1) was significantly increased by the EtOAc fraction in LPS-induced macrophages.





4. Discussion


Seaweed phenolic compounds are considered to exert antioxidant and anti-inflammatory properties that mitigate oxidative stress and inflammation at the cellular levels [20,21]. Studies have shown that Gangneung-grown AC exerts antioxidant activity and inhibits the gene expression of pro-inflammatory cytokine such as IL-1β, IL-6, and TNFα in LPS-induced macrophages [15,16,22]. However, the effects of Busan-grown AC ethanol extract and its fractions on antioxidant and inflammation in LPS-induced macrophages were not confirmed. In this study, we found that Busan-grown ACE and its EtOAc fraction inhibited the mRNA expression of pro-inflammatory cytokines and antioxidant genes in LPS-stimulated RAW 264.7 macrophages accompanied by high TPC and total antioxidant activity.



Phlorotannins are known to be the most representative phenolic compounds in edible brown seaweed extracts [23]. In the present study, we found that the EtOAc fraction of ACE exhibited the highest TPC among five fractions of ACE, and thus had the highest content of phlorotannins formed through the polymerization of phloroglucinol. In addition, ACE and its EtOAc fractions showed high DPPH and ABTS radical scavenging activity and FRAP activity. The antioxidant properties of ACE and its EtOAc fraction are partly attributed to a high phlorotannin content, which has a unique structure. The strong antioxidant capacity of phlorotannin is associated with the degree of polymerization, the phenol ring, and the phenolic hydroxyl group on the benzene ring skeleton [24]. The presence of phlorotannins in the ACE and EtOAc fractions may confer the intrinsic stability of the polyphenol structure and potent free-radical scavenging activity. Furthermore, studies have well supported that phlorotannins exert excellent antioxidant properties through their free-radical scavenging activity, inhibition of ROS production, and antioxidant defense mechanism [25]. Phlorotannin compounds showed a high scavenging ability on DPPH and superoxide anion radicals two-to-ten-folds higher than ascorbic acid, α-tocopherol, and catechin, which are known as strong antioxidants [26]. Phlorotannin compound-isolated Ishige okamurae significantly reduced intercellular ROS production in RAW 264.7 macrophages [27]. Furthermore, in zebrafish exposed to ethanol, AAPH, high glucose condition, and UV-B radiation, the phlorotannin compounds from Eisenia cava inhibited intercellular ROS, DNA damage, and lipid peroxidation [28]. Thus, the study to find the phlorotannin compounds of the EtOAc fraction of ACE with potent total antioxidant activity by reducing free-radical scavenging activity is warranted to test this possibility.



LPS, a major pathogenic infectious agent of Gram-negative bacteria, directly activates macrophages, which promotes the secretion of inflammation-inducible enzymes and pro-inflammatory cytokines [29]. In this study, ACE and its EtOAc fraction significantly suppressed the gene expression of IL-1β, TNFα, iNOS, and COX2 in LPS-induced macrophages. In addition, we found that ACE and its EtOAc fraction showed high TPC and total antioxidant capacity by reducing DPPH and ABTS radical scavenging activity and FRAP activity. Oxidative stress by increasing ROS production can lead to the oxidation of amino acids, lipid peroxidation, and oxidative DNA damage, triggering an inflammatory response [30]. Thus, the antioxidant capacity of ACE and its EtOAc fraction may contribute to the repressed mRNA expression of IL-1β, TNFα, iNOS, and COX2 in LPS-induced macrophages. In particular, LPS significantly increased NOX2 gene expression, which was abolished by ACE and its EtOAc fraction in LPS-induced macrophages. NOX2 is known to generate ROS in macrophages which contributes to inflammation [31]. Although their effect on ROS production in macrophages was not evaluated in this study, ACE and its EtOAc fraction can reduce increased ROS production by inhibiting NOX2 expression in LPS-induced macrophages.



Large amounts of the pro-inflammatory cytokines are generated by iNOS and COX2 during inflammatory processes. Additionally, iNOS and COX2 expression are stimulated by growth factors and pro-inflammatory cytokines [32]. In this study, ACE and its EtOAc fraction significantly decreased the LPS-stimulated mRNA levels of iNOS and COX2 with a concomitant decrease in their protein levels in macrophages. Gangneung-grown AC fractions with a high content of phlorotannins such as trifuhalol A significantly reduced nitric oxide (NO) production and iNOS and COX2 gene expression in LPS-stimulated RAW 264.7 macrophages [16], which indicates that ACE has the inhibitory property of NO production. Thus, the inhibition of iNOS and COX2 gene expression by ACE and its EtOAc fraction may be attributed to the NO production inhibitory effect by ACE in macrophages. Since NO can form peroxynitrite, which increases nitrification and oxidative stress in macrophages in response to ROS [33], it is possible that the antioxidant activities of the ACE and EtOAc fraction contribute to the reduction of NO production. Finally, the effect of reducing iNOS and COX2 expression in LPS-stimulated macrophages by ACE and EtOAc fractions may be responsible for their antioxidant and anti-inflammatory properties.




5. Conclusions


In conclusions, this study shows that ACE and its EtOAc fraction has inhibitory effects on inflammation and oxidative stress in LPS-stimulated RAW 264.7 macrophages. ACE and its EtOAc fraction inhibited the LPS-stimulated mRNA expression of pro-inflammatory cytokines and inflammation-inducible enzymes. In addition, a high TPC and total antioxidant capacity by ACE and its EtOAc fraction can contribute to the inhibitory effects of ACE and its EtOAc fraction on inflammation and oxidative stress. However, further studies are required to investigate the phlorotannin compounds of the EtOAc fraction from ACE that has potent antioxidant and anti-inflammatory properties. Therefore, our findings suggest that ACE has excellent potential as a nutraceutical material for the prevention and treatment of chronic inflammation diseases.
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Figure 1. The effects of ACE on the gene expression pro-inflammatory cytokines and inflammation-inducible enzymes in LPS-induced RAW 264.7 macrophages. (a) Cell viability of ACE in macrophages. Macrophages were treated with 0–100 µg/mL of ACE to measure the cell viability. (b,c) Macrophages were treated with ACE at 0, 25, 50, and 100 µg/mL for 6 hr and then stimulated by LPS (100 ng/mL) for 3 hr in absence or presence of ACE for gene analysis by RT-PCR. GAPDH was employed as an internal control. Different letters in the same bar mean a significant difference (p < 0.05). Data are presented as the means ± SD. 
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Figure 2. The effects of ACE and its EtOAc fraction on the protein expression inflammation-inducible enzymes in LPS-induced RAW 264.7 macrophages. Macrophages were treated with ACE and EtOAc fraction at 0, 25, 50, and 100 µg/mL for 6 hr and then stimulated by LPS (100 ng/mL) for 24 hr in absence or presence of ACE and EtOAc fraction for Western blot analysis. A representative blot for iNOS and COX2 is shown. β-Actin was employed as a loading control. Different letters in the same bar mean a significant difference (p < 0.05). Data are presented as the means ± SD. 
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Figure 3. The effects of EtOAc fraction from ACE on the mRNA expression pro-inflammatory cytokines and inflammation-inducible enzymes in LPS-stimulated RAW 264.7 macrophages. (a) Cell viability of EtOAc fraction in macrophages. Macrophages were treated with 0–100 µg/mL of EtOAc fraction to measure the cell cytotoxicity. (b,c) RAW 264.7 macrophages were treated with EtOAc fraction at 0, 25, 50, and 100 µg/mL for 6 hr and then stimulated by LPS (100 ng/mL) for 3 hr in absence or presence of ACE and its EtOAc fraction for gene analysis by RT-PCR. GAPDH was employed as an internal control. Different letters in the same bar mean a significant difference (p < 0.05). Data are presented as the means ± SD. 
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Figure 4. The effects of ACE and its EtOAc fraction on the expression of antioxidant genes in LPS-induced RAW 264.7 macrophages. Macrophages were treated with (a) ACE and (b) EtOAc fraction at 0, 25, 50, and 100 µg/mL for 6 hr and then stimulated by LPS (100 ng/mL) for 3 hr in absence or presence of ACE and its EtOAc fraction for gene analysis by RT-PCR. GAPDH was employed as an internal control. Different letters in the same bar mean a significant difference (p < 0.05). Data are presented as the means ± SD. 
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Table 1. Extraction yield, TPC, and total anti-oxidant capacity results of ACE and its fractions.
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Extract/Fractions

	
Extraction Yield

	
TPC

(mg PGE/g)

	
ABTS

(mg VCE/g)

	
DPPH

(mg VCE/g)

	
FRAP

(mM FSE/g)




	
% (w/w)

	
g






	
ACE

	
48.57

	
44.00

	
144.62 ± 10.33 c

	
744.48 ± 9.62 c

	
18.70 ± 0.24 b

	
0.26 ± 0.01 b




	
Hex

	
0.67

	
0.20

	
17.04 ± 0.37 e

	
9.38 ± 0.78 e

	
1.97 ± 0.19 e

	
0.02 ± 0.00 d




	
CHCl3

	
2.00

	
0.60

	
47.80 ± 3.10 d

	
110.48 ± 6.60 d

	
5.02 ± 0.08 d

	
0.09 ± 0.02 c




	
EtOAc

	
3.00

	
0.90

	
320.97 ± 3.41 a

	
1144.48 ± 25.76 a

	
37.63 ± 0.93 a

	
0.4a1 ± 0.05 a




	
BuOH

	
6.66

	
2.00

	
157.10 ± 2.23 c

	
763.33 ± 39.01 c

	
19.27 ± 0.44 b

	
0.25 ± 0.01 b




	
H2O

	
59.29

	
17.80

	
173.66 ± 2.69 b

	
822.86 ± 27.67 b

	
15.57 ± 0.80 c

	
0.29 ± 0.01 b








The values are presented as the means ± SD (n = 3). Different letters in the same row mean a significant difference (p < 0.05).













 





Table 2. Pearson correlation between TPC and three total antioxidant activity results in ACE and its fractions.
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	Antioxidant Activity
	TPC
	ABTS Assay
	DPPH Assay
	FRAP Assay





	TPC
	1
	0.94 (p < 0.01)
	0.98 (p < 0.01)
	0.96 (p < 0.01)



	ABTS assay
	
	1
	0.90 (p < 0.01)
	0.97 (p < 0.01)



	DPPH assay
	
	
	1
	0.92 (p < 0.01)



	FRAP assay
	
	
	
	1







The correlation was determined by Pearson correlation with p < 0.01 for a significant difference.
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