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Abstract

:

To identify potent plant extracts with strong antioxidant activity, we evaluated the free radical scavenging activity of 184 plant extracts obtained from the Freshwater Bioresources Culture Collection (FBCC) of Nakdonggang National Institute of Biological Resources (Republic of Korea), as various plant extracts have been used therapeutically to prevent chronic diseases associated with oxidative stress. From them, three plant extracts (FBCC-EP858 from Ammannia multiflora, FBCC-EP920 from Ammannia coccinea, and FBCC-EP1014 from Salix gracilistyla) were selected based on their abilities to scavenge the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical with more than 80% efficiency. We found that these extracts had in vitro half maximal inhibitory concentration (IC50) values ranging from 11.89 to 14.26 μg/mL and strong total antioxidant activity (corresponding to approximately 0.18, 0.22, and 0.23 mM Trolox, respectively). We also studied the effect of these extracts on RAW 264.7 macrophages and found that FBCC-EP920 significantly downregulated relative cell viability at a concentration of 100 μg/mL. However, the other two extracts, FBCC-EP858 and FBCC-EP1014, did not affect cell viability at the same concentration. Additionally, all three extracts inhibited hydrogen peroxide (H2O2)-induced reactive oxygen species (ROS) production and depolarization of mitochondrial membrane potential in RAW 264.7 macrophages. An additional experiment in zebrafish larvae showed that the three extracts reduced 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA) fluorescent intensity induced by H2O2. The extracts also upregulated the expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) expression, and an HO-1 inhibitor, zinc protoporphyrin (ZnPP), attenuated the extract-induced antioxidant activity both in vivo and in vitro. Taken together, these findings suggest that the extracts from A. multiflora, A. coccinea, and S. gracilistyla have potential free radical scavenging and antioxidant capacities both in vivo and in vitro by activating the Nrf2/HO-1 signaling pathway. These results could be useful for the prevention and treatment of various oxidative stress-mediated human diseases.
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1. Introduction


Oxidative stress induced by excessive reactive oxygen species (ROS) contributes to inflammatory diseases and metabolic syndromes, including vascular and neurodegenerative diseases and various cancers [1,2]. Specifically, aberrant ROS production causes cellular lipid oxidation and DNA damage, which affect cellular malfunction in cell division and differentiation, ion-homeostasis, regulation of apoptosis, and inflammation [3,4]. To maintain homeostasis of ROS levels, several antioxidant systems and agents are present in our body; however, ROS production that exceeds antioxidant capacity causes physiological and pathological damage to cells [5,6]. Among antioxidant mechanisms, nuclear factor erythroid 2-related factor 2 (Nrf2) is an extremely crucial regulator that controls the antioxidant response element (ARE), resulting in the transcriptional activation of phase II detoxification and antioxidant enzymes, including heme oxygenase-1 (HO-1). In the absence of oxidative stress, Nrf2 forms a complex with Kelch-like epichlorohydrin-related proteins (Keap1) in the cytoplasm and exists with low activity in a state bound to actin [7,8]. Under physiological and pathological stress, such as excessive ROS production, modification of the cysteine residue of Keap1 releases Nrf2 through its conformational change and phosphorylation. This complex forms a complex with Maf protein to translocate into the nucleus and binds to AREs [9]. Then, Nrf2 initiates transcriptional activation of phase II detoxification and antioxidant enzymes, such as HO-1 and NAD(P)H:quinone oxidoreductase, resulting in the stimulation of cellular protective mechanisms against oxidative stress [10]. Therefore, pharmacological activators or agonists of Nrf2 are a promising strategy for oxidative stress-induced inflammatory diseases such as neurodegenerative, cardiovascular, and autoimmune diseases. Yagishita et al. recently demonstrated that Nrf2 is an excellent biomarker in the maintenance of cellular redox and metabolic homeostasis, and some Nrf2 activators, including dimethyl fumarate, bardoxolone methyl, oltipraz, and sulforaphane, are clinical compounds in humans [11]. Furthermore, some Nrf2 agonists are in clinical trials to investigate the therapeutic effects in various inflammation and age-related diseases such as rheumatoid arthritis, Alzheimer’s disease (AD), Parkinson’s disease (PD), lupus erythematosus (LE), and liver damage [12]. In addition, Nrf2 deficiency favors the carcinogenesis of many different types of cancers [13], and phytochemicals targeting the Nrf2/HO-1 pathway reduce excessive carcinogenic metabolites and inhibit carcinogenesis [14,15]. Therefore, the discovery of novel Nrf2 activators or agonists has the nutritional potential to inhibit inflammatory diseases.



Plant-derived extracts and products are widely recognized for their potential as functional foods and traditional medicines due to their rich content of bioactive compounds with significant health benefits. These compounds have been shown to target various pathophysiological conditions, such as oxidative stress, aging, lipid oxidation, diabetes, gut inflammation, and cancer progression [16]. Additionally, plant-derived antioxidants may have an enhanced therapeutic potential due to their ability to reduce toxicity and inhibit the pathophysiological hallmarks of many human diseases by reducing oxidative stress [17,18]. In proving the potential antioxidative activity related to the human disease models, zebrafish larvae have been a very promising technique to evaluate the overall performance of the agent which is being tested. The zebrafish model has been beneficial in human disease models or drug screening due to the shorter-timed response from larvae and the advantages of the smaller size of larvae, facilitating more accurate average data [19]. Numerous studies have demonstrated the effectiveness of natural antioxidants in treating oxidative stress-mediated inflammatory and metabolic diseases by activating the Nrf2-HO-1 signaling pathway [20].



Ammannia multiflora is a plant belonging family Lythraceae and is well-known as an annual dicot weedy plant in agricultural lands and plants inhabiting aquatic environmental systems [21]. According to studies over the years, it has been proven that A. multiflora contains medicinal properties as it has shown antihyperglycemic activity, antimalarial properties, and microbicidal properties [21,22,23,24,25]. Regarding the biochemical and phytochemical analysis, the studies have revealed that it is rich in flavonoids, which may contribute to antioxidant activity [26]. Ammannia coccinea is a semi-aquatic, marsh-inhabiting plant and is geographically distributed in both temperate and tropical zones as well as near the mountains [27]. In the recent literature, medicinal properties of Ammannia sp. are reported [26]. Salix gracilistyla is a plant inhabiting riverbanks and streams [28]. Regarding the therapeutic properties, it has been recorded that it exhibits antioxidants and whitening activities [29], possessing α-Amylase inhibitor activity, with a higher percentage [30]. Additionally, an extensive study on their antioxidative activities with detailed molecular mechanisms has not been conducted yet.



In this study, we aimed to identify plant-derived strong antioxidant extracts by screening 184 plant extracts obtained from the Freshwater Bioresources Culture Collection (FBCC) at the Nakdonggang National Institute of Biological Resources (NNIBR) located in Sangju, Gyeongsangbuk-do, Republic of Korea. After evaluation, we selected three extracts with strong 2,3-diphenyl-1-picrylhydrazyl (DHHP) radical scavenging activity, namely Ammannia multiflora Rehder (FBCC-EP858), Ammannia coccinea Makino (FBCC-EP920), and Salix gracilistyla Maq. (FBCC-EP1014). Subsequently, we investigated possessing the antioxidant activity and activation of Nrf2 of three extracts investigated in hydrogen peroxide (H2O2)-treated RAW 264.7 macrophages and zebrafish larvae.




2. Materials and Methods


2.1. Plant-Derived Extracts


All extracts used in this study (FBCC-EP844~FBCC-EP869, FBCC-EP871~FBCC-EP873, FBCC-EP875~EBCC-EP879, FBCC-EP881~FBCC-EP910, FBCC-EP912~FBCC-EP928, FBCC-EP1013~FBCC-EP1036, FBCC-EP1038~FBCC-EP1042, FBCC-EP1044~FBCC-EP1057, FBCC-EP1059~FBCC-EP1082, FBCC-EP1084~FBCC-EP1093, and FBCC-EP1095~FBCC-EP1116) were provided by NNIBR (Supplementary Table S1). Briefly, a total of 184 plants were extracted, either in part or in their entirety, using 70% ethanol or distilled water. To prepare the ethanolic extracts, 3 kg of the plant materials were macerated and extracted twice in 50 L of 70% (v/v) ethanol (Daejung, Busan, Republic of Korea) for two days (d) at room temperature. The resulting mixture was then filtered through ADVENTEC no. 2 filter paper (ADVANTEC, Tokyo, Japan), and the ethanol in the crude extracts was removed using a rotary vacuum evaporator (Eyela, Tokyo, Japan) at 37 °C until it was fully dried. For the aqueous extract, 1 kg of the plant materials was macerated and extracted twice in 10 L of distilled water for 3 d at 100 °C, then filtered through ADVENTEC no. 2 filter paper. The aqueous extract was completely dried using a vacuum freeze dryer (Operon, Gimpo, Republic of Korea). Finally, the extract powders were dissolved in dimethyl sulfoxide (DMSO, Sigma–Aldrich, St. Louis, MO, USA) at a concentration of 20 mg/mL. From these extracts, three extracts (FBCC-EP858, FBCC-EP920, and FBCC-EP1014) exhibiting strong 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activities were selected.




2.2. Reagents and Antibodies


Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), and antibiotic mixture were obtained from WELGENE (Gyeongsan, Gyeongsangbuk-do, Republic of Korea). The 2′,7′-Dichlorodihydrofluorescein diacetate (DCFDA), DPPH, and zinc protoporphyrin (ZnPP) were purchased from Sigma–Aldrich. A WST-8 assay kit was purchased from MediFab (Seoul, Republic of Korea), and an OxiTec Total Antioxidant Capacity Assay Kit was purchased from BIOMAX (Guri, Gyeonggi-do, Republic of Korea). Antibodies against Nrf2 (sc-365949, 60 kDa), HO-1 (sc-136960, 32 kDa), β-actin (sc-69879, 43 kDa), and peroxidase-labeled anti-mouse immunoglobulins (sc-16102) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).




2.3. DPPH Radical Scavenging Assay


DPPH radical scavenging activity was measured by testing three extracts (FBCC-EP858, FBCC-EP920, and FBCC-EP1014) and comparing them to the positive control, which was 20 μM ascorbic acid. Briefly, 120 µM DPPH in 95% ethyl alcohol was freshly prepared, and then 190 µL DPPH was mixed with 10 µL each extract (ranging from 0 to 100 μg/mL) at room temperature for 10 min. The absorbance value was then measured at the wavelength of 517 nm (BioTek Instruments, Inc., Winooski, VT, USA). The half maximal inhibitory concentration (IC50) was calculated using GraphPad Prism 9 software (GraphPad Software, Boston, MA, USA).




2.4. Total Antioxidant Capacity


The reduction rate of Cu2+ was measured using an OxiTec Total Antioxidant Capacity Assay Kit, with Trolox as the standard for comparison. Briefly, 100 µL reaction buffer and 100 µL copper reagent were mixed and then treated with 100 µL each extract (ranging from 0 to 100 μg/mL) for 30 min at room temperature. A standard curve of Trolox was prepared, and the concentration of the extract was calculated corresponding to Trolox concentration. Ascorbic acid (400 μM) was used as a representative antioxidant positive control. For the blank control, the reaction buffer was replaced with ethanol. Each solution (120 µL) was transferred to a 96-microplate, and the absorbance was read at a wavelength of 450 nm.




2.5. Cell Culture and Relative Cell Viability


RAW 264.7 macrophages were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM supplemented with 5% FBS at 37 °C in 5% CO2. The cells were seeded at a density of 5 × 104 cells/mL, and cell viability was determined using a WST-8 (highly sensitive water-soluble tetrazolium salt) Viability Assay Kit. Briefly, RAW 264.7 macrophages were treated with various concentrations (0–100 μg/mL) of each extract. After a 24 h incubation, 10 µL of WST-8 solution was added to the cell culture media and incubated for 1 h. Absorbance was measured at a wavelength of 450 nm (BioTek Instruments, Inc.).




2.6. Flow Cytometry Analysis


RAW 264.7 macrophages (5 × 104 cells/mL) were treated with various concentrations (0–100 μg/mL) of FBCC-EP858 and FBCC-EP1014 for 20 h and 200 µM H2O2 treated for 4 h. The maximum concentration of FBCC-EP920 was set at 50 μg/mL since a concentration of 100 μg/mL resulted in a slight decrease in relative cell viability.



2.6.1. ROS Production


Cellular ROS production was analyzed using a Muse Oxidative Stress Kit (Luminex, Austin, TX, USA). Briefly, cells were suspended in 1× assay buffer and incubated at 37 °C for 30 min. Cells exhibiting ROS (ROS+) were then analyzed using a Muse Cell Analyzer (Luminex) [31].




2.6.2. Depolarization of Mitochondrial Membrane Potential


Depolarization of mitochondrial membrane potential was measured using a Muse MitoPotential Kit (Luminex). Briefly, cells were suspended in 1× assay buffer and mixed thoroughly with MitoPotential working solution. The cells were incubated at 37 °C for 20 min, and MitoPotential 7-ADD reagent was added for 5 min at room temperature. Cells exhibiting depolarized mitochondrial membrane potential were finally measured using a Muse Cell Analyzer [32].





2.7. Reverse-Transcription Polymerase Chain Reaction (RT-PCR)


RAW 264.7 macrophages were treated with various concentrations of each extract. Total RNA was extracted using an Easy-BLUE Total RNA Extraction Kit (iNtRON Biotechnology, Sungnam, Gyeonggi-do, Republic of Korea). The RNA was reverse transcribed using MMLV reverse transcriptase (Bioneer, Daejeon, Republic of Korea), and target genes were amplified using specific primers (Table 1) [33].




2.8. Western Blotting


Total cellular proteins were prepared using RIPA Lysis Buffer (ROCKLAND, Pottstown, PA, USA) with protease inhibitors (Thermo Fisher Scientific, Rockford, IL, USA). Protein concentration was determined using a Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA), and an equal amount of protein (20 μg) was loaded on a 10% sodium dodecyl sulfate-polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane (Thermo Fisher Scientific). The membrane was incubated with primary and secondary antibodies and developed using a SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific) [34].




2.9. Measurement of ROS Production in Zebrafish Larvae


Animal Care and Use Committee of Jeju National University (Jeju Special Self-governing Province, Republic of Korea) approved a zebrafish study for DCFDA staining (Approval No. 2022-0084). All zebrafish experiments followed the approval guidelines described previously [35]. In this experiment, zebrafish larvae were used to investigate the effects of each extract on ROS production. Zebrafish at three days post fertilization (dpf) were treated with each extract for 2 h before being treated with 1 mM H2O2 for 22 h. Then, the zebrafish were stained with 20 µM DCFDA for 30 min and visualized using a CELENA S Digital Imaging System (Logos Biosystems, Anyang, Gyeonggi-do, Republic of Korea). In a parallel experiment, an HO-1 inhibitor, ZnPP, was used to evaluate HO-1-mediated antioxidant activity. Each extract was incubated for 2 h, followed by treatment with ZnPP for 1 h, and then 1 mM H2O2 for 22 h.




2.10. Statistical Analysis


The western blots and RT-PCR results were quantified using ImageJ 1.50i (National Institute of Health, Bethesda, MD, USA, www.imagej.net, accessed on 22 July 2022), and all data were analyzed using SigmaPlot version 12.5 (Systat Software, San Jose, CA, USA, www.systatsoftware.com, accessed on 28 July 2022). The data represent the mean of at least three independent experiments, and significant differences were determined using Student’s t-test and an unpaired one-way ANOVA test with Bonferroni correction. The significance levels are denoted by different symbols (###, ***, and +++ p < 0.001, ## and ** p < 0.01, and * p < 0.05).





3. Results


3.1. FBCC-EP858, FBCC-EP920, and FBCC-EP1014 Exhibit Strong DPPH Radical Scavenging Activity


To identify potent antioxidant extracts from plants, we screened 184 extracts obtained from various plants found in the Nakdong River basin in the Republic of Korea, obtained from NNIBR, for their DPPH radical scavenging activity. Approximately 32% of the extracts exhibited DPPH radical scavenging activity of 50% or more at a concentration of 50 μg/mL (Supplementary Table S1), and among these, FBCC-EP858, FBCC-EP920, and FBCC-EP1014 exhibited DPPH radical scavenging capacity of over 80%. We further investigated the concentration-dependent DPPH radical scavenging activity and total antioxidant activity of these three extracts in vitro. The extracts demonstrated strong DPPH radical scavenging activity in a concentration-dependent manner (Table 2), with FBCC-EP858, FBCC-EP920, and FBCC-EP1014 exhibiting IC50 values of 13.75 µg/mL, 14.26 µg/mL, and 11.89 µg/mL, respectively (Figure 1). The three extracts also exhibited strong total antioxidant capacity (Table 1), with FBCC-EP1014 exhibiting the strongest total antioxidant capacity, corresponding to 0.0003 ± 0.0017, 0.0890 ± 0.0010, 0.1080 ± 0.0010, 0.1550 ± 0.0003, 0.2270 ± 0.0027, and 0.4300 ± 0.0020 mM Trolox at 0, 6.25, 12.5, 25, 50, and 100 μg/mL, respectively. FBCC-EP858 showed total antioxidant capacity, corresponding to 0.0523 ± 0.0037, 0.0803 ± 0.0007, 0.1160 ± 0.0003, 0.1180 ± 0.0033, 0.1830 ± 0.0000, and 0.2850 ± 0.0037 mM Trolox at 0, 6.25, 12.5, 25, 50, and 100 μg/mL, respectively (Table 2). FBCC-EP920 increased the capacity in a concentration-dependent manner, corresponding to 0.0600 ± 0.0010, 0.0810 ± 0.0010, 0.0883 ± 0.0017, 0.1540 ± 0.0010, 0.2150 ± 0.0003, and 0.3860 ± 0.0013 mM Trolox. FBCC-EP1014 exhibited the strongest total antioxidant capacity; 0.0003 ± 0.0017, 0.0890 ± 0.0010, 0.1080 ± 0.0010, 0.1550 ± 0.0003, 0.2270 ± 0.0027, and 0.4300 ± 0.0020 mM at 0, 6.25, 12.5, 25, 50, and 100 μg/mL, respectively. At a concentration of 12.5 μg/mL, the three extracts had total antioxidant activity similar to that of 400 μM ascorbic acid, which is equivalent to 0.1 mM Trolox. These findings suggest that FBCC-EP858, FBCC-EP920, and FBCC-EP1014 are potent plant-derived antioxidants.




3.2. FBCC-EP858, FBCC-EP920, and FBCC-EP1014 Regulate the Viability of RAW 264.7 Macrophages Depending on Their Concentrations


Prior to evaluating the cellular antioxidant activity of FBCC-EP858, FBCC-EP920, and FBCC-EP1014, the relative viability of RAW 264.7 cells was assessed using the WST-8 assay. As depicted in Figure 2, FBCC-EP858 and FBCC-1014 did not exhibit any significant effect on cell morphology or relative cell viability. However, FBCC-EP920 at a concentration of 100 µg/mL decreased the cell number (Figure 2A) and relative cell viability (85.0 ± 3.2%, Figure 2B). For further investigation, FBCC-EP920 was used at a maximum concentration of 50 µg/mL, while the highest concentration of FBCC-EP858 and FBCC-1014 was set at 100 µg/mL.




3.3. FBCC-EP858, FBCC-EP920, and FBCC-EP1014 Alleviate H2O2-Induced ROS Production in RAW 264.7 Cells and Zebrafish Larvae


To evaluate the cellular antioxidant activity of FBCC-EP858, FBCC-EP920, and FBCC-EP1014, we investigated whether the extracts could downregulate ROS+ cell population in H2O2-exposed RAW 264.7 cells using flow cytometry. As shown in Figure 3A, the ROS+ cell population (red peaks) significantly increased in H2O2-treated RAW 264.7 cells, and treatment with FBCC-EP858, FBCC-EP920, and FBCC-EP1014 downregulated the ROS+ cell population in a concentration-dependent manner. At a maximum concentration, FBCC-EP858, FBCC-EP920, and FBCC-EP1014 dramatically attenuated the ROS+ cell population from approximately 30.5% to 16.5 ± 0.5%, 18.3 ± 0.4%, and 17.5 ± 0.8%, respectively (Figure 3B). We also measured the in vivo antioxidant activity of these extracts in H2O2-treated zebrafish larvae using DCFDA staining. Treatment with H2O2 increased DCFDA fluorescence (green) in zebrafish larvae, and FBCC-EP858, FBCC-EP920, and FBCC-EP1014 gradually diminished the fluorescence intensity in a concentration-dependent manner (Figure 3C,D). The results indicate that FBCC-EP858, FBCC-EP920, and FBCC-EP1014 can attenuate H2O2-induced ROS production both in vitro and in vivo.




3.4. FBCC-EP858, FBCC-EP920, and FBCC-EP1014 Maintain Mitochondrial Membrane Potential in H2O2-Treated RAW 264.7 Macrophages


As oxidative stress is responsible for ROS-mediated cellular damage and depolarization of mitochondrial membrane potential [36], we investigated whether the reduction of ROS by FBCC-EP858, FBCC-EP920, and FBCC-EP1014 could preserve mitochondrial membrane potential in H2O2-treated RAW 264.7 cells. As illustrated in Figure 4A,B, H2O2 caused a significant increase in the total cell population with depolarized mitochondria membrane potential. However, treatment with FBCC-EP858, FBCC-EP920, and FBCC-EP1014 decreased the population and maintained mitochondrial membrane potential. These results suggest that FBCC-EP858, FBCC-EP920, and FBCC-EP1014 are able to prevent oxidative stress-induced depolarization of mitochondrial membrane potential.




3.5. FBCC-EP858, FBCC-EP920, and FBCC-EP1014 Upregulate the Expression of Nrf2 and HO-1 in RAW 264.7 Macrophages


To confirm whether FBCC-EP858, FBCC-EP920, and FBCC-EP1014 can increase the expression of Nrf2 and HO-1, we performed RT-PCR and western blotting. Our results showed that treatment with FBCC-EP858 (Figure 5A), FBCC-EP920 (Figure 5B), and FBCC-EP1014 (Figure 5C) led to a concentration-dependent upregulation of Nrf2 and HO-1 expression in RAW 264.7 macrophages. Furthermore, consistent with gene expression data, FBCC-EP858 (Figure 6A), FBCC-EP920 (Figure 6B), and FBCC-EP1014 (Figure 6C) were found to increase Nrf2 and HO-1 expression. These findings suggest that FBCC-EP858, FBCC-EP920, and FBCC-EP1014 can enhance Nrf2 and HO-1 expression.




3.6. HO-1 Inhibition Reduces the Antioxidant Activity of FBCC-EP858, FBCC-EP920, and FBCC-EP1014


To confirm whether the reduction of ROS production by FBCC-EP858, FBCC-EP920, and FBCC-EP1014 is related to the activation of the Nrf2/HO-1 pathway, we investigated the effect of an HO-1 inhibitor, ZnPP, on ROS production. As shown in Figure 7A,B, H2O2 treatment increased the population of ROS+ cells, and treatment with FBCC-EP858, FBCC-EP920, and FBCC-EP1014 reduced the population (Figure 7A,B). However, treatment with ZnPP reversed the extract-induced reduction in the ROS+ cell population, causing an increase in the population. Additionally, DCFDA fluorescence intensity induced by H2O2 was significantly elevated in zebrafish larvae, and treatment with FBCC-EP858, FBCC-EP920, and FBCC-EP1014 attenuated the intensity (Figure 7C,D). Consistent with the data in Figure 7A,B, treatment with ZnPP reversed the three extract-induced reductions in DCFDA fluorescence intensity, causing a reversal increase. These results suggest that the antioxidant activity induced by FBCC-EP858, FBCC-EP920, and FBCC-EP1014 is related to the activation of the Nrf2/HO-1 pathway.





4. Discussion


Oxidative stress is a condition that arises due to the imbalance between the production of ROS and the antioxidant defense system in the body. ROS can be generated endogenously during cellular metabolism or from exogenous sources such as exposure to cigarette smoke, ozone exposure, hypoxia, ionizing radiation, and heavy metal ions [37]. Oxidative stress has been implicated in various age-related and metabolic diseases, and targeting oxidative stress is a promising strategy for the prevention and treatment of this disease [1,38,39]. Antioxidant therapy, including plant-derived antioxidant agents, has been used in clinical trials due to its low toxicity and relevance to overall health and diseases [40]. In this study, we tested the DPPH radical scavenging activity of 184 plant extracts and identified three extracts (FBCC-EP858 from A. multiflora, FBCC-EP920 from A. coccinea, and FBCC-EP1014 from S. gracilistyla) that possessed powerful antioxidant activity. A. multiflora, A. coccinea, and S. gracilistyla are plants known for their traditional medicinal uses, and their antioxidant properties were previously unknown or not well-characterized [21,27]. We found that these extracts enhanced antioxidant activity both in vitro and in vivo by activating the Nrf2/HO-1 pathway. Overall, the study provides insight into the potential of plant-derived antioxidants as a therapeutic approach for oxidative stress-mediated human diseases.



Plant-derived natural antioxidants have been recognized as a potential therapeutic approach to reducing oxidative stress and associated diseases [17]. Cui et al. reported that plant-derived antioxidants protected the nervous system from aging by alleviating ROS production [41]. Akbarti et al. demonstrated that antioxidants supplied by foods or herbal supplements attenuated oxidative stress-associated chronic and degenerative diseases, such as cardiovascular, autoimmune, and neuronal diseases [42]. Additionally, the antioxidant properties of plant-derived compounds have received a great deal of attention in cosmetics because these antioxidants protect skin fibroblasts from ultraviolet-mediated ROS production and inhibit melanin biosynthesis [43,44]. In this regard, natural products targeting Nrf2 have received significant attention due to their potential to activate the antioxidant and detoxifying enzymes against oxidative stress and prevent ROS-mediated diseases such as inflammation, diabetes, and cancers [20,45]. In preclinical studies, some agents stimulating the Nrf2-HO-1 axis have shown promise in limiting inflammatory and oxidative stress biomarkers, and clinical trials in humans are underway [11]. The three powerful plant-derived antioxidant extracts (FBCC-EP858, FBCC-EP920, and FBCC-EP1014) identified in this study could potentially be used as antioxidant supplements due to their reported anti-inflammatory and antioxidant properties. Particularly, it was reported that A. multiflora contains anti-inflammatory and antioxidant compounds, such as rhamnetin and 3-rhamnosyl glucoside [26], and A. coccinea contains affluent flavonoid glycosides [46]. S. gracilistyla was proven to possess free radical scavenging and skin-whitening properties from the extracts of the stem [29]. Further analysis of the metabolites contained in each extract is necessary to identify their potential effects.




5. Conclusions


In conclusion, we selected three extracts with the strongest in vitro antioxidant activity from 184 plant extracts and verified their antioxidant properties on cells and zebrafish larvae. Furthermore, we confirmed that these three extracts exhibited powerful antioxidant effects through the activation of Nrf2 and HO-1. These findings suggest that three plant extracts have the potential as natural antioxidant supplements to prevent and treat various diseases caused by oxidative stress. Additionally, we conducted several bioactive assays on the extracts, revealing equivalent levels of antioxidant activity but differing levels of inhibition or activity in lipoxygenase, collagenase, α-glucosidase, acetaldehyde dehydrogenase, and acetylcholine esterase (Supplementary Table S2). Further studies are needed to investigate the specific phytochemicals responsible for the antioxidant activity and to elucidate the molecular mechanisms underlying the protective effects of these extracts. Additionally, clinical trials are required to confirm their safety and efficacy in humans. Nevertheless, these results provide promising evidence for the potential of natural products as alternative sources of antioxidant therapy.
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Figure 1. The IC50 value of in vitro DPPH radical scavenging activity. The indicated concentrations (0–100 μg/mL) of FBCC-EP858, FBCC-EP920, and FBCC-EP1014 were mixed with DPPH solution for 10 min. Absorbance = 517 nm. (A–C) IC50 was evaluated for each extract using DPPH scavenging activity (%). 






Figure 1. The IC50 value of in vitro DPPH radical scavenging activity. The indicated concentrations (0–100 μg/mL) of FBCC-EP858, FBCC-EP920, and FBCC-EP1014 were mixed with DPPH solution for 10 min. Absorbance = 517 nm. (A–C) IC50 was evaluated for each extract using DPPH scavenging activity (%).



[image: Applsci 13 06701 g001]







[image: Applsci 13 06701 g002 550] 





Figure 2. Relative cell viability. RAW 264.7 macrophages were seeded at a density of 1 × 104 cells/mL and treated with the indicated concentrations (0–100 μg/mL) of FBCC-EP858, FBCC-EP920, and FBCC-EP1014 for 24 h. (A) The cytotoxicity was evaluated morphologically using phase-contrast microscopy (×10). (B) The quantification of cell viability was conducted using WST-8 assay. Each value indicates the mean  ±  SEM from three independent experiments. Significant differences among the groups were determined using an unpaired one-way ANOVA with Bonferroni correction. ## p  <  0.01 vs. untreated cells. 
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Figure 3. ROS production in vitro and in vivo. (A,B) RAW 264.7 macrophages were seeded at a density of 5 × 104 cells/mL and treated with the indicated concentrations of FBCC-EP858 (0–100 μg/mL), FBCC-EP920 (0–50 μg/mL), and FBCC-EP1014 (0–100 μg/mL) for 24 h, and 200 μM hydrogen peroxide (H2O2) was treated for 4 h. (A) The cells were stained using a Muse Oxidative Stress Kit, and (B) ROS+ cell population was analyzed using a Muse Cell Analyzer. (C,D) The indicated concentrations of FBCC-EP858, FBCC-EP920, and FBCC-EP1014 were applied to 3 dpf zebrafish larvae 2 h before the addition of 1 mM H2O2 for 22 h. (C) The larvae were stained using 20 µM DCFDA for 30 min and visualized using a CELENA S Digital Imaging System. (D) The DCFDA fluorescence intensity was calculated using ImagJ 1.50i. Each value represents the mean  ±  SEM from three independent experiments. Significant difference: ### p  <  0.001 vs. untreated group (Student′s t-test) and *** p < 0.001 vs. H2O2-treated group (one-way ANOVA). 
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Figure 4. Mitochondrial membrane potential. RAW 264.7 macrophages were seeded at a density of 5 × 104 cells/mL and treated with the indicated concentrations of FBCC-EP858 (0–100 μg/mL), FBCC-EP920 (0–50 μg/mL), and FBCC-EP1014 (0–100 μg/mL) for 2 h followed by treatment with 200 μM H2O2 for 22 h. (A) The cells were stained using a Muse MitoPotential Kit, and (B) mitochondrial membrane depolarized cell population was analyzed using a Muse Cell Analyzer. Each value indicates the mean  ±  SEM from three independent experiments. Significant difference: ### p  <  0.001 vs. untreated cells (Student′s t-test), and *** p < 0.001, ** p < 0.01 and * p < 0.05 vs. H2O2-treated group (one-way ANOVA). 
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Figure 5. Nrf2 and HO-1 expression. RAW 264.7 macrophages were seeded at a density of 5 × 104 cells/mL and treated with (A) FBCC-EP858 (0–100 μg/mL), (B) FBCC-EP920 (0–50 μg/mL), and (C) FBCC-EP1014 (0–100 μg/mL) for 8 h. RNA was extracted and reverse-transcribed. After gene amplification, the amplicons were visualized using EtBr. GAPDH was used as the loading control. The amplicon intensity was calculated using ImageJ ((D), FBCC-EP858; (E), FBCC-EP920; (F), FBCC-EP1014). Each value indicates the mean  ±  SEM from three independent experiments. Significant difference: ### p  <  0.001 vs. untreated cells (one-way ANOVA). 
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Figure 6. Nrf2 and HO-1 expression. RAW 264.7 macrophages were seeded at a density of 5 × 104 cells/mL and treated with (A) FBCC-EP858 (0–100 μg/mL), (B) FBCC-EP920 (0–50 μg/mL), and (C) FBCC-EP1014 (0–100 μg/mL) for 12 h. Total proteins were extracted, and western blotting was performed. β-Actin was used as the loading control. The band intensity was calculated using ImageJ ((D), FBCC-EP858; (E), FBCC-EP920; (F), FBCC-EP1014). Each value indicates the mean  ±  SEM from three independent experiments. Significant differences: ### p  <  0.001 and ## p  <  0.01 vs. untreated cells (one-way ANOVA). 
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Figure 7. HO-1-mediated ROS reduction. (A,B) RAW 264.7 macrophages were seeded at a density of 5 × 104 cells/mL and treated with FBCC-EP858 (100 μg/mL), FBCC-EP920 (50 μg/mL), and FBCC-EP1014 (100 μg/mL) for 2 h followed by addition of 10 μM ZnPP for 22 h. Then, 200 μM hydrogen peroxide (H2O2) was treated for the last 4 h. (A) The cells were stained using a Muse Oxidative Stress Kit, and (B) ROS+ cell population was analyzed using a Muse Cell Analyzer. (C,D) The indicated concentration (50 μg/mL) of FBCC-EP858, FBCC-EP920, and FBCC-EP1014 were treated to 3 dpf zebrafish larvae for 1 h followed by treatment with 10 μM ZnPP for 1 h. Then, H2O2 (1 mM) was added for 22 h. (C) The larvae were stained using 20 µM DCFDA for 30 min and visualized using a CELENA S Digital Imaging System. (D) The DCFDA fluorescence intensity was calculated using ImageJ. Each value indicates the mean  ±  SEM from three independent experiments. Significant difference: ### p  <  0.001 vs. untreated group (Student’s t-test), *** p < 0.001 vs. H2O2-treated group (one-way ANOVA), and +++ p < 0.001 vs. FBCCs + H2O2-treated group (one-way ANOVA). 
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Table 1. Primer sequences for RT-PCR used in this study.
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Gene (1)

	
Primer Sequence (5′→3′)

	
Size (2)

	
Gene Accession No.






	
Nfr2

	
F: 5′-TGGACGGGACTATTGAAGGC-3′

	
735 bp

	
NM_010902.5




	
R: 5′-GCCGCCTTTTCAGTAGATGG-3′




	
HO-1

	
F: 5′-TGAAGGAGGCCACCAAGGAG-3′

	
375 bp

	
NM_010442.2




	
R: 5′-AGAGGTCACCCAGGTAGCGG-3′




	
GAPDH

	
F: 5′-ACCACAGTCCATGCCATCAC-3′

	
450 bp

	
NM_001411843.1




	
R: 5′-CACCACCCTGTTGCTGTAGC-3′








(1) Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (2) bp, base pairs.
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Table 2. In vitro DPPH radical scavenging activity and total antioxidant activity of three extracts used in this study.
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FBCC No.

	
Con. (μg/mL)

	
DPPH Radical Scavenging Activity (%)

	
Total Antioxidant Activity (Trolox Con., mM)






	
FBCC-EP858

	
0

	
3.7 ± 0.4

	
0.0523 ± 0.0037




	
6.25

	
30.4 ± 0.1

	
0.0803 ± 0.0007




	
12.5

	
48.5 ± 1.3

	
0.1160 ± 0.0003




	
25

	
69.3 ± 2.2

	
0.1180 ± 0.0033




	
50

	
84.6 ± 2.3

	
0.1830 ± 0.0000




	
100

	
94.0 ± 0.3

	
0.2850 ± 0.0037




	
FBCC-EP920

	
0

	
03.9 ± 0.5

	
0.0600 ± 0.0010




	
6.25

	
26.4 ± 2.6

	
0.0810 ± 0.0010




	
12.5

	
47.2 ± 1.8

	
0.0883 ± 0.0017




	
25

	
68.4 ± 3.3

	
0.1540 ± 0.0010




	
50

	
82.5 ± 2.3

	
0.2150 ± 0.0003




	
100

	
94.1 ± 1.7

	
0.3860 ± 0.0013




	
FBCC-EP1014

	
0

	
3.7 ± 0.5

	
0.0003 ± 0.0017




	
6.25

	
31.5 ± 0.8

	
0.0890 ± 0.0010




	
12.5

	
49.2 ± 1.1

	
0.1080 ± 0.0010




	
25

	
67.4 ± 4.2

	
0.1550 ± 0.0003




	
50

	
87.0 ± 1.3

	
0.2270 ± 0.0027




	
100

	
88.2 ± 0.3

	
0.4300 ± 0.0020




	
Ascorbic acid

	
20 (1) or 400 (2) μM

	
53.8 ± 0.3

	
0.1010 ± 0.0003








(1) DPPH radical scavenging activity. (2) Total antioxidant activity.
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