

[image: Anti-Inflammatory Effect of Acetone Extracts from Microalgae Chlorella sp. WZ13 on RAW264.7 Cells and TPA-induced Ear Edema in Mice]
Anti-Inflammatory Effect of Acetone Extracts from Microalgae Chlorella sp. WZ13 on RAW264.7 Cells and TPA-induced Ear Edema in Mice





ORIGINAL RESEARCH

published: 05 July 2022

doi: 10.3389/fmars.2022.920082

[image: image2]


Anti-Inflammatory Effect of Acetone Extracts from Microalgae Chlorella sp. WZ13 on RAW264.7 Cells and TPA-induced Ear Edema in Mice


Longhe Yang 1, Fan Hu 1, Yajun Yan 1, Siyu Yu 1,2, Tingting Chen 1 and Zhaokai Wang 1*


1 Technical Innovation Center for Utilization of Marine Biological Resources, Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China, 2 School of Traditional Chinese Materia Medica, Shenyang Pharmaceutical University, Shenyang, China




Edited by: 

Ahmed M. Sayed, AlMaaqal University, Iraq

Reviewed by: 

Abeer Elmaidomy, Beni-Suef University, Egypt

Yasmeen Ahmed, Nahda University, Egypt

*Correspondence: 

Zhaokai Wang
 wang@tio.org.cn

Specialty section: 
 This article was submitted to Marine Biotechnology and Bioproducts, a section of the journal Frontiers in Marine Science


Received: 14 April 2022

Accepted: 30 May 2022

Published: 05 July 2022

Citation:
Yang L, Hu F, Yan Y, Yu S, Chen T and Wang Z (2022) Anti-Inflammatory Effect of Acetone Extracts from Microalgae Chlorella sp. WZ13 on RAW264.7 Cells and TPA-induced Ear Edema in Mice. Front. Mar. Sci. 9:920082. doi: 10.3389/fmars.2022.920082



Microalgae extracts have a wide range of uses in the field of healthcare and nutrition. However, the use of microalgae extracts in anti-inflammatory properties and their mechanism of action have not yet been fully studied. Here, we show that extracts from Chlorella sp. WZ13 (CSE-WZ13) dose-dependently reduced nitrite production, inhibited the expression of inducible nitric oxide synthase (iNOS) protein, and decreased the production of the gene and inflammatory cytokines tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), in lipopolysaccharide (LPS)-stimulated RAW264.7 cells. Using high-content imaging analysis, it was found that CSE-WZ13 inhibited the translocation of nuclear factor kappa B (NF-κB) from the cytoplasm to the nucleus. CSE-WZ13 also exerted anti-inflammatory effects in an ear edema mouse model induced by 12-O-tetradecanoylphorbol-13-acetate (TPA). CSE-WZ13 inhibited edema by 36.17% and 25.66% at a dose of 0.3 and 0.1 mg/ear, respectively. Histological analysis showed that topical application of CSE-WZ13 decreased TPA-induced inflammatory cell infiltration. Our results indicate that CSE-WZ13 may be a useful candidate for the purpose of decreasing inflammation.
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Introduction

Marine microalgae are rich sources of structurally diverse bioactive compounds due to their physiological ability to adapt to a wide range of marine environmental conditions, some of which are harsh (Carroll et al., 2021). It is estimated that the bioactive compounds found in algae species are 10 times more diverse than that found in taxonomic groups of land plants (Richmond and Hu, 2013). Microalgae produce many biologically active components, such as polyphenols, sulfated polysaccharides, terpenes, fatty acids, phycobilins, carotenoids, vitamins, and several other bioactive substances, which can be utilized as food additives to balance or increase nutrition (Vieira et al., 2020; Balasubramaniam et al., 2021; Ghosh et al., 2022). There are huge development prospects and market demands for microalgae because they or their components can be used to produce nutritious food for the elderly, formula food for unique medical purposes, unique dietary food, health food, and functional food (Vieira et al., 2020). Microalgae bio-products can also be used as topical agents for skin care to enhance the action of dermo-cosmetics and as attractive sources of materials for use in cosmeceutical industries (Berthon et al., 2017; Balasubramaniam et al., 2021; Obaid et al., 2021). A number of microalgae extract-based skin products have already been marketed. Anti-aging moisturizers containing microalgae oil extracted from Chlorella vulgaris have been marketed as anti-wrinkle agents that nourish the skin because of all the vitamins, antioxidants, peptides, phytosterols, and essential fatty acids that are contributed by the algae (Thiyagarasaiyar et al., 2020).

Most reports have indicated that Chlorella sorokiniana is freshwater incubated and the extracts are rich in polyunsaturated fatty acids (PUFAs). It has been reported that the ethanol extract of Chlorella sorokiniana has the ability to inhibit cholinesterases, modulate the disaggregation of β-amyloid fibrils in cell models of Alzheimer’s disease, and the main component of extract of this freshwater incubated microalgae are phenols, steroids, fatty acids, and terpenes as analyzed by GC-MS (Olasehinde et al., 2019). Importantly, Chlorella sorokiniana (UTEX 2805) lipid extracts, which contain unsaturated fatty acids and fatty acid methyl esters, improved short-term memory in rats (Morgese et al., 2016). The extracts also modulated cytokines secretion in sheep peripheral blood mononuclear cells (Ciliberti et al., 2019). G. Sibi also showed that lipid extracts from Chlorella sorokiniana inhibited lipase activity when exposed on antiacne treatment (Sibi, 2015). From a bioassay-guided study, Chou et al. identified a PPARγ-active fraction obtained from Chlorella sorokiniana W87 -10 extracts. This fraction showed typical signals of fatty acids as analyzed by 1H- and 13C-NMR spectra (Chou et al., 2008). Most recently, Lin et al. reported that Chlorella sorokiniana (W87) extract prevented cisplatin-induced myelotoxicity in vitro and in vivo, however, the main components were unrevealed (Lin et al., 2020). Yun and colleagues also reported that Chlorella sorokiniana KNUA114, which was collected from Ulleung Island South Korea, was rich in fatty acids and might potentially be used as biological resources (Yun et al., 2020). Other components from Chlorella sorokiniana extracts are also reported. For instance, polysaccharide exerts immunomodulatory effects in dendritic cells through NF-κB and PI3K/MAPK Pathways (Chou et al., 2012).

Although microalgae have a wide range of applications in functional health foods, drugs, potential manufacturing renewable algae biofuels and industrial chemicals (Camacho et al., 2019; M et al., 2019; Vieira et al., 2020; Jaiswal et al., 2021). However, the different species and different growth regions have great influence on their main material components and biological activities, due to the complex classification of microalgae, (Khan et al., 2018). The aim of the present study was to evaluate an acetone extract (CSE-WZ13), obtained from a seawater incubated strain of Chlorella sp. on the anti-inflammatory activity both in LPS induced RAW264.7 cells and TPA-induced ear edema in mice.



Results


Identification of Chlorella sp. WZ13

The phenotypic characteristics of the WZ13 strain of microalgae are shown in Figure 1A. Small spherical unicellular microalgae with a single chloroplast with a pyrenoid were visible, which was consistent with a previously published description of genus Chlorella (Krienitz et al., 2015). The 18S rRNA gene sequence analysis indicated that the Chlorella sp. WZ13 strain belonged to the genus Chlorella and showed 99.89% sequence similarity to Chlorella sp. IFRPD and Chlorella sorokiniana UTEX2714, followed by Chlorella sorokiniana SAG 211-8k (99.83%), and Chlorella sorokiniana UTEX 2805 (99.83%). Thus, the Chlorella sp. WZ13 strain most likely belongs in the same family as Chlorella sorokiniana.




Figure 1 | Morphology of microalgae Chlorella sp. WZ13 and illustration of the process used to obtain the freeze-dried algal extract (CSE-WZ13). (A) Microscopic observation of Chlorella sp. WZ13 (under mineral oil 100× magnification; scale bar = 10 µm). (B) Extraction steps performed to obtain the freeze-dried extract CSE-WZ13 from Chlorella sp. WZ13.





Extract and Compositional Analysis of Chlorella sp. WZ13

Chemical extraction and pre-fractionation of freeze-dried Chlorella sp. WZ13 were performed as the method reported by Lauritano et al. (Lauritano et al., 2016), and a flowchart of the extraction steps are shown in Figure 1B. We then analyzed the fatty acid composition of this extract by GC. Fatty acids in CSE-WZ13 (Figure 2B) are determined based on 37 component fatty acid methyl ester (FAME) standards mix (C4-C24) purchased from Sigma (Cat. No. 18919-1AMP) (Figure 2A). As shown in Table 1, the extract mainly contained medium long-chain saturated and unsaturated fatty acids. The total saturated fatty acid (SFA) content was 12.6%, which was dominated by palmitic acid (16:0). The total monounsaturated fatty acid (MUFA) content was 28.5%, of which oleic acid (18:1 c9) was the most abundant, at 17.7%. Palmitoleic acid (16:1 c9) was another MUFA present at a high level, at 5.5%. In this extract, the proportion of PUFAs was significantly higher than that of SFA and MUFA, accounting for 36% of the total fatty acid content. Of note, this extract contained 20.9% 9,12-octadecadienoic acid (18:2, t9, t12) and 15.1% linolenic acid (18:3, c6, c9, c12).




Figure 2 | GC analysis of FAMEs standards Mix and CSE-WZ13. (A) Chromatography of 37 component FAMEs standards Mix (C4-C24). (B) Chromatography of FAMEs in CSE-WZ13.




Table 1 | Fatty acid composition of CSE-WZ131.



Detection of free fatty acids by GC requires methylation. Therefore, we don’t know whether the detailed original composition of the fatty acids in CSE-WZ13 is the free fatty acids or fatty acid methyl esters (FAMEs). We then analyzed the crude extraction components of CSE-WZ13 using nuclear magnetic resonance (NMR). The 1H NMR spectrum of CSE-WZ13 showed that most protons represented aliphatic protons in the region between 0.5 and 2.5 ppm. These protons along with the peaks at 5.3 ppm indicated the presence of olefinic protons on unsaturated fatty acids (Figure 3). Since the integrals of methoxy protons and other protons are not proportional, we judged that the crude extracts were still dominated by free fatty acids, while including some FAMEs, with small proportion




Figure 3 | 1H NMR spectrum and profiling of CSE-WZ13.





CSE-WZ13 Reduced Nitrite Production and iNOS Expression in LPS-Induced RAW264.7 Cells

We used LPS-induced RAW264.7 cells to evaluate the biological activity of the extract. We first determined the level of cytotoxicity to RAW264.7 cells by CSE-WZ13. As shown in Figure 4A, the extract was not cytotoxic to RAW264.7 cells up to 30 µg/ml. To assess the anti-inflammatory effects of CSE-WZ13, RAW264.7 cells were treated with various concentrations of the extract ranging from 3 to 30 µg/ml, with dexamethasone (Dex, 5 µg/ml) as a positive control, and the effects of CSE-WZ13 on the production of nitrite in LPS-stimulated RAW264.7 cells were determined by Griess reagent. It was shown that LPS (1 µg/ml) treatment significantly increased the levels of nitrite in the culture medium of RAW264.7 cells. Treatment with CSE-WZ13 (3-30 µg/ml) dose-dependently decreased the levels of nitrite by 71.3%, 46.4%, and 24.8% compared with the group treated only with LPS (Figure 4B). More importantly, the effect of high concentration of CSE-WZ13 (30 µg/ml) on LPS induced nitrite induction was comparable to that of positive control dexamethasone treatment (71.3% vs. 70.0%).




Figure 4 | Effects of CSE-WZ13 (WZ13) and dexamethasone (Dex, 5 µg/ml) on (A) cell viability, (B) LPS-induced nitrite production, and (C) iNOS expression in RAW264.7 macrophages. iNOS expression was calculated based on the vehicle (-)-treated control. Data are presented as mean ± SEM (n=3) in (A, B) ***P < 0.001 compared with vehicle-treated group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with LPS-treated group.



It is known that inducible nitric oxide synthase (iNOS) regulates inflammatory reactions and catalyzes the synthesis of nitrite. Therefore, we further tested the alteration of iNOS protein expression following CSE-WZ13 and dexamethasone treatment in LPS-induced RAW264.7 cells. As shown in Figure 4C, CSE-WZ13 and dexamethasone treatment inhibited LPS-induced iNOS protein expression in a dose concentration-dependent manner. These results provide evidence that CSE-WZ13 inhibited the production of nitrite by suppressing iNOS protein expression in LPS-stimulated RAW264.7 cells.



CSE-WZ13 Decreased the Amounts of Pro-Inflammatory Cytokines and mRNA Expression in LPS-Induced RAW264.7 Cells

To further assess the effects of CSE-WZ13 on the expression of pro-inflammatory cytokines in LPS-treated RAW264.7 cells, we first evaluated the effects of CSE-WZ13 on the expression of TNF-α and IL-6 mRNA expression in LPS-induced RAW264.7 cells. It was shown that LPS treatment significantly increased the TNF-α and IL-6 mRNA expression of RAW264.7 cells. However, treatment with CSE-WZ13 dose-dependently repressed the mRNA expression of TNF-α and IL-6 (Figures 5A, B). We further quantitated the cytokines of TNF-α and IL-6 in the culture medium by enzyme-linked immune sorbent assay (ELISA) assays. As show in Figures 5C, D, CSE-WZ13 significantly reduced TNF-α and IL-6 factors which increased by LPS treatment in a dose dependent manner. Although dexamethasone treatment at 5 µg/ml showed significant anti-cytokines effects among these administration groups, which was comparable to CSE-WZ13 at 30 µg/ml, and even had a more pronounced inhibitory effect on TNF-α production. These results indicated that CSE-WZ13 suppressed the expression of these pro-inflammatory mediators in LPS-treated RAW264.7 cells.




Figure 5 | Anti-inflammatory effects of CSE-WZ13 (WZ13) and dexamethasone (Dex, 5 µg/ml) on RAW264.7 cells. The mRNA expression of TNF-α (A) and IL-6 (B) in LPS-treated RAW264.7 cells. Pro-inflammatory mediators TNF-α (C) and IL-6 (D) in the supernatant of LPS-treated RAW264.7 cells. Data are presented as mean ± SEM (n=3) ***P < 0.001 compared with the vehicle-treated group, #P < 0.05, ##P < 0.01, ###P < 0.001 compared with the LPS-treated group.





CSE-WZ13 Inhibited Cytosolic to Nuclear Translocation of NF-κB

Given the NF-κB signaling that occurs during the regulation of cytokine production, we tested the hypothesis that CSE-WZ13 modulates NF-κB in the cytosolic to nuclear translocation in LPS-induced RAW264.7 cells. We used a high-content screening system to image the NF-κB p65 subunit in RAW264.7 cells. As shown in Figures 6A, B, NF-κB is located in the cytosol in vehicle- and CSE-WZ13-treated cells. However, LPS treatment induced NF-κB translocation from the cytosol to the nucleus in most of the cells. CSE-WZ13 treatment dose-dependently inhibited NF-κB translocation from the cytoplasm to the nucleus. These results suggest that CSE-WZ13 inhibited NF-κB activation in RAW264.7 cells.




Figure 6 | CSE-WZ13 inhibited the translocation of NF-κB from the cytoplasm to the nucleus in LPS treated RAW264.7 cells. (A) Representative pictures from the DAPI (Hochest 33342) and FITC (NF-κB p65) channel, the red arrows show the entry of NF-κB p65 into the nucleus. (B) The average pixel intensity was measured in the nucleus and cytoplasm of each cell, and a translocation value was calculated by NUC/CYT. Data are presented as mean ± SEM (n=8) ***P < 0.001 compared with the vehicle-treated group, #P < 0.05, ###P < 0.001 compared with the LPS-treated vehicle group.





CSE-WZ13 Inhibited TPA-Induced Ear Edema in Mice

Based on the anti-inflammatory action of CSE-WZ13 in LPS-stimulated RAW264.7 cells, we then examined the effect of CSE-WZ13 in vivo. We used TPA to establish mouse ear swelling and then evaluated skin inflammation by ear weight and histology analysis. Dexamethasone (0.1 mg/ear) treatment as positive control. After topical treatment of TPA, mouse ear tissue edema was intense as determined by the increase of ear weight, when compared to vehicle-treated control ear (Figure 7F). It was observed that topical treatment of 0.1 mg/ear dexamethasone (Dex), 0.3 and 0.1 mg/ear CSE-WZ13 significantly reduced auricle edema by 60.99%, 40.85%, and 28.82%, respectively (Figure 7E). Histological analysis of the TPA treated ears uncovered a significant increase in dermis thickness which was accompanied by a large number of inflammatory cells infiltration. Connective tissue loosening and fibers from extracellular matrix disorganization were also observed (Figure 7B) when compared to vehicle-treated ear (Figure 7A). The ears topically treated with 0.1 mg/ear Dex positive control (Figure 7C), 0.3 and 0.1 mg/ear CSE-WZ13 (Figures 7D, E) showed lower dermis thickness and a significant reduction in inflammatory cells infiltration when compared to the TPA treated ear (Figure 7B).




Figure 7 | CSE-WZ13 inhibited ear edema in mice treated with TPA. Representative images of histological transversal cuts of mouse ears and analysis of alterations induced by (A) vehicle, (B) TPA, (C) 0.1 mg/ear dexamethasone (Dex), (D) 0.3 mg/ear CSE-WZ13, and (E) 0.1 mg/ear CSE-WZ13; (F) ear edema as measured by ear weight. Data are presented as mean ± SEM (n=8) ###P < 0.001, ##P< 0.01 compared with vehicle-treated group.






Discussion

The active constituents of marine microalgae include fatty acids, carotenoids, polysaccharides, polyphenols, and proteins. In the current study, a resin that mainly adsorbs non-polar substances was used to fractionate the acetone extract from marine microalga Chlorella sp. WZ13. Consistent with previous studies (Chou et al., 2008; Iglesias et al., 2019), the extracts were mainly composed of fatty acids, according to the 1H-NMR spectrum (Figure 3). However, the types of free fatty acids produced by different marine microalgae were quite different, which also deeply affected the biological activity of the marine microalgae extracts. As reported by Chou et al. (Chou et al., 2008), the main constituent of fatty acid from CE 3-3 was saturated fatty acid C16:0, which relative proportion was about 43.6%. In this study, we found that the main contents of fatty acids from CSE-WZ13 were unsaturated fatty acid as linoleic acid (C18:2, 20.9%), oleic acid (C18:1, 17.7%), and linolenic acid (C18:3, 15.1%). The proportion of saturated fatty acids was very small, and C16:0 only accounted for about 12.6% (Table 1). However, we can’t rule out a small proportion of the pharmacological effects of FAMEs, since it can be indentified in 1H NMR. In future research, more separation and analysis methods should be applied to determine the detailed derivatives of the original methylesterification products in CSE-WZ13.

PUFAs are very important for maintaining human health, preventing heart disease, and inhibiting tumor cell growth through anti-oxidation and anti-inflammation (Remize et al., 2021). PUFAs derived from microalgae are considered to be excellent substitutes for deep-sea fish oil, which can satisfactorily relieve inflammation. However, we did not detect the presence of a large amount of docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA) in CSE-WZ13 (Table 1). Therefore, the abundant linoleic acid and linolenic acid in the acetone extract may contribute to the observed biological activity. The beneficial physiological effects of linoleic acid and linolenic acid on the inflammatory response have been widely recognized (Wen et al., 2019; Marangoni et al., 2020). They can regulate the production of inflammatory cytokines, including IL-6, TNF-α, and IFN-γ, which may be related to the activation of nuclear transcription factor PPAR-γ (Bassaganya-Riera et al., 2004).

Inflammation is a complicated response to infection, injury, and stress. Macrophages are the most widely distributed and dominant immune cells in the body and play a crucial role in innate and adaptive immune responses, including inflammation. Normally, macrophages have a beneficial protective role in acute inflammation. However, chronic inflammatory responses induced by endotoxins and inflammatory mediators in macrophages lead to overproduction of inflammatory mediators such as cytokines and chemokines. These results were involved in the development of chronic inflammatory diseases, including allergies, chronic pain, atherosclerosis, rheumatoid arthritis, neurological disorders, diabetes, and lung diseases (Meizlish et al., 2021). The RAW264.7 cell line was established from Abelson murine leukemia virus-induced tumors and is easily propagated and suitable for in vitro culture. LPS is a component of Gram-negative bacteria and induces the secretion of pro-inflammatory mediators by binding toll-like receptor 4 and activating a number of intracellular signaling pathways. Therefore, LPS-stimulated macrophage models have been widely used to study the anti-inflammatory effects of candidate substances (He and Ma, 2020; Jin et al., 2020). In the present study, LPS-induced RAW264.7 macrophages were used to evaluate the anti-inflammatory effects of CSE-WZ13. LPS stimulates macrophages to produce large amounts of iNOS, which induces nitric oxide (NO) production (Orecchioni et al., 2019). Nitrites are extensively involved in the regulation of physiological functions and the development of pathological processes. iNOS is the rate-limiting enzyme for NO synthesis. Over-expression of NO and iNOS is significantly correlated with the progression of various inflammatory diseases. CSE-WZ13 pretreatment inhibited LPS-induced NO production by RAW264.7 cells (Figure 4B) as well as iNOS (Figure 4C) expression. These results suggested that CSE-WZ13 exerted an anti-inflammatory effect on the LPS-induced inflammatory response. In the inflammatory response, membrane recognition receptors on the surface of macrophages are stimulated by LPS to activate the inflammatory pathway and produce pro-inflammatory cytokines (Viola et al., 2019). In many chronic inflammatory diseases, such as rheumatoid arthritis (Chen et al., 2019), osteoarthritis (Chow and Chin, 2020), and psoriasis (de Alcantara et al., 2021), inflammatory factors such as IL-6 and TNF-α are significantly elevated. Blockade of IL-6 and TNF-α by antibodies has been shown to be effective in the treatment of these diseases (Senolt, 2019; Pandolfi et al., 2020). In the current study, we examined whether CSE-WZ13 inhibits the LPS-induced production of cytokines. The results showed that CSE-WZ13 pretreatment dose-dependently inhibited LPS-induced TNF-α and IL-6 production in RAW264.7 cells (Figure 5).

Oxidative stress is an important factor in inflammatory lesions that appear in several diseases, and the NF-κB signaling pathway is one of the major pathways in the inflammatory signal transduction pathway (Kunnumakkara et al., 2020). NF-κB includes five components, p65 (RelA), p50/p105, p52/p100, c-Rel, and Rel-B, which form various heterodimers or homodimers. Under normal conditions, NF-κB exists as an inactive heterotrimer, including p50, p65 (Rel A), and IκB, in the cytosol. Once stimulated by LPS, cytokines, or stress, IκB phosphorylates dissociate from NF-κB. Thus, NF-κB translocates into the nucleus, attaches to specific DNA-binding elements, and induces the expression of inflammatory genes such as iNOS and other pro-inflammatory cytokines such as IL-6 and TNF-α. Therefore, inhibition of the NF-κB signaling pathway is one of the main targets for the treatment of inflammatory diseases (Tasneem et al., 2019). Here, a high-content image was obtained to confirm that pretreatment with CSE-WZ13 in RAW264.7 cells significantly inhibited LPS-induced translocation of NF-κB p65 subunits to the nucleus (Figure 6). Thus, the production of IκB reduced the nuclear transcription of NF-κB and downregulated the expression of pro-inflammatory factors and the inflammatory response.

TPA is a common inflammatory mediator that is involved with vascular permeability alteration, macrophage activation, inflammatory cell aggregation, and pro-inflammatory mediator secretion (Yang et al., 2015). In this experiment, we used quality difference analysis and HE staining and observed that the degree of swelling, induced by TPA, of inflamed mouse ears was significantly higher than those of vehicle ears, which indicated a successful modeling. A single topical treatment of CSE-WZ13 at concentrations of 0.3 mg/ear significantly reduced the ear swelling induced by TPA (Figure 7). This inhibitory effect was accompanied by a reduction in inflammatory cells infiltration as revealed by histological analysis. The doses we used in this paper (0.3mg and 0.1mg/ear) showed moderate activity compared to the reference drug dexamethasone (0.1 mg/ear) in this paper and reported by other research groups (Ascari et al., 2019; Rocha et al., 2020).

Marine microalgae extracts play an important role in host immune regulation and inflammation-related diseases, and therefore, such extracts have great application values and research prospects in the medical field (Riccio and Lauritano, 2019). However, the main chemical composition and regulation mechanisms of microalgae extracts are still unclear. Our experiments provide information that is beneficial for many research fields.

In conclusion, we have described the main chemical composition of CSE-WZ13 were medium long-chain saturated and unsaturated fatty acids which were preliminarily clarified through nuclear magnetic resonance (NMR) and gas chromatography (GC) analysis. The CSE-WZ13 biological activity was first examined by conducting in vitro experiments with LPS stimulated RAW264.7 cells and showed that it inhibited the expression of inducible nitric oxide synthase (iNOS) protein, and decreased the production of the inflammatory cytokine tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6). Moreover. CSE-WZ13 inhibited the translocation of NF-κB from the cytoplasm to the nucleus in LPS stimulated RAW264.7 cells. Finally, CSE-WZ13 also inhibited era edema in TPA induced mouse era inflammatory model. Our results indicated that CSE-WZ13 may be a candidate additive for anti-inflammatory foods. In-depth studies on anti-inflammatory mechanisms, optimal dosage, safety, and metabolic transformation will provide additional valuable data and are worthy of being carried out.



Materials and Methods


Microalgae Cultivation

Chlorella sp. WZ13 was isolated from Xinglin Bay, Xiamen, China, by the enrichment technique on the f/2 culture medium and was deposited in the Marine Medicinal Organism Germplasm Resources Bank of Third Institute of Oceanography (MMOGRB0046). Whole-genome shotgun sequencing was performed using a Nanopore platform at the Beijing Genomic Institute (BGI, Shenzhen, China). Wtdbg2 was used for fast and accurate long-read genome assembly (https://github.com/ruanjue/wtdbg2). The predicted 18s RNA sequences were extracted from the genome sequence by Rfam 12.0+ (http://rfam.xfam.org/), and then blasted against the nt database. To grow it, we used f/2 culture medium, which contained 10 g/L of glucose, 2 g/L of tryptone, 1 g/L of yeast extract, and 1 g/L of bacteriological peptone supplement, and then adjusted the medium to 15% salinity by mixing seawater and distilled water. The pH of the prepared nutrient medium was adjusted to 6, and then the medium was sterilized at 115°C for 30 min. Under aseptic conditions, pure algae were selected from a culture plate, inoculated into 100-mL medium, and cultured at 25°C and 120 rpm in a dark environment for 3–5 days.

When microalgae growth was evident, the culture was used as a seed liquid that was inoculated into 3000 mL of medium and grown at 25°C with 200 rpm magnetic stirring for 8–10 days. To collect the wet algae, the culture medium was centrifuged at 8000 rpm for 10 min, and the pellet was then weighed. The wet algae were freeze-dried at −80°C for 3 days, and the algae powder was maintained at −80°C until extraction.



Preparation of Extract

The extraction of CSE-WZ13 and pre-fractionation were performed as previously reported, with minor changes (Lauritano et al., 2016). Briefly, 1 g of freeze-dried microalgae was added to 5 ml of distilled water and sonicated for 3 min at maximum intensity on ice. Next, 5 mL of acetone was added, and the liquid was incubated for 50 min at room temperature on an orbital shaker. The acetone was then evaporated under a nitrogen stream, and 1 g of Amberlite® XAD16N (Sigma-Aldrich, Shanghai, China) polymeric adsorbent resin was added to bind the non-polar solute from the water. After 50 min of mixing at room temperature, the sample was centrifuged at 5000 x g for 15 min. After elution with 10 ml of water, the resin pellet was washed with 5 ml of acetone. The acetone elution containing the microalgae extract was collected, freeze-dried after nitrogen stream evaporate acetone, and stored at −20°C until bioactivity screening. The yield of CSE-WZ13 was 67.1 mg (voucher number: CACC0046). The extract was diluted in dimethyl sulfoxide (DMSO) for use in cell culture assays.



NMR (Nuclear Magnetic Resonance) Analyses of CSE-WZ13

The extraction of CSE-WZ13 was dissolved in 500 μL CDCl3 and transferred into a 5 mm NMR tube for identification of compounds. NMR experiments were performed using 1H NMR (BRUKER AVANCE III 600 MHz HD NMR spectrometer) equipped with BBO probe at 300 K. A 1H-NMR spectrum was recorded with chemical shift in parts per million (ppm) from tetramethylsilane (TMS) as an internal standard.



Hydrolysis and Esterification of Lipids

The extracted CSE-WZ13 was mixed with 2 mol/L KOH methanol solution at 80 °C for hydrolysis with 70 Hz ultrasonic for 2 h. After cooling, 3 mL 50% boron trifluoride (BF3)-methanol solution was added in and ultrasonic hydrolyzed at 70 Hz for 2 h at 60°C. The mixture was treated with 3 mL hexane to extract fatty acid methyl esters. The lipid layer was separated from methanol by centrifugation at 5000 rpm for 5 min. The organic phase was then collected and dried under nitrogen flow. Dried fatty acid methyl esters were re-dissolved in 1 mL hexane and loaded into a 1.5 mL vial for further gas chromatography (GC) analyses.



Gas Chromatography (GC) Analyses

The fatty acid methyl esters were identified using GC (Agilent) equipped with a capillary column (Agilent CP SIL 88, 0.25 μm x 0.25 μm x 100 m). Briefly, initial temperature was set at 100°C and held for 5 min. Temperature increased from 100 to 180°C at a rate of 8°C min-1 and held for 9 min on reaching 180°C. Temperature was further increased from 200 to 230°C at a rate of 1°C min-1 and held for 15 min on reaching 230°C. He was chosen as the carrier gas with a flow rate of 40 mL/min. The detector gas flow rate was set as 400 mL/min for air and 40 mL/min for H2. Data were compared with the standard FAME mix (C4-C24) purchased from Sigma (Cat. No. 18919-1AMP).



RAW264.7 Cell Culture and Treatment

RAW264.7 mouse macrophage cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and antibiotics (100 units/mL of penicillin and 100 µg/mL of streptomycin) and maintained in a humidified 5% CO2 incubator at 37°C. For the experiment, RAW264.7 cells were seeded overnight into 24-well plates, with 1 × 105 cells per well. The next day, the cells underwent lipopolysaccharide (LPS) treatment (1 μg/ml) and were then incubated with fresh culture medium containing the indicated concentration of the compounds for 30 min. Cells were treated with vehicle (DMSO, 0.1%) as the control.



Nitrite and Cytokines Quantification

The concentration of nitrite in the culture medium was determined by a Griess Reagent Kit (Thermo Fisher, Shanghai, China). Briefly, 75 μL of cell culture supernatants were reacted with 65 μL of distilled water and 10 μL of Griess reagent for 30 min at room temperature, and the absorbance of the diazonium compound was obtained at a wavelength of 560 nm.

Mouse TNF-α and IL-6 in Raw264.7 cells supernatant were measured by Valukine™ ELISA kit (R&D Systems, Cat no. VAL609 and VAL604, Shanghai, China) according to manufacturer protocols.



RNA Isolatation and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from RAW264.7 cells using TRIzol reagent (Life technologies, Carlsbad, CA, USA) following the manufacturer’s protocol. cDNA was synthesized from 1µg mRNA by ReverTra Ace®qPCR RT Master Mix (Toyobo, Shanghai, China) according to the manufacturer’s protocol. Finally, qRT-PCR was quantified on a Roche LightCycler 96 system by using Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen, Shanghai, China), and the relative mRNA expression of each gene were calculated using the 2−ΔΔCT method and normalized to GAPDH. The first-stranded cDNA was amplified using the following primers: TNF-α, 5’-GTAGCAAACCACCAAGTGGAGG-3’(forward) and 5’-CA GCCTTGTCCCTTGAAGAGAA-3’ (reverse); IL-6, 5’-AATT AAGCCTCCGACTTGTGAAG-3’(forward) and 5’-CTTCCAT CCAGTTGCCTTCTTG-3’ (reverse); GAPDH, 5’ACCACGAG AAATATGACAACTCCC-3’ (forward) and 5’-CCAAAGTTGT CATGGATGACC-3’ (reverse).



NF-κB Nuclear Translocation Assay

The NF-κB nuclear translocation assay was conducted as previously reported (Niu et al., 2020). Briefly, RAW264.7 cells were seeded at 2 × 104 cells/well in 96-well plates in DMEM medium containing 10% FBS and antibiotics (100 units/mL of penicillin and 100 µg/mL of streptomycin) overnight at 37°C in a humidified 5% CO2 incubator. After LPS challenge (1 μg/ml) for another 60 min, the cells were treated with CSE-WZ13 or vehicle (DMSO) for 30 min. Cells were then fixed with 4% paraformaldehyde for 15 min at room temperature (RT). Cells were washed once with phosphate-buffered saline (PBS) and incubated at RT for 5 min in 100 μl of 0.1% Triton X-100/PBS. Cells were stained with primary rabbit anti-NF-κB-p65 polyclonal antibody (Cell Signaling Technology, Shanghai, China) at a dilution ratio of 1:400 in PBS and then incubated for 60 min at RT. Cells were washed and stained with Alexa Fluor 488 conjugate goat anti-rabbit IgG (H+L) secondary antibody (Cell Signaling Technology, Shanghai, China) at a final concentration of 2 μg/mL in PBS containing 1 μg/mL Hoechst 33342 for 1 h in the dark.

Plates were washed and maintained in PBS and imaged with a Cellomics ArrayScan VTI High-Content Screening Reader (Thermo Fisher) using 4’,6-diamidino-2-phenylindole (DAPI) and fluorescein isothiocyanate (FITC) channels at 10 × magnification. Four fields were captured for each well. Images were analyzed using HCS Studio: Cellomics Scan Version 6.6.0 software (Thermo Fisher).



12-O-Tetradecanoylphorbol-13-Acetate (TPA)-Induced Ear Edema in Mice

Ear edema in mice was induced by TPA according to a previously reported protocol (Yang et al., 2015). Briefly, male C57BL6/J (22–25 g) mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd. and housed with food and water ad libitum at a temperature of 22°C, 70% humidity, and 12-h light/dark cycles. All animal experiments were conducted in accordance with the Association for Research at the Third Institute of Oceanography, Statement for the Use of Animals in Pharmacological Research guidelines and were approved by the Experimental Animal Ethics Committee of the Third Institute of Oceanography, Ministry of Natural Resources under license number TIO-IACUC-04-2020-06-22.

TPA (0.03% in acetone, 20 μL) was applied to the external and internal ear, and the same volume of acetone was applied to the matched right ears as a control. CSE-WZ13 was dissolved in acetone at 1.5% and 0. 5% (w/v) and then applied 20 μL topically on both ears which equal to 0.3 and 0.1 mg/ear. Dexamethasone treatment (0.1 mg/ear) as positive control. After 30 min, the TPA solution was administered, and 3 h after inflammatory agent administration, the mice were euthanized by cervical dislocation. Circular sections 8 mm in diameter were taken from both the treated (t) and non-treated control ears (ctrl) using an Electric Animal Ear Punch (YLS-25A, Ji’nan, Shandong, China). Ear tissues were immediately weighed to assess edema and subsequently immersed in 4% paraformaldehyde solution for hematoxylin and eosin (H&E) assay. Ear edema was obtained as:

	



Histological Analysis

After mouse ear tissues were fixed in 4% paraformaldehyde for 1 day, they were dehydrated in a series of ethanol solutions and then embedded in paraffin. Next, the tissues were cut into 5 μm thick sections by using a Leica SM2010 R sliding microtome (Shanghai, China) and were then stained with H&E after deparaffinization with xylene. Images were obtained with a light microscope (Nikon, Shanghai, China).



Data Analysis

All data are expressed as the mean ± SEM (standard error of the mean), and statistical significance was evaluated by using an analysis of variance (ANOVA), followed by Dunnett’s test for multiple comparisons. Values were considered significant at p ≤ 0.05.
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