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Abstract

:

Marine-derived extract and/or bioactive compounds have attracted increasing demand due to their unique and potential uses as cures for various inflammation-based diseases. Several studies revealed anti-inflammatory candidates found in soft corals. However, the effects of soft corals on inflammation in an in vivo model remain to be determined. Therefore, the extract of soft coral Dendronephthya puetteri (DPE) was investigated for an in vivo anti-inflammatory effect in a lipopolysaccharide (LPS)-stimulated zebrafish model to determine its potential use as a natural anti-inflammatory agent. We also investigated whether DPE has toxic effects in a zebrafish model. No significant changes were observed in terms of survival, heart beat rate, or developmental abnormalities in the zebrafish embryos exposed to a concentration below 100 µg/mL of DPE. Treating the zebrafish model with LPS-treatment significantly increased the ROS, NO generation, and cell death. However, DPE inhibited this LPS-stimulated ROS, NO generation, and cell death in a dose-dependent manner. In addition, DPE significantly reduced the mRNA expression of both iNOS and COX-2 and markedly suppressed the expression levels of the proinflammatory cytokines, TNF-α and IL-6, in an LPS-stimulated zebrafish model. These findings demonstrate that DPE has profound anti-inflammatory effect in vivo, suggesting that DPE might be a strong natural anti-inflammatory agent.
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1. Introduction


Inflammation is a complex stereotypical response of the body to cell damage and tissue vascularization. However, excessive and uncontrolled inflammation is detrimental to all tissues, as it may cause a variety of inflammatory disorders and human diseases [1,2,3]. Therefore, inhibition of excessive inflammation is important for reducing the risk of inflammation-derived diseases. In addition, recently, skin therapeutics highlight combinational treatment, like the use of moisturizers, antibiotics, and anti-inflammatory agents, for the treatment of skin inflammation [4]. Hence, for the development of anti-inflammatory therapeutics, interest in the discovery of natural products has risen exponentially, and there has also been increasing awareness of the benefits of natural anti-inflammatory properties.



Many marine organisms have unique structures that are not found in terrestrial organisms. Of these marine organisms, marine invertebrates have emerged as a focus for research due to their diverse chemical structures and interesting biological activities. Soft corals are a group of colonial invertebrates that form a set of marine organisms that occur widely in the coral reefs throughout the world [5,6]. Among the Alcyonacean soft corals, the genus, Dendronephthya, is one of the most widely distributed soft corals genera throughout the tropical coastal water of the Indian Ocean, Pacific Ocean, and that around Southeast Asia [7]. Dendronephthya species have been recognized as rich sources of novel and diverse chemical structures with a broad spectrum of bioactive functionalities [8,9,10]. Recently, the number of Alcyonacean soft coral populations in the sea of Jeju Island, Korea’s southernmost island, has been increasing due to tropical weather. Several studies have recently demonstrated that Dendronephthya species collected from Jeju Island display a range of biological activities [11,12,13]. Although such results indicate the potential of the soft coral Dendronephthya species as natural bioactive candidates, Dendronephthya puetteri collected from the sea of Jeju Island has not been extensively studied in terms of toxicity and anti-inflammatory activities in an in vivo model.



The vertebrate zebrafish (Danio rerio) is a small tropical freshwater fish, which has emerged as a useful vertebrate model organism because of its small size, large clutches, transparency, low cost maintenance, and morphological and physiological similarity to mammals [14,15]. Owing to these advantages, the value of the zebrafish as a model organism for in vivo drug toxicity and efficacy studies has recently come to be recognized [16,17,18]. In addition, the optical transparency of zebrafish embryos allows for noninvasive and dynamic imaging of the inflammation in vivo. Therefore, zebrafish are a useful and popular animal model for a variety of inflammation studies. In in vivo anti-inflammation test models, examining zebrafish is widely accepted as the best method for effective anti-inflammation assay [19,20,21]. Therefore, in this study, extract of soft coral Dendronephthya puetteri (DPE) was investigated to identify in vivo anti-inflammatory effects in zebrafish model for its potential use in natural anti-inflammatory agent. The developmental toxicity potential of DPE was also evaluated in a zebrafish model.




2. Results


2.1. Effect of DPE on Survival Rate, Heart Beat Rate, and Morphological Changes in Zebrafish Embryo


To determine the toxicity of the DPE, in this study, we observed the survival rate, heart beat rate, and morphological changes in zebrafish embryos following exposure to different concentrations of DPE. As shown in Figure 1A, 1, 10, and 100 µg/mL of DPE did not significantly cause zebrafish embryo death according to assay. Mortality was caused after exposure to 200 and 400 µg/mL of DPE at two days post-fertilization (dpf), respectively (Figure 1A). Notably, 400 µg/mL of DPE caused approximately 40% embryo mortality at 2 dpf. We did not investigate the zebrafish embryos of 200 and 400 µg/mL for further analyses due to the fact that the lethal toxicity was too high. In the heart beat rate test, there was no significant change in heart beat rate compared to control, indicating that there was no toxicity at the tested concentrations (Figure 1B).



To examine the morphologic defects caused by DPE, the developmental abnormalities of zebrafish embryos exposed to DPE were analyzed at 24 and 48 hpf. As shown in Figure 2, no morphological abnormalities in zebrafish embryos were observed at the tested concentrations of DPE, indicating that DPE did not any lead to any toxic effects on the developmental stages of zebrafish embryos. However, upon exposure to 0.1 µM retinoic acid at 24 and 48 hpf, several developmental abnormalities were observed, including general retardation, helical tail, and eye alteration.




2.2. Effect of DPE on Cell Death in Zebrafish Embryos


To evaluate whether DPE has a toxic effect on the cells, zebrafish embryos were treated with DPE for 72 h, and cell death was then measured via acridine orange staining assay. DPE was not exerting any cytotoxic effects at the indicated concentrations (25, 50, and 100 µg/mL) in zebrafish embryos (Figure 3). Based on the results of the preliminary studies, we selected the DPE concentrations as 25, 50, and 100 µg/mL for further experimentation.




2.3. In Vivo Effect of DPE on LPS-Induced ROS Generation


We investigated LPS-induced ROS generation in zebrafish embryos using oxidation sensitive fluorescent probe dye, DCF-DA. Figure 4 shows the protective effect of DPE on LPS-induced ROS generation. The control, which contained no LPS or DPE, generated a clear image, whereas embryos treated only with LPS generated fluorescent images, suggesting that the generation of ROS took place in the presence of LPS in the zebrafish embryos. However, when the zebrafish embryos were treated with DPE prior to LPS treatment, a dose-dependent reduction in the generation of ROS was observed.




2.4. In Vivo Protective Effect of DPE on LPS-Induced Cell Death


The protective effect of DPE on LPS-induced cell death is shown in Figure 5. Cell death in zebrafish embryos was significantly elevated by LPS treatment as compared to cell death in non-LPS treated zebrafish embryos. However, the LPS-induced cell death in DPE-treated zebrafish embryos was significantly reduced in a dose-dependent manner.




2.5. In Vivo Effect of DPE on LPS-Induced NO Production


The effect of DPE on LPS-induced NO production is shown in Figure 6. Stimulation of the zebrafish embryos with LPS resulted in the enhancement of NO production. However, pretreatment of zebrafish embryos with the DPE significantly decreased the NO production in a dose-dependent manner.




2.6. In Vivo Effect of DPE on LPS-Induced Expression of Inflammatory Mediators and Pro-inflammatory Cytokines


As shown in Figure 7, treatment with DPE significantly suppressed the mRNA expression of LPS-induced iNOS (Figure 7A) and TNF-α (Figure 7C) in a dose-dependent manner, while COX-2 (Figure 7B) and IL-6 (Figure 7D) mRNA expression significantly reduced relative to the only LPS-treated group treated at all concentrations. Especially, DPE at 100 µg/mL completely suppressed iNOS and TNF-α mRNA expression, whereas the DPE had less effect on the expression of COX-2 and IL-6 mRNA. The downregulation of inflammatory mediators and pro-inflammatory cytokines expression explains the ability of DPE to reduce inflammation in LPS-stimulated zebrafish embryos.





3. Discussion


Several studies have revealed the anti-inflammatory properties of soft corals [22,23,24]. However, to date there has been a lack of information regarding the anti-inflammatory activities and toxicity of soft corals in in vivo models for their potential use as a natural anti-inflammatory agent. Recent studies have reported that zebrafish was used to rapidly and simply assess anti-inflammatory activity against LPS-stimulated inflammation and toxicity [17,20]. Hence, the aim of the present investigation was to evaluate the toxicity and anti-inflammatory effect of DPE in the zebrafish embryo in vivo model.



A significant reduction in the survival rate following exposure to 200 and 400 µg/mL of DPE at 2 dpf was observed in our study. However, 1, 10, and 100 µg/mL of DPE did not significantly cause zebrafish embryo death. Therefore, we did not investigate the zebrafish embryo of 200 and 400 µg/mL for further analyses due to the fact that the lethal toxicity was too high. The heart is one of the first functional organs developed in zebrafish, and the heart beat rate is an important toxicology end point in embryonic testing, so the measurement of heart beat rate is also an important variable of interest in assessing cardiac toxicity [25]. Our results showed that exposure to DPE did not affect the heart beat rate of zebrafish embryo and that there was no significant change compared to the control, indicating that there is no toxicity at the tested concentrations. Based on the toxicological outcomes obtained from our study, we explored the developmental toxicity of DPE through observing the morphologic defects in zebrafish embryos. In toxicity syndromes, morphological alterations usually follow molecular and biochemical changes [26]. Our results showed that no morphological abnormalities in zebrafish embryos were observed at the tested concentrations of DPE. These results clearly show that DPE did not have any toxic effects on the developmental stages of the zebrafish embryos.



A high ROS level induces oxidative stress, which can result in the development of a variety of cell or tissue injuries associated with degenerative diseases, including inflammation. Our results showed that treating zebrafish embryos with LPS-treatment significantly increased ROS levels. However, DPE inhibited this LPS-induced ROS generation. Such cellular damage frequently impairs metabolic function and results in cell death [27]. In the present study, we found that DPE protected against LPS-induced cytotoxic effects in zebrafish embryos. These findings indicate that DPE might confer important protection against the skin inflammation and cellular damage induced by the inhibition of oxidative stress induced by ROS generation.



NO is an important inflammatory mediator that is synthesized from arginine by nitric oxide synthase (NOS). Under pathological conditions, NO production is increased by the inducible NOS (iNOS), subsequently leading to cytotoxicity and tissue damage [28]. Therefore, NO inhibitors are essential for the prevention of inflammatory diseases. Previous studies have indicated that the extract of soft coral D. puetteri collected from Jeju Island suppressed NO generation in murine macrophage cells [11]. In the present study, we found that DPE also significantly reduced the elevated NO level induced by LPS-treatment in zebrafish embryos. The previous and present results indicate that DPE alleviated inflammation by inhibiting NO generation.



Inflammatory responses are mediated via a complex system of signaling pathways. Inflammatory mediators, including iNOS and COX-2, produce a large amount NO, which is involved in many chronic diseases associated with inflammation [29]. Thus, reducing the levels of iNOS and COX-2 may be an effective strategy for preventing inflammatory disorders. Presently, the overexpression of iNOS and COX-2 mRNA was observed in LPS-stimulated zebrafish embryos and significantly reduced by DPE. Especially, 100 µg/mL of DPE completely suppressed iNOS mRNA expression, while the DPE had less effect on the expression of COΧ-2 mRNA. Therefore, we suggest that the low amount of NO production can be attributed to the strongly inhibited expression of iNOS caused by the presence of DPE. Deregulated production of pro-inflammatory cytokines, such as TNF-α and IL-6, causes many inflammatory diseases [30,31,32]. In addition, previous studies have demonstrated that the expression of iNOS is stimulated by pro-inflammatory cytokines, such as TNF-α [33]. We presently observed that DPE significantly inhibited the expression of pro-inflammatory cytokines TNF-α mRNA in LPS-stimulated zebrafish embryos, but showed less effect on IL-6 mRNA expression, suggesting that the inhibition of the iNOS/NO pathway by DPE is potentially associated with the attenuation of TNF-α and less mediated by reducing IL-6 expression.



In conclusion, the present study demonstrates that DPE has strong anti-inflammatory activity by inhibiting NO and down-regulating the expression of iNOS and pro-inflammatory cytokines TNF-α in an LPS-stimulated inflammatory zebrafish model, and also by protecting against oxidative stress. This outcome can help explain the potential anti-inflammatory activity of DPE, which may be a strong anti-inflammatory agent that could be useful in treating inflammatory diseases. This provides an impetus to carry out further purification and isolation of these bioactive principals to evaluate their specific bioactive functionalities and potential for the development of therapeutic agents.




4. Materials and Methods


4.1. Preparation of the Soft Coral Dendronephthya puetteri Extract (DPE)


Soft coral D. puetteri were collected from the coast of Jeju Island, Korea, and were identified by Jeju Biodiversity Research Institute, Jeju Technopark. Following surface disinfection with 70% ethanol spray to kill the surface attached microorganisms, the samples were washed with tap water to remove any surface attachments and debris. The samples were then lyophilized and ground to form a powder. Each 20 g sample of the soft coral lyophilized powder underwent extraction using 2 L of 70% ethanol at 25 °C for 24 h. Extraction was carried out three times for each sample. Finally, the filtered extracts were concentrated using a rotary evaporator under vacuum.




4.2. Origin and Maintenance of Parental Zebrafish


Adult zebrafish were obtained from a commercial dealer (Seoul aquarium, Seoul, Korea) and 10 fishes were kept in a 3 L acrylic tank with the following: At 28.5 °C under a 14:10 h light:dark cycle. The zebrafish were fed three times a day, six days/week, with tetramin flake food supplemented with live brine shrimps (Artemia salina; SEWHAPET food Co., Seoul, Korea). Embryos were obtained through natural spawning that was induced in the morning by turning on the light. The collection of embryos into petri dishes was completed within 30 min.




4.3. Measurement of Embryo Toxicity


Zebrafish embryos at 7–9 h post-fertilization (hpf) were randomly distributed in 12-well plates at a density of 10 embryos/well, with each well containing 2 mL of embryo medium. The embryos were treated with DPE for 72 h at concentrations of 1, 10, 100, 200, and 400 µg/mL. The final DMSO concentrations was 0.1% in the treatment solution and so 0.1% DMSO was used as a vehicle control during the assays. The medium was not renewed throughout the experiment.



Survival rate was monitored daily throughout the experiment. Any dead embryos were removed every day until 72 hpf. For cardiac toxicity measurement, embryos were anesthetized in 0.4% (w/v) tricaine at 48 hpf. The heart-beating rate was measured over 3 min using a microscope (Olympus, Tokyo, Japan), and the results are represented as the average heart-beating rate per min [21]. Cell death was detected in live embryos using acridine orange staining at 72 hpf [34]. For teratotoxicity assay, after zebrafish embryos were exposed to DPE for 24 and 48 hpf, non-lethal malformations were observed under the microscope (Leica, Leica Microsystems, Bannockburn, IL, USA). Retinoic acid was employed as a positive control. All experiments were carried out in triplicate.




4.4. Evaluation of Cell Death and Generation of Intracellular Reactive Oxygen Species (ROS) and Nitric Oxide (NO) in LPS-Stimulated Zebrafish Embryo


Synchronized zebrafish embryos were collected and arrayed by pipette, 15 embryos/well, in 12-well plates containing 2 mL embryo medium for 7–9 hpf, and then incubated with or without DPE for 1 h. To induce inflammation, the embryos were exposed to 10 µg/mL LPS dissolved in the embryo medium for 24 hpf at 28.5 °C. Thereafter, zebrafish embryos were transferred into fresh embryo medium, where they developed for up to 72 hpf. The cell death, intracellular ROS, and NO generation in zebrafish embryos were estimated according to previously reported methods [21,34]. At 72 hpf, the zebrafish embryos were transferred into 24-well plates and separately stained with specific fluorescent probe dyes to determine cell death (acridine orange), intracellular ROS (2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA)), and NO generation (diamino-fluorophore 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate (DAF-FM DA)). Following incubation for a specified period in the dye-containing media, the embryos were rinsed with fresh embryo media and anesthetized prior to observation, then observed under a fluorescence microscope, which was equipped with a CoolSNAP-Pro color digital camera (Olympus, Tokyo, Japan). The images of the stained embryos were analyzed for cell death, intracellular ROS, and NO generation, and the fluorescence intensities of individual embryos were quantified using ImageJ 1.46r software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). Cell death, intracellular ROS, and NO generation were calculated by comparing the fluorescence intensities of the treatment embryos to the controls.




4.5. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis


Total RNA was extracted from zebrafish embryos using the RNeasy mini kit (Qiagen, Hilden, Germany). For real-time PCR, first-strand complementary DNA (cDNA) was synthesized from 1 μg total RNA using the Advantage RT-for-PCR Kit (Clontech, Palo Alto, CA, USA). Relative messenger RNA levels were determined by real-time PCR using LightCycler 480 SYBR Green I Mater mix and a LightCycler 480 (Roche, Mannheim, Germany). All cDNA levels were normalized to the level of ubiquitin cDNA. Samples were amplified using the following sense primer and antisense primer: Forward 5′-TAGAACAACCCAGCAAAC-3′ and reverse 5′-ACCAGCGGTAAAGGCAAC-3′ for TNF-α; forward 5′-AGCCCTACTCATCCTTTGAGG-3′ and reverse 5′-TCAACCTTGTCTACGTGACCATA-3′ for COX-2; forward 5′-GCCAAC AGAGAGAAGATGAC-3′ and reverse 5′-GGAAAAGCTCAGTGACTT-3′ for iNOS; forward 5′-GAGGATACCACTCCCAACAG-3′ and reverse 5′-AAGTGCATCATCGTTGTTCATACA-3′ for IL-6; forward 5′-GCCAACAGAGAGAAGATGAC-3′ and reverse 5′-CACCAGAGTCCATCACAATAC-3′ for β-actin.




4.6. Statistical Analysis


The data are presented as means ± standard error (SE). Statistical comparisons of the mean values were performed by analysis of variance (ANOVA), followed by a Duncan’s multiple range test using SPSS software. Statistical significance was considered at p < 0.05.
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Figure 1. Dose-dependent effect of Dendronephthya puetteri (DPE) on zebrafish embryos. (A) Survival rates at 1–5 days post-fertilization (dpf) and (B) heart beating rates at 2 dpf. The values are expressed as the mean ± SE. Significant differences from the untreated group were identified at * p < 0.05 and ** p < 0.01. 
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Figure 2. The (A) developmental malformations and (B) malformation rates in zebrafish embryos exposed to indicated concentrations of DPE at 24 and 48 hpf. GR, general retardation; HT, helical tail; EA, eye alteration. Retinoic acid was employed as a positive control. 
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Figure 3. Effect of DPE on cell death in zebrafish embryos. (A) The cell death levels were measured after acridine orange staining by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. 
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Figure 4. Inhibitory effect of DPE on lipopolysaccharide (LPS)-stimulated ROS production in zebrafish embryos. (A) The ROS levels were measured after staining with DCF-DA by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. Significant differences from the only LPS-treated group were identified at * p < 0.05. 






Figure 4. Inhibitory effect of DPE on lipopolysaccharide (LPS)-stimulated ROS production in zebrafish embryos. (A) The ROS levels were measured after staining with DCF-DA by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. Significant differences from the only LPS-treated group were identified at * p < 0.05.



[image: Ijms 19 02695 g004]







[image: Ijms 19 02695 g005 550] 





Figure 5. Protective effect of DPE on LPS-stimulated cell death in zebrafish embryos. (A) The cell death levels were measured after staining with acridine orange by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. Significant differences from the only LPS-treated group were identified at * p < 0.05. 






Figure 5. Protective effect of DPE on LPS-stimulated cell death in zebrafish embryos. (A) The cell death levels were measured after staining with acridine orange by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. Significant differences from the only LPS-treated group were identified at * p < 0.05.



[image: Ijms 19 02695 g005]







[image: Ijms 19 02695 g006 550] 





Figure 6. Inhibitory effect of DPE on LPS-stimulated NO production in zebrafish embryos. (A) The NO levels were measured after staining with DAF-FM-DA by image analysis and fluorescence microscopy. (B) Individual zebrafish fluorescence intensity was quantified using an image J program. The values are expressed as the mean ± SE. Significant differences from the only LPS-treated group were identified at * p < 0.05. 
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Figure 7. Effect of DPE on expression of iNOS, COX-2, TNF-α, and IL-6 mRNA in LPS-stimulated zebrafish embryos. Zebrafish embryos were stimulated with LPS in the presence of DPE for 72 hpf. The mRNA expression of (A) iNOS, (B) COX-2, (C) TNF-α, and (D) IL-6 were evaluated through RT-PCR. The values are expressed as the mean ± SE. Significant differences from the untreated group were identified at * p < 0.05 and ** p < 0.01. 
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