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Abstract: Particulate matters (PM), the main contributor to air pollution, have become a serious 

issue that threatens human’s health. Skin is the largest organ in humans, as well as the primary 

organ exposed to PM. Overexposure of PM induces skin damage. Diphlorethohydroxycarmalol 

(DPHC), an algal polyphenol with the potential of skin protection, has been isolated from the edible 

brown seaweed Ishige okamurae. The purpose of the present study is to investigate the protective 

effect of DPHC against PM (ERM-CZ100)-induced skin damage in human dermal fibroblasts (HDF) 

cells. The results indicated that DPHC significantly and dose-dependently reduced intracellular 

reactive oxygen species generation in HDF cells. In addition, DPHC significantly induced collagen 

synthesis and inhibited collagenase activity in ERM-CZ100-stimulated HDF cells. Further study 

demonstrated that DPHC remarkably reduced the expression of human matrix metalloproteinases 

through regulation of nuclear factor kappa B, activator protein 1, and mitogen-activated protein 

kinases signaling pathways in ERM-CZ100-stimulated HDF cells. This study suggested that DPHC 

is a potential candidate to protect skins against PM-induced damage, and it could be used as an 

ingredient in pharmaceutical and cosmeceutical industries. 

Keywords: particulate matter; skin damage; diphlorethohydroxycarmalol; Ishige okamurae; algal 
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1. Introduction 

Particulate matters (PM) are one of the components causing ambient air pollution. In general, 

PM were produced by human activity, such as chemical production and fossil fuel combustion [1,2]. 

PM are related to various diseases, including inflammations such as skin inflammation and lung 

inflammation, kidney diseases such as chronic kidney disease and end-stage renal disease, metabolic 

syndromes such as diabetes and obesity, as well as skin aging such as wrinkle formation [3–11]. Skin 

is the largest organ in humans and the primary organ exposed to PM. A long-term exposure to PM 

causes many negative effects on the skin, such as oxidative stress, inflammatory response, atopic 

dermatitis, aging, and skin carcinoma [12–16]. In recent years, the related studies have been done to 
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investigate the relationship between PM and skin health, as well as to discover the agents that could 

protect or improve PM-induced skin damages. 

Marine-derived natural components, such as phenolic compounds, peptides, polysaccharides, 

sterols, pigments, and fatty acids from marine animals, microorganisms, and seaweeds, possess 

various bioactivities, including anti-malarial, antioxidant, anti-bacterial, anti-cancer, anti-

hypertensive, anti-inflammatory, anti-obesity, wound healing, and anti-diabetes activities [17–25]. 

Ko et al. (2016) purified peptides from Olive flounder and investigated their anti-hypertensive 

activity in in vitro and in vivo models [26]. Wang et al. (2019) isolated sulfated polysaccharides from 

the brown seaweed, Sargassum fulvellum, and evaluated the in vitro and in vivo antioxidant activities 

of the sulfated polysaccharides [27]. Pang et al. (2018) isolated perylenequinone derivatives from 

marine sponge-derived fungus and investigated the anti-cancer activities of these compounds [28]. 

Ishige okamurae is one of the most popular edible seaweeds in Korea. Many bioactive compounds 

have been isolated and identified from I. okamurae, such as polysaccharides, pigments, and phenolic 

compounds [29–32]. Besides, the bioactivities of these compounds have been evaluated [30,33,34]. 

Diphlorethohydroxycarmalol (DPHC, Figure 1), a phenolic compound derived from I. okamurae, 

which possesses the potential for skin protection [34–36]. Previous studies suggested that DPHC 

could effectively protect skins against epidermic damages induced by UVB irradiation and PM in 

human keratinocytes (HaCaT cells) [36,37]. In addition, the protective effect of DPHC on UVB-

induced dermic damages in human dermal fibroblasts (HDF cells) has been investigated [34]. 

However, the effect of DPHC on PM-induced dermic damage has not been investigated so far. In the 

present study, therefore, the effect of DPHC on PM-induced dermic damages in in vitro human 

dermal fibroblasts has been examined. 

 

Figure 1. The molecular structure of diphlorethohydroxycarmalol (DPHC). 

2. Results 

2.1. DPHC Improves PM-Induced Oxidative Damage in HDF Cells 

It has been reported that PM (ERM-CZ-100) caused oxidative damage on HDF cells [8]. In the 

present study, the effect of DPHC on cell death and intracellular reactive oxygen species (ROS) 

generation in PM-stimulated HDF cells was measured. As shown in Figure 2A, the viability of the 

cells treated with ERM-CZ-100 was significantly decreased. However, the viabilities of the cells 

treated with different concentrations of DPHC were remarkably and dose-dependently increased. In 

addition, ERM-CZ-100 significantly induced intracellular ROS generation in HDF cells, but DPHC 

remarkably reduced intracellular ROS levels in a dose-dependent manner (Figure 2B). These results 

indicated that DPHC effectively protected HDF cells against PM-induced cell death by reducing 

intracellular ROS level. 
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Figure 2. Protective effect of DPHC against ERM-CZ100-induced human dermal fibroblasts (HDF 

cells) damage. (A) Protective effect of DPHC against ERM-CZ100-induced cell death and (B) 

intracellular ROS scavenging effect of DPHC in ERM-CZ100-stimulated HDF cells. Cell viability was 

measured by MTT assay, and intracellular ROS level was measured by DCF-DA assay. The data are 

expressed as the mean ± SE (n = 3). **p < 0.01 as compared to the particulate matters (PM)-treated 

group and ##p < 0.01 as compared to the control group. 

2.2. DPHC Protects Collagen Synthesis and Inhibits Intracellular Collagenase Activity in PM-Stimulated 

HDF Cells 

The collagen synthesis levels and intracellular collagenase activities of ERM-CZ-100-stimulated 

HDF cells with or without DPHC were determined. As shown in Figure 3A, the collagen synthesis 

level in ERM-CZ-100-stimulated HDF cells was significantly decreased but remarkably increased by 

DPHC in a dose-dependent manner. In addition, the intracellular collagenase activity in ERM-CZ-

100-stimulated HDF cells was significantly increased but remarkably and dose-dependently 

decreased with the DPHC treatments (Figure 4B). These results indicated that DPHC not only 

improved collagen synthesis but also inhibited intracellular collagenase activity in ERM-CZ-100-

stimulated HDF cells. 

 

Figure 3. DPHC protected collagen synthesis and inhibited intracellular collagenase activity in ERM-

CZ100-stimulated HDF cells. (A) The effect of DPHC on collagen synthesis in ERM-CZ100-stimulated 

HDF cells, and (B) the effect of DPHC on relative collagenase activity in ERM-CZ100-stimulated HDF 

cells. The data were expressed as the mean ± SE (n = 3). *p < 0.05, ** p < 0.01 as compared to the ERM-

CZ100-treated group, and ##p < 0.01 as compared to the control group. 
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Figure 4. DPHC reduced matrix metalloproteinases (MMPs) expression in ERM-CZ100-stimulated 

HDF cells. (A) MMP-1 expression level in ERM-CZ100-stimulated HDF cells, (B) MMP-2 expression 

level in ERM-CZ100-stimulated HDF cells, (C) MMP-8 expression level in ERM-CZ100-stimulated 

HDF cells, (D) MMP-9 expression level in ERM-CZ100-stimulated HDF cells, and (E) MMP-13 

expression level in ERM-CZ100-stimulated HDF cells. The data were expressed as the mean ± SE (n = 

3). *p < 0.05 and ** p < 0.01 as compared to the ERM-CZ100-treated group, and #p < 0.05 and ##p < 0.01 

as compared to the control group. 

2.3. DPHC Reduces Matrix Metalloproteinases (MMPs) Expression in PM-Stimulated HDF Cells 

MMPs expression levels in ERM-CZ-100-stimulated HDF cells were measured by ELISA kits, 

and the results were indicated in Figure 4. ERM-CZ-100 significantly stimulated MMPs expression 

and DPHC effectively inhibited the expression of MMPs in a dose-dependent manner, especially 

MMP-1 and MMP-8. These results indicated that DPHC could effectively inhibit the expression of 

MMPs expression stimulated by ERM-CZ-100 in HDF cells. 

2.4. DPHC Inhibits Nuclear Factor Kappa B (NF-κB) Activation, Reduces Activator Protein (AP-1) 

Phosphorylation, and Suppresses Mitogen-Activated Protein Kinases (MAPKs) Activation in PM-

Stimulated HDF Cells 

The effect of DPHC on NF-κB, AP-1, and MAPKs pathways was investigated. As shown in 

Figure 5, the nucleus p50 and p60 NF-κB subunits were increased in ERM-CZ-100-treated HDF cells. 

However, both subunits were decreased in the cells treated with DPHC in a dose-dependent manner 

(Figure 5A–C). In addition, ERM-CZ-100 significantly induced AP-1 (c-Jun) phosphorylation, and the 

phosphorylated AP-1 (p-c-Jun) levels were significantly and dose-dependently decreased in the cells 

treated with DPHC (Figure 5A and D). 
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Figure 5. DPHC inhibited NF-κB activation and AP-1 phosphorylation in ERM-CZ100-stimulated 

HDF cells. (A) The nuclear NF-κB-related proteins (p65 and p50) and phosphorylated AP-1 (p-c-Jun) 

levels in ERM-CZ100-stimulated HDF cells, and relative amounts of NF-κB p50 (B), NF-κB p65 (C), 

and p-c-Jun (D) levels in ERM-CZ100-stimulated HDF cells. The relative amounts of NF-κB p65, NF-

κB p50, and p-c-Jun levels were compared with nucleolin. The data were expressed as the mean ± SE 

(n = 3). *p < 0.05, **p < 0.01 as compared to the ERM-CZ100-treated group and ##p < 0.01 as compared 

to the control group. 

Furthermore, DPHC remarkably suppressed the phosphorylation of p38, ERK, and JNK MAPKs 

in ERM-CZ-100-stimulated HDF cells (Figure 6). These results demonstrated that DPHC significantly 

inhibited the activation of NF-κB, AP-1, and MAPKs pathways induced by ERM-CZ-100. 

 

Figure 6. DPHC suppressed MAPKs activation in ERM-CZ100-stimulated HDF cells. (A) The 

inhibitory effects of DPHC on ERM-CZ100-stimulated MAPKs activation in HDF cells, and relative 

amounts of activated p-ERK (B), p-JNK (C), and p-p38 (D) levels in ERM-CZ100-stimulated HDF cells. 
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The relative amounts of activated MAPKs levels were compared with GAPDH. The data were 

expressed as the mean ± SE (n = 3). *p < 0.05 and **p < 0.01 as compared to the ERM-CZ100-treated 

group and ##p < 0.01 as compared to the control group. 

3. Discussion 

Skin is the largest organ of the human body, as well as the primary organ which is exposed to 

outdoor contaminants. Exposure to PM causes epithelium damage, and endothelial dysfunction has 

been reported previously [8,9,38]. PM induce skin damages or diseases mainly through stimulating 

inflammatory response and oxidative stress [5,39]. Ryu et al. investigated that PM induced epidermic 

inflammatory response in human keratinocytes [39]. The results indicated that PM significantly 

stimulated the expression of pro-inflammatory cytokines through activating NF-κB pathway [39]. 

Piao et al. evaluated the effect of PM on human keratinocytes, and the results indicated that PM 

significantly induced oxidative stress by production of ROS, which causes lipid peroxidation, DNA 

damage, and protein carbonylation [9]. 

In the previous study, we investigated the effect of PM on HDF cells [8]. The results indicated 

that PM significantly induced skin dermic damage by inhibiting collagen synthesis and inducing 

MMPs expression in HDF cells through activating NF-κB, AP-1, and MAPKs signaling pathways [8]. 

Furthermore, the effect of the phenolic compound, epigallocatechin gallate (EGCG) from green tea 

on PM-induced dermic damage in HDF cells, has been evaluated. The results indicated that EGCG 

was effectively protective of HDF cells against PM-induced dermic damage displayed in improving 

collagen synthesis and reducing MMPs expression through inhibiting NF-κB, AP-1, and MAPKs 

signaling pathways [8]. These results demonstrated that PM could induce dermic damage and its 

possible mechanism in the activation of NF-κB, AP-1, and MAPKs signaling pathways. Besides, this 

study suggested that PM-induced dermic damage could be protected or suppressed by natural 

bioactive compounds through regulating the relative signaling pathways including NF-κB, AP-1, and 

MAPKs. 

DPHC is one of the most abundant phenolic compounds of the edible brown alga I. okamurae. It 

possesses the potential for skin protection but no toxicity [34–36]. In the present study, the effect of 

DPHC on PM-induced dermic damage in vitro in HDF cells has been examined. As shown in Figure 

2, DPHC effectively protected HDF cells against PM-induced intracellular ROS generation (Figure 

2A) and cell death (Figure 2B) in a dose-dependent manner. Collagenase is the key enzyme in the 

degradation of collagen, which is the main structural protein in the connective tissue. The previous 

study indicated that PM inhibited collagen synthesis and stimulated collagenase in HDF cells [8]. 

Therefore, in the present study, the collagen synthesis levels and relative intracellular collagenase 

activity in PM-stimulated HDF cells was investigated. As shown in Figure 3A, DPHC improved 

collagen content to 57.82%, 65.67%, and 76.32% at the concentration of 25, 50, and 100 μM in ERM-

CZ-100-treated HDF cells, respectively, compared to the cells treated with ERM-CZ-100 only 

(53.16%). Additionally, ERM-CZ-100 increased the relative intracellular collagenase activity in HDF 

cells to 348.64% compared to the control (100%) (Figure 3B). However, the relative intracellular 

collagenase activities of ERM-CZ-100-treated HDF cells were decreased to 287.66%, 208.53%, and 

124.86% by being treated with 25, 50, and 100 μM of DPHC (Figure 3B). It indicated that DPHC not 

only protected collagen synthesis but also suppressed collagen degradation by inhibiting the relative 

intracellular collagenase activity in ERM-CZ-100-stimulated HDF cells. 

MMPs are different kinds of collagenase and related to various diseases, such as cancer and skin 

aging [8,34]. In this study, the MMPs levels including MMP-1, 2, 3, 9, and 13, which are associated 

with collagen degradation and wrinkle formation in aged skin, were evaluated. As shown in Figure 

4, DPHC significantly and dose-dependently inhibited MMPs expression stimulated by ERM-CZ-

100, especially MMP-1 and MMP-8. Many studies suggested that the expressions of MMPs are related 

to NF-κB, AP-1, and MAPKs signaling pathways [8,40]. NF-κB is a complex that is generally located 

in the plasma of cells. However, it can be activated by various stimulators, such as chemicals, UV 

irradiation, and PM. The activated NF-κB subunits (p50 and p65) translated into the nucleus could 

induce the expression of pro-inflammatory cytokines and MMPs [34,41]. AP-1 could promote several 
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MMPs expression, and it was activated by the phosphorylated MAPKs, which activate by ROS 

overproduction [34,37]. Thus, in the present study, the activated NF-κB, AP-1, and MAPKs were 

measured by Western blot assay. As Figure 5 shows, ERM-CZ-100 significantly increased the nucleus 

NF-κB p50 and p65 levels; however, DPHC remarkably and dose-dependently reduced the nucleus 

NF-κB p50 and p65 levels (Figure 5A–C). Besides, DPHC significantly reduced the activated AP-1 (p-

c-Jun) level in a dose-dependent manner (Figure 5A and D). Furthermore, the phosphorylated 

MAPKs levels, including p-P38, p-ERK, and p-JNK, were significantly increased in ERM-CZ-100-

treated HDF cells and remarkably decreased in DPHC-treated HDF cells in a dose-dependent manner 

(Figure 6). These results demonstrated that DPHC inhibited MMPs expression by regulation of NF-

κB, AP-1, and MAPKs signaling pathways, which may owe to its intracellular ROS scavenging effects. 

In conclusion, in the present study, the effect of DPHC on PM-induced skin dermic damage was 

investigated in vitro in HDF cells. The results indicated that DPHC significantly increased cell 

viability and reduced intracellular ROS level in ERM-CZ-100-stimulated HDF cells. In addition, 

DPHC effectively protected collagen synthesis and inhibited collagen degradation by inhibiting the 

relative intracellular collagenase in ERM-CZ-100-stimulated HDF cells. Furthermore, DPHC 

significantly reduced ERM-CZ-100-stimulated MMPs expression through regulating NF-κB, AP-1, 

and MAPKs signaling pathways. These results suggested that DPHC possesses strong effects against 

PM-induced dermic damage. In addition, our previous research evaluated the toxicity of DPHC in 

vitro in HDF cells and in vivo in zebrafish, as well as investigated the photoprotective effect of DPHC 

[34]. The results indicated that DPHC possesses a strong in vitro and in vivo photoprotective effect 

without toxicity [34]. Taken together, the previous and present data supported that DPHC has the 

potential to be used as an ingredient in pharmaceutical and cosmeceutical industries. However, to 

develop DPHC as a therapeutic agent or cosmetic to treat skin damage, the clinical study is vital in 

further research. 

4. Materials and Methods 

4.1. Chemicals and Reagents 

The ERM-certified PM material (ERM-CZ100 and PM10-like); dimethyl sulfoxide (DMSO); azo 

dye-impregnated collagen; fluorescent probe 2′; 7′-dichlorodihydroflurescin diacetate (DCFH-DA); 

3-(4-5-dimethyl-2yl)-2-5-diphynyltetrasolium bromide (MTT); and MMP-1, 2, 8, 9, and 13 ELISA kits 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). The phosphate-buffered saline (PBS, 1X), 

Dulbecco’s modified Eagle medium (DMEM), Ham’s Nutrient Mixtures medium (F-12), fetal bovine 

serum (FBS), and penicillin/streptomycin (P/S) were purchased from Gibco BRL (Life Technologies, 

Burlington, ON, Canada). Antibodies against NF-κB p50 and p65; phosphorylated AP-1 (p-c-Jun); 

nucleolin; MAPKs including p-ERK, p-JNK, and p-p38; and GAPDH were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). Anti-mouse and anti-rabbit IgG antibodies were 

purchased from Cell Signaling Technology (Beverly, MA, USA). PIP EIA kit was purchased from 

TaKaRa Bio Inc. (Shiga, Japan). All other chemicals used in this study were analytical grade. 

4.2. Preparation of DPHC 

The phenolic compound, DPHC, was obtained from I. okamurae. The separation and 

identification methods were described in the previous study [42]. Briefly, I. okamurae was extracted 

with aqueous ethanol (50%, v/v), and the ethanol extract of I. okamurae (IOEE) was obtained. IOEE 

was fractionated by a centrifugal partition chromatography (Tokyo, Japan) with a two-phase solvent 

system, which was composed of n-hexane: ethyl acetate: methanol: water (1:9:4.5:6.5, v/v). DPHC was 

further purified by a high-performance liquid chromatography (Waters, Mailford, USA) and 

identified by a mass spectrometer (Bruker Daltonics, Breman, Germany). DPHC stock solution (100 

mM, DMSO) was diluted to different concentrations (0.5 mM, 1 mM, and 2 mM) with 1X PBS for 

experiments. 

4.3. Cell Culture 
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HDF cells (ATCC® PCS20101™) were purchased from ATCC (American Type Culture 

Collection, Manassas, VA, USA). Cells (passage 8) were cultured in the medium (DMEM and F-12, 

3:1) and supplemented with 1% P/S and 10% heat-inactivated FBS. Cells were sub-cultured every 5 

days and seeded at a concentration of 5 × 104 cells/mL for experiments. 

4.4. Determination of the Effect of DPHC on PM-Induced Cytotoxicity in HDF Cells 

The effect of DPHC on ERM-CZ-100-induced cytotoxicity in HDF cells was determined by 

evaluating the intracellular ROS generation and cell viability. HDF cells were seeded in a 24-well 

plate and incubated for 24 h. Cells were treated with DPHC (25, 50, and 100 μM) for 1h, and ERM-

CZ-100 (200 μg/mL) was added into each well. After 3 h, the intracellular ROS levels of ERM-CZ-100-

treated HDF cells were evaluated by DCF-DA assay following the protocol described previously 

[43,44]. After 24 h, the viabilities of ERM-CZ-100-treated HDF cells were measured by MTT assay 

according to the methods described previously [45,46]. 

4.5. Determination of the Effect of DPHC on Collagen Synthesis, MMP Expression, and Intracellular 

Collagenase Activity 

HDF cells were seeded and incubated for 24 h. Cells were treated with DPHC (25, 50, and 100 

μM) for 1 h and then stimulated with ERM-CZ-100 (200 μg/mL). After 24 h incubation, the cell culture 

media was collected for analysis collagen content and MMPs levels using the commercial ELISA kits 

based on the manufacturer’s instructions. The cells were harvested for evaluation of the relative 

intracellular collagenase activity following the protocol described in the previous study [8]. 

4.6. Determination of the Effect of DPHC on NF-κB, AP-1, and MAPKs in PM-Stimulated HDF Cells 

The effect of DPHC on NF-κB, AP-1, and MAPKs in ERM-CZ-100-stimulated HDF cells was 

assessed by Western blot assay. HDF cells were seeded and treated with DPHC for 1 h. The DPHC-

treated cells were stimulated with ERM-CZ-100 for 1 h, and then the cells were harvested to 

investigate activated MAPKs levels. The DPHC-treated cells were stimulated with ERM-CZ-100 for 

6 h, and then the cells were harvested to investigate activated NF-κB and AP-1 levels. The Western 

blot analysis were performed as described previously [8]. 

Author Contributions: L.W., S.-H.C., and Y.-J.J. designed this study and wrote the manuscript. J.G.J. and H.S.K. 

isolated and purified the compound DPHC. L.W., J.Y.O., and Y.-S.K. performed the experiments and analyzed 

the data. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was supported by the project titled ‘Development of functional food products with 

natural materials derived from marine resources’ funded by the Ministry of Oceans and Fisheries, Korea 

(20170285) and the Basic Science Research Program through the National Research Foundation of Korea (NRF) 

funded by the Ministry of Education (2019R1A6A1A03033553). 

Conflicts of interest: The authors declare no conflicts of interest in this study. 

References 

1. Burnett, R.; Chen, H.; Szyszkowicz, M.; Fann, N.; Hubbell, B.; Pope, C.A.; Apte, J.S.; Brauer, M.; Cohen, A.; 

Weichenthal, S.; et al. Global estimates of mortality associated with long-term exposure to outdoor fine 

particulate matter. Proc. Natl. Acad. Sci. USA 2018, 115, 9592–9597. 

2. Liu, X.; Ouyang, W.; Shu, Y.; Tian, Y.; Feng, Y.; Zhang, T.; Chen, W. Incorporating bioaccessibility into health 

risk assessment of heavy metals in particulate matter originated from different sources of atmospheric 

pollution. Environ. Pollut. 2019, 254, 113113. 

3. Chen, J.-C.; Schwartz, J. Metabolic Syndrome and Inflammatory Responses to Long-Term Particulate Air 

Pollutants. Environ. Heal. Perspect. 2008, 116, 612–617. 

4. Dubowsky, S.D.; Suh, H.H.; Schwartz, J.; Coull, B.A.; Gold, D.R. Diabetes, Obesity, and Hypertension May 

Enhance Associations between Air Pollution and Markers of Systemic Inflammation. Environ. Heal. Perspect. 

2006, 114, 992–998. 



Molecules 2020, 25, 1055 9 of 11 

5. Fernando, I.P.S.; Kim, H.-S.; Sanjeewa, K.K.A.; Oh, J.-Y.; Jeon, Y.-J.; Lee, W.W. Inhibition of inflammatory 

responses elicited by urban fine dust particles in keratinocytes and macrophages by 

diphlorethohydroxycarmalol isolated from a brown alga Ishige okamurae. ALGAE 2017, 32, 261–273. 

6. Sanjeewa, K.K.A.; Jayawardena, T.U.; Kim, S.-Y.; Lee, H.G.; Je, J.-G.; Jee, Y.; Jeon, Y.-J. Sargassum horneri 

(Turner) inhibit urban particulate matter-induced inflammation in MH-S lung macrophages via blocking 

TLRs mediated NF-κB and MAPK activation. J. Ethnopharmacol. 2019, 249, 112363. 

7. Bowe, B.; Xie, Y.; Li, T.; Yan, Y.; Xian, H.; Al-Aly, Z. Particulate Matter Air Pollution and the Risk of Incident 

CKD and Progression to ESRD. J. Am. Soc. Nephrol. 2017, 29, 218–230. 

8. Wang, L.; Lee, W.; Cui, Y.R.; Ahn, G.; Jeon, Y.-J. Protective effect of green tea catechin against urban fine 

dust particle-induced skin aging by regulation of NF-κB, AP-1, and MAPKs signaling pathways. Environ. 

Pollut. 2019, 252, 1318–1324. 

9. Piao, M.J.; Ahn, M.J.; Kang, K.A.; Ryu, Y.S.; Hyun, Y.J.; Shilnikova, K.; Zhen, A.X.; Jeong, J.W.; Choi, Y.H.; 

Kang, H.K.; et al. Particulate matter 2.5 damages skin cells by inducing oxidative stress, subcellular 

organelle dysfunction, and apoptosis. Arch. Toxicol. 2018, 92, 2077–2091. 

10. Huang, F.; Wang, P.; Pan, X.; Wang, Y.; Ren, S. Effects of short-term exposure to particulate matters on heart 

rate variability: A systematic review and meta-analysis based on controlled animal studies. Environ. Pollut. 

2019, 256, 113306. 

11. Kim, J.J.; Hann, T.; Lee, S.J. Effect of flow and humidity on indoor deposition of particulate matter. Environ. 

Pollut. 2019, 255, 113263. 

12. Oh, I.; Lee, J.; Ahn, K.; Kim, J.; Kim, Y.-M.; Sim, C.S.; Kim, Y. Association between particulate matter 

concentration and symptoms of atopic dermatitis in children living in an industrial urban area of South 

Korea. Environ. Res. 2018, 160, 462–468. 

13. Meng, Z.; Zhang, Q. Oxidative damage of dust storm fine particles instillation on lungs, hearts and livers 

of rats. Environ. Toxicol. Pharmacol. 2006, 22, 277–282. 

14. Moretti, S.; Smets, W.; Hofman, J.; Mubiana, K.V.; Oerlemans, E.; Vandenheuvel, D.; Samson, R.; Blust, R.; 

Lebeer, S. Human inflammatory response of endotoxin affected by particulate matter-bound transition 

metals. Environ. Pollut. 2019, 244, 118–126. 

15. White, A.; Keller, J.; Zhao, S.; Kaufman, J.; Sandler, D. Air Pollution, Clustering of Particulate Matter 

Components and Breast Cancer. Cancer Epidemiol. Biomark. Prev. 2019, 28, 624–625. 

16. Yang, Y.; Ruan, Z.; Wang, X.; Yang, Y.; Mason, T.G.; Lin, H.; Tian, L. Short-term and long-term exposures to 

fine particulate matter constituents and health: A systematic review and meta-analysis. Environ. Pollut. 2019, 

247, 874–882. 

17. Kim, H.-S.; Shin, B.-O.; Kim, S.; Wang, L.; Lee, W.; Kim, Y.T.; Rho, S.; Cho, M.; Jeon, Y.-J. Antioxidant 

Activity of Pepsin Hydrolysate Derived from Edible Hippocampus abdominalis in vitro and in Zebrafish 

Models. Korean J. Fish. Aquat. Sci. 2016, 49, 445–453. 

18. Wang, L.; Oh, J.Y.; Kim, H.S.; Lee, W.; Cui, Y.; Lee, H.G.; Kim, Y.-T.; Jeon, Y.-J.; Ko, J.Y. Protective effect of 

polysaccharides from Celluclast-assisted extract of Hizikia fusiforme against hydrogen peroxide-induced 

oxidative stress in vitro in Vero cells and in vivo in zebrafish. Int. J. Boil. Macromol. 2018, 112, 483–489. 

19. Wang, L.; Park, Y.-J.; Jeon, Y.-J.; Ryu, B. Bioactivities of the edible brown seaweed, Undaria pinnatifida: A 

review. Aquaculture 2018, 495, 873–880. 

20. Wright, A.D.; König, G.M.; Angerhofer, C.K.; Greenidge, P.; Linden, A.; Desqueyroux-Faúndez, R. 

Antimalarial Activity: The Search for Marine-Derived Natural Products with Selective Antimalarial 

Activity. J. Nat. Prod. 1996, 59, 710–716. 

21. Suzuki, M.; Kawamoto, T.; Vairappan, C.S.; Ishii, T.; Abe, T.; Masuda, M. Halogenated metabolites from 

Japanese Laurencia spp. Phytochemistry 2005, 66, 2787–2793. 

22. Wijesinghe, W.A.J.P.; Kim, E.-A.; Kang, M.-C.; Lee, W.-W.; Lee, H.-S.; Vairappan, C.S.; Jeon, Y.-J. 

Assessment of anti-inflammatory effect of 5β-hydroxypalisadin B isolated from red seaweed Laurencia 

snackeyi in zebrafish embryo in vivo model. Environ. Toxicol. Pharmacol. 2014, 37, 110–117. 

23. Lee, T.K.; Vairappan, C.S. Antioxidant, antibacterial and cytotoxic activities of essential oils and ethanol 

extracts of selected South East Asian herbs. J. Med. Plants Res. 2011, 5, 5284–5290. 

24. Kamada, T.; Vairappan, C.S. A New Bromoallene-Producing Chemical Type of the Red Alga Laurencia 

nangii Masuda. Molecules 2012, 17, 2119–2125. 



Molecules 2020, 25, 1055 10 of 11 

25. Nagappan, T.; Segaran, T.C.; Wahid, M.E.A.; Ramasamy, P.; Vairappan, C.S. Efficacy of Carbazole Alkaloids, 

Essential Oil and Extract of Murraya koenigii in Enhancing Subcutaneous Wound Healing in Rats. 

Molecules 2012, 17, 14449–14463. 

26. Ko, J.-Y.; Kang, N.; Lee, J.-H.; Kim, J.-S.; Kim, W.-S.; Park, S.-J.; Kim, Y.-T.; Jeon, Y.-J. Angiotensin I-

converting enzyme inhibitory peptides from an enzymatic hydrolysate of flounder fish (Paralichthys 

olivaceus) muscle as a potent anti-hypertensive agent. Process. Biochem. 2016, 51, 535–541. 

27. Wang, L.; Oh, J.; Hwang, J.; Ko, J.; Jeon, Y.-J.; Ryu, B. In Vitro and In Vivo Antioxidant Activities of 

Polysaccharides Isolated from Celluclast-Assisted Extract of an Edible Brown Seaweed, Sargassum 

fulvellum. Antioxidants 2019, 8, 493. 

28. Pang, X.; Lin, X.; Wang, P.; Zhou, X.; Yang, B.; Wang, J.; Liu, Y. Perylenequione Derivatives with Anticancer 

Activities Isolated from the Marine Sponge-Derived Fungus, Alternaria sp. SCSIO41014. Mar. Drugs 2018, 

16, 280. 

29. Sanjeewa, K.K.A.; Lee, W.W.; Kim, J.-I.; Jeon, Y.-J. Exploiting biological activities of brown seaweed Ishige 

okamurae Yendo for potential industrial applications: A review. Environ. Boil. Fishes 2017, 29, 3109–3119. 

30. Ryu, B.; Jiang, Y.; Kim, H.-S.; Hyun, J.-M.; Lim, S.-B.; Li, Y.; Jeon, Y.-J. Ishophloroglucin A, a Novel 

Phlorotannin for Standardizing the Anti-α-Glucosidase Activity of Ishige okamurae. Mar. Drugs 2018, 16, 

436. 

31. Yoon, N.Y.; Lee, S.-H.; Li, Y.; Kim, S.-K. Phlorotannins from Ishige okamurae and their acetyl- and 

butyrylcholinesterase inhibitory effects. J. Funct. Foods 2009, 1, 331–335. 

32. Zou, Y.; Qian, Z.-J.; Li, Y.; Kim, M.-M.; Lee, S.-H.; Kim, S.-K. Antioxidant Effects of Phlorotannins Isolated 

from Ishige okamurae in Free Radical Mediated Oxidative Systems. J. Agric. Food Chem. 2008, 56, 7001–7009. 

33. Ding, Y.; Wang, L.; Im, S.; Hwang, O.; Kim, H.-S.; Kang, M.-C.; Lee, S.-H. Anti-Obesity Effect of 

Diphlorethohydroxycarmalol Isolated from Brown Alga Ishige okamurae in High-Fat Diet-Induced Obese 

Mice. Mar. Drugs 2019, 17, 637. 

34. Wang, L.; Kim, H.S.; Oh, J.Y.; Je, J.G.; Jeon, Y.-J.; Ryu, B. Protective effect of diphlorethohydroxycarmalol 

isolated from Ishige okamurae against UVB-induced damage in vitro in human dermal fibroblasts and in 

vivo in zebrafish. Food Chem. Toxicol. 2020, 136, 110963. 

35. Heo, S.-J.; Ko, S.-C.; Kang, S.-M.; Cha, S.-H.; Lee, S.-H.; Kang, -H.; Jung, W.-K.; Affan, A.; Oh, C.; Jeon, Y.-J. 

Inhibitory effect of diphlorethohydroxycarmalol on melanogenesis and its protective effect against UV-B 

radiation-induced cell damage. Food Chem. Toxicol. 2010, 48, 1355–1361. 

36. Piao, M.J.; Kang, K.A.; Kim, K.C.; Chae, S.; Kim, G.O.; Shin, T.; Kim, H.S.; Hyun, J.W. 

Diphlorethohydroxycarmalol attenuated cell damage against UVB radiation via enhancing antioxidant 

effects and absorbing UVB ray in human HaCaT keratinocytes. Environ. Toxicol. Pharmacol. 2013, 36, 680–

688. 

37. Zhen, A.X.; Piao, M.J.; Hyun, Y.J.; Kang, K.A.; Fernando, P.D.S.M.; Cho, S.J.; Ahn, M.J.; Hyun, J.W. 

Diphlorethohydroxycarmalol Attenuates Fine Particulate Matter-Induced Subcellular Skin Dysfunction. 

Mar. Drugs 2019, 17, 95. 

38. Bae, J.-E.; Choi, H.; Shin, D.W.; Na, H.-W.; Park, N.Y.; Kim, J.B.; Jo, D.S.; Cho, M.J.; Lyu, J.H.; Chang, J.H.; 

et al. Fine particulate matter (PM2.5) inhibits ciliogenesis by increasing SPRR3 expression via c-Jun 

activation in RPE cells and skin keratinocytes. Sci. Rep. 2019, 9, 3994. 

39. Ryu, Y.S.; Kang, K.A.; Piao, M.J.; Ahn, M.J.; Yi, J.M.; Hyun, Y.-M.; Kim, S.H.; Ko, M.K.; Park, C.O.; Hyun, 

J.W. Particulate matter induces inflammatory cytokine production via activation of NFκB by TLR5-NOX4-

ROS signaling in human skin keratinocyte and mouse skin. Redox Boil. 2019, 21, 101080. 

40. Zhang, M.; Hwang, E.; Lin, P.; Gao, W.; Ngo, H.T.; Yi, T.-H. Prunella vulgaris L. Exerts a Protective Effect 

against Extrinsic Aging Through NF-κB, MAPKs, AP-1, and TGF-β/Smad Signaling Pathways in UVB-

Aged Normal Human Dermal Fibroblasts. Rejuvenation Res. 2018, 21, 313–322. 

41. Cooper, S.; Bowden, G. Ultraviolet B Regulation of Transcription Factor Families: Roles of Nuclear Factor-

kappa B (NF-κB) and Activator Protein-1 (AP-1) in UVB-Induced Skin Carcinogenesis. Curr. Cancer Drug 

Targets 2007, 7, 325–334. 

42. Fernando, K.H.N.; Yang, H.-W.; Jiang, Y.; Jeon, Y.-J.; Ryu, B. Diphlorethohydroxycarmalol Isolated from 

Ishige okamurae Represses High Glucose-Induced Angiogenesis In Vitro and In Vivo. Mar. Drugs 2018, 16, 

375. 

43. Wang, L.; Oh, J.Y.; Fernando, S.; Sanjeewa, K.K.A.; Kim, E.-A.; Lee, W.; Jeon, Y.-J. Soft corals collected from 

Jeju Island; a potential source of anti-inflammatory phytochemicals. J. Chitin Chitosan 2016, 21, 247–254. 



Molecules 2020, 25, 1055 11 of 11 

44. Dong, H.; Zheng, L.; Yu, P.; Jiang, Q.; Wu, Y.; Huang, C.; Yin, B. Characterization and Application of Lignin–

Carbohydrate Complexes from Lignocellulosic Materials as Antioxidants for Scavenging In Vitro and In 

Vivo Reactive Oxygen Species. ACS Sustain. Chem. Eng. 2019, 8, 256–266. 

45. Huang, C.; Wang, X.; Liang, C.; Jiang, X.; Yang, G.; Xu, J.; Yong, Q. A sustainable process for procuring 

biologically active fractions of high-purity xylooligosaccharides and water-soluble lignin from Moso 

bamboo prehydrolyzate. Biotechnol. Biofuels 2019, 12, 189. 

46. Gu, J.; Pei, W.; Tang, S.; Yan, F.; Peng, Z.; Huang, C.; Yang, J.; Yong, Q. Procuring biologically active 

galactomannans from spent coffee ground (SCG) by autohydrolysis and enzymatic hydrolysis. Int. J. Boil. 

Macromol. 2020, 149, 572–580. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


