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 BACKGROUNDS 

Air pollution has been an inevitable issue throughout the whole world, especially in 

developing countries. The ambient particulate matter (PM) differs in size, PM2.5, coarse PM, 

and PM10 (aerodynamic diameter less than 2.5 μm, 2.5-10 μm, or less than 10 μm, respectively) 

(Guarnieri & Balmes, 2014). It has been reported that fine PM (PM2.5) could remain floating 

in the air for several days and invade the human body (Kim et al., 2015). And PM2.5 possibly 

penetrates through the skin, blood-brain, and air-blood barrier (Magnani et al., 2016; Kang et 

al., 2021; Li et al., 2019). PM2.5 was mainly sourced from urban air pollution (traffic, industries, 

and combustions), which accounts for over 50% of PM2.5 contributions over 11 cities 

distributed in Eastern European and Central Asian countries (Almeida et al., 2020). Transition 

metals and PAHs, contained in PM, possess special effects to emerge a potential of oxidative 

stress and contribute to many of the phenotypical alterations of skin barrier functions (Misra 

et al., 2020; Magnani et al., 2016). In the experiment about skin absorption of metals from 

road dust, the absorption profile of lead and cobalt were the highest and lowest in intact skin, 

respectively (Magnano et al., 2022). The electronic microscopy analysis revealed that PAHs 

are attached to the surfaces of particle cores since the smaller particles have a relatively larger 

surface area, which tends to be more contribution to increasing the toxic potential (Marrot, 

2018). And review has concluded that PAHs contributed notably to carcinogenicity and 

mutagenicity, and certain PAH derivatives possessed higher toxicity than those of their parent 

PAHs (Yang et al., 2021).  

PM is exposed to animals or humans mainly through ingestion, inhalation, and dermal 

absorption, which are considered the main pathways to health risks. Previous research 

concluded that poor air quality has been correlated with pathological effects on many organs, 

including the integumentary system (Schraufnagel et al., 2019). It is well known that the skin 

is the largest and most complex organ for human beings, which consists of the epidermis, 

dermis, hypodermis, and skin appendages (e.g., hairs, sebaceous glands, sweat glands, and 
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nails) (Gu et al., 2020). Airborne pollution has been a deleterious substance resulting in skin 

aging, aggravation of skin inflammation, and hair loss (Diao et al., 2021; Jun et al., 2020). 

When skin cells were exposed to PM, numerous adverse responses could be observed, such as 

keratinocytes apoptosis, fibroblast senescence, melanin genesis, and mast cell activation 

(Dijkhoff et al., 2020; Grether-Beck et al., 2021; Jin et al., 2019). It has been reported that 

reactive oxygen species (ROS) are tightly related to health outcomes, such as inflammation, 

fibrogenesis, tumor growth, metastasis, and cell death (Sun et al., 2020). While intracellular-

generated ROS has an important role in regulating cell signals, many pieces of research have 

demonstrated that PM2.5 could induce extra unbearable ROS via disrupting intracellular redox 

axis balance in skin cells (Hyun et al., 2019; Piao et al., 2018; Zhen et al., 2019a). Moreover, 

PM2.5-induced ROS triggered a major mechanism, which leads to detrimental effects such as 

skin cancer, skin aging, and inflammation (Peng et al., 2019; Ryu et al., 2019a; Ryu et al., 

2019b). What’s more, experimental and epidemiological data analysis revealed that 

inflammation has also been recognized as the main factor for aggregating skin barrier damage 

(Bae et al., 2020; Ngoc et al., 2017; Kim et al., 2021). 

The bioactive compounds, phenolic compounds widely exist in plants, which contained 

one or more hydroxyl groups on aromatic rings and share a high biological value in various 

disease treatments (Hu et al., 2021). The natural polyphenols of diphlorethohydroxycarmalol 

(DPHC) and eckol are abundant in brown seaweed and a plant phenol of purpurogallin (PG) 

could be obtained from oak nutgall, all of which show various functional effects (Heo et al., 

2008; Monteiro et al., 2022; Li et al., 2022). Therefore, this thesis assessed the protective 

effects of these three phenolic compounds (DPHC, eckol, and PG) on PM2.5-induced damage 

in human keratinocytes. 
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ABBREVIATION  

AM: Acetoxymethyl ester; ATGs: Autophagy-related genes; Bax: Bcl-associated X protein; 

Bcl-2: B-cell lymphoma-2; CHOP: CCAAT-enhancer-binding protein homologous protein; 

DHR123: Dihydrorhodamin 123; DPPH: 2,2-Diphenyl-1-picrylhydrazyl; DPPP: Diphenyl-1-

pyrenylphosphine; ER: Endoplasmic reticulum; ERK: Extracellular signal-regulated kinase; 

ESR: electron spin resonance; GRP78: Glucose-regulated protein 78; H2DCFDA: 

Dichlorodihydrofluorescein diacetate; H2O2: Hydrogen peroxide; IRE1: Serine/threonine-

protein kinase/endoribonuclease inositol-requiring enzyme 1; JNK: c-Jun N-terminal kinase; 

LC3: Light chain 3; MAPK: Mitogen-activated protein kinase; MEK: Ras/Raf/Mitogen-

activated protein kinase/ERK kinase;MMP: Matrix metalloproteinase; MTT: 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PAHs: Polycyclic aromatic 

hydrocarbons; PERK: Protein kinase R-like ER kinase; PI: Propidium iodide; PM2.5: 

Particulate matter 2.5; ROS: Reactive oxygen species; TRITC: Tetramethylrhodamine 

isothiocyanate; UVB: Ultraviolet B.    
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PART I 

Diphlorethohydroxycarmalol Inhibited Fine Particulate Matter-

Induced Skin Cells Injury via MAPK Signaling Pathway 

 

This work has been published as titled “Diphlorethohydroxycarmalol Attenuates Fine 

Particulate Matter-Induced Subcellular Skin Dysfunction” in Marine Drugs 

(2019;17:95). 
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ABSTRACT 

Diphlorethohydroxycarmalol (DPHC), a phenolic-based compound is abundant in the 

brown alga, which shows high potential for antioxidative stress. Here, the protective effect of 

DPHC on PM2.5-induced skin cell damage was evaluated both in vitro and in vivo. First of all, 

DPHC scavenged PM2.5-induced intracellular ROS, which caused macromolecule damage 

such as DNA, protein, and lipids in HaCaT keratinocytes and HR-1 hairless mice. In addition, 

increased epidermal height in PM2.5-exposed mice’s dorsal skin was prevented by treatment 

with DPHC. DPHC also reversed PM2.5-induced organelles dysfunction, including ER stress, 

mitochondrial depolarization, and autophagy activation. Moreover, PM2.5 induced 

keratinocytes apoptosis by activation of the MAPK signaling pathway. However, DPHC 

inhibited the phosphorylation of MAPK signaling-related proteins, ERK, p38, and JNK, thus 

reducing apoptotic bodies. And the MAPK inhibitors also proved that DPHC protected skin 

cells from PM2.5-induced apoptosis via the MAPK signaling pathway. Therefore, DPHC 

regulated the activation of MAPK signaling may play a vital role in PM2.5-induced skin injury. 
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INTRODUCTION  

Fine particles with a diameter of 2.5 to 10 μm or less can easily enter human external 

organs like the skin, ears, eyes, and nose. And among which the skin exhibited the biggest 

surface to attach the floating PM (Huang et al., 2018). Additionally, several studies have shown 

that PM can enter the skin cells and trigger oxidative stress (Puri et al., 2017). As a result, the 

skin barrier is either directly or indirectly harmed, thickening the skin and bringing on wrinkles 

(Kim et al., 2016). Also, pathologic events in the skin occur when PM compromises the 

integrity of the skin, resulting in processes like apoptosis (Morita, 2007). The MAPK signaling 

pathway, which is likely connected to skin inflammation, can be triggered when skin cells are 

overexposed to PM (Bosch et al., 2015). Additionally, PM ingredients can promote ROS 

development, which in turn causes inflammation, whereas the phenolic can reduce ROS 

production by preventing the activation of MAPKs (Tsai et al., 2017). 

The diphlorethohydroxycarmalol (DPHC) is found in the edible seaweed Ishige 

okamurae (a type of brown algae) which is well-recognized for its functional activities (Heo 

et al., 2008). This compound has been demonstrated to have anticancer, antioxidant, anti-

inflammatory, antidiabetic, and antibacterial properties in previous investigations (Kang et al., 

2015a; Mayer et al., 2005). In addition, we have previously discussed the mechanism that 

DPHC can prevent UVB-induced cell damage in human keratinocytes by reducing ROS 

production and inactivating MAPK signaling pathway (Piao et al., 2013; Piao et al., 2015a). 

To assess the potential protective effects of DPHC against PM2.5-induced skin damage, the 

oxidation of macromolecules and dysfunction of organelles induced by PM2.5 were evaluated 

both in vitro and in vivo, and DPHC showed protective effects via the MAPK signaling 

pathway.  
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RESULTS 

Diphlorethohydroxycarmalol (DPHC) prevented PM2.5-induced ROS overexpression 

According to the cell viability assay, there is no cytotoxicity of DPHC (0, 2.5, 5, 10, 20, 

and 40 µM) against HaCaT keratinocytes (Figure 1A). DPHC at concentrations of 0, 2.5, 5, 

10, 20, or 40 µM, respectively, scavenged free radicals in a dose-dependent manner, and the 

N-acetylcysteine (NAC, 1 mM) was a positive antioxidant (Figure 1B). According to the 

scavenging ability of free radicals, 20 µM DPHC was selected as the optimal concentration 

for the next experiments. The result showed that the PM2.5-treated group indicated a high level 

of intracellular ROS, which was inhibited by treatment with DPHC (Figure 1C). And it was 

reconfirmed by detecting ROS level with flow cytometry, that DPHC prevented PM2.5-induced 

ROS generation in keratinocytes (Figure 1D). Thus, DPHC highly stopped PM2.5-induced ROS 

production. 
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    (A)       (B)   

 

(C) 

 

 
 (D) 

Figure 1. DPHC decreased free radical production. (A) The cell viability was 

assessed using MTT after cell treatment with DPHC at concentrations of 0, 2.5, 5, 

10, 20, and 40 µM for 24 h. (B) The DPPH free radical scavenging of DPHC at 

concentrations of 0, 2.5, 5, 10, 20, and 40 µM was measured by the DPPH test. *p < 

0.05 vs. DPPH. Inhibition of DPHC for intracellular ROS induced by PM2.5 was 

labeled by H2DCFDA staining by (C)confocal microscopy and (D) flow cytometry. 

*p < 0.05 and #p < 0.05 vs. control and PM2.5-treated group, respectively. 
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DPHC suppressed PM2.5-induced cellular macromolecules oxidation both in vitro and in vivo 

The fluorescent indicating lipid peroxidation showed a high level in PM2.5-exposed cells, 

whereas the intensity was inhibited by treatment with DPHC (Figure 2A). In addition, DPHC 

alleviated cellular DNA damage that shielded the formation of PM2.5-induced condensed 8-

oxoguanine (Figure 2B), prevented PM2.5-induced DNA strands breaking (Figure 2C), and 

inhibited PM2.5-induced overexpression of phospho-histone H2A.X (Figure 2D). PM2.5 also 

raised the level of protein carbonylation in keratinocytes, which was reduced by DPHC 

treatment (Figure 2E). In terms of in vivo experiments, DPHC both in a low dose (200 μM) 

and a high dose (2 mM) decreased the PM2.5-induced creation of lipid peroxidation (Figure 2F) 

and protein carbonyl (Figure 2G). What’s more, according to the histological analysis, the 

dorsal skin in the PM2.5 treatment group exhibited a higher epidermis; whereas DPHC in high 

dose significantly mitigated the height of the epidermis (Figure 2H). Overall, DPHC decreased 

oxidative stress and prevented skin damage caused by PM2.5 both in vitro and in vivo. 
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    (A) 

     

    (B) 

    

 
   (C) 

Figure 2. Cells were guarded by DPHC from macromolecule damage brought on by 

PM2.5. (A) Lipid peroxidation was examined using confocal microscopy following 

DPPP labeling. (B) Confocal microscopy was used to identify the amount of avidin-

TRITC bound to 8-oxoguanine in DNA. (C) DNA damage was assessed using the 

comet assay. *p < 0.05 and #p < 0.05 vs. control and PM2.5-treated group, 

respectively. 
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      (D)       (E) 
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(H) 

Figure 2. continued (D) Western blotting was used to determine the expression of 

phospho-H2A.X. (E) The protein carbonylation was examined using a protein 

carbonyl ELISA kit in vitro. (F) The protein carbonylation was examined using a 

protein carbonyl ELISA kit in vivo. (G) The lipid peroxidation was assessed in vivo 

using an 8-iso-Prostaglandin F2α ELISA kit. (H) The images of histological analysis 

were taken for epidermal height measurement. *p < 0.05 and #p < 0.05 vs. control 

and PM2.5-treated group, respectively.  
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DPHC maintained homeostasis ER stress and autophagy under PM2.5 exposure 

ER is the main reservoir of calcium in cells, which is critical for Ca2+ homeostasis (Piao 

et al., 2018). In the result, PM2.5-exposed cells displayed a higher level of Ca2+, whereas the 

high fluorescence intensity indicated the level of Ca2+ was inhibited by treatment with DPHC 

(Figure 3A). In addition, under ER stress, activated IRE1α promoted the transcription of CHOP, 

which is responsible for apoptosis (Pauly et al., 2017). The proteins of phospho-IRE1α and 

CHOP of cells in the PM2.5 group were increased, which were decreased by DPHC treatment 

(Figure 3B). Furthermore, ER stress is tightly related to the process of autophagy for activating 

self-degradation (Nishitoh, 2012). And the autophagy-related proteins of Beclin-1 and LC3B-

II were upregulated by PM2.5 treatment, which was reversed by DPHC (Figure 3C). In Figure 

3D, PM2.5 treatment accumulated the level of orange/red autophagic lysosomes, while DPHC 

minimized those cytoplasmic vesicles. Taken together, ER stress and autophagic activation 

induced by PM2.5 could be suppressed by DPHC treatment. 
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(A) 

 

             (B) 

 

         (C) 

 

(D) 

Figure 3. DPHC protected cells from PM2.5-induced ER stress and autophagy. (A) 

The intracellular Ca2+ levels with Fluo-4 AM were assessed under confocal 

microscopy. (B) The protein levels of phospho-IRE1α and CHOP, and (C) Beclin-1 

and LC3B-II in cell lysates were measured by western blotting. (D) The cellular acid 

vesicles were visualized by acridine orange staining.  
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DPHC preserved mitochondrial function under PM2.5 exposure 

ROS is one of the toxic byproducts during ATP production in mitochondria, massive of 

which causes mitochondrial dysfunction (Chuang et al., 2020). In this result, excessive ROS 

in mitochondria was induced by PM2.5 exposure, which was inhibited by DPHC treatment 

(Figure 4A). Similarly, the Ca2+ level in mitochondria induced by PM2.5 exposure was reduced 

by DPHC (Figure 4B). Mitochondrial potential and permeability are highly related to caspase-

mediated apoptosis (Chaudhary et al., 2016). And PM2.5 exposure caused depolarization of 

mitochondrial membrane potential (ΔΨm), whereas DPHC treatment rebuilt the ΔΨm balance 

(Figure 4C, 4D). Thus, DPHC maintained cellular mitochondrial ROS level, Ca2+ levels, and 

membrane potential under PM2.5 exposure. 
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(B) 

Figure 4. Mitochondrial dysfunction induced by PM2.5 was prevented by DPHC. (A) 

DHR123 staining was used to detect the mitochondrial ROS with confocal 

microscopy. (B) Rhod-2 AM staining was used to detect the mitochondrial Ca2+ level 

by a flow cytometer. *p < 0.05 and #p < 0.05 vs. control and PM2.5-treated group, 

respectively. 
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   (C) 

 

 
    (D) 

Figure 4. continued (C, D) Images and data of mitochondrial ΔΨm were obtained 

with JC-1 staining under confocal microscopy and flow cytometry, respectively. *p 

< 0.05 and #p < 0.05 vs. control and PM2.5-treated group, respectively. 
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DPHC decreased PM2.5-induced keratinocyte apoptosis 

    PM2.5 exposure inhibited the expression of the antiapoptotic protein, Bcl-2, but promoted 

the expression of the apoptotic protein, Bax. However, DPHC restrained the Bax level and 

sustained the Bcl-2 level (Figure 5A). Similarly, DPHC also restricted PM2.5-increased active 

forms of caspase-9 and caspase-3 (Figure 5B). The sub-G1 phase cell population was at a 

higher level in the PM2.5 exposure group, whereas it was decreased by DPHC treatment (Figure 

5C). In addition, PM2.5 exposure caused condensed nuclei in keratinocytes, which indicated 

apoptosis, whereas DPHC inhibited the accumulation of apoptotic bodies (Figure 5D). What’s 

more, Z-VAD-FMK was applied to confirm the impact of caspase activation on apoptosis. 

Notably, apoptotic bodies induced by PM2.5 exposure were reduced by Z-VAD-FMK treatment, 

DPHC treatment, or both (Figure 5E).  
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(A)                                        (B) 

 

 

(C) 

Figure 5. PM2.5-induced cell apoptosis was limited by DPHC. (A, B) The apoptosis-

related proteins of Bcl-2 and Bax, and caspase-related proteins of cleaved caspase-9 

and cleaved caspase-3 in cell lysates were analyzed using western blotting. (C) Sub-

G1 populations with PI staining were measured by flow cytometry. *p < 0.05 and #p 

< 0.05 vs. control and PM2.5-treated group, respectively. 
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(E) 

 

Figure 5. continued (D) Apoptotic bodies visualized by Hoechst 33342 staining; 

arrows indicated apoptotic bodies. (E) The formation of apoptotic cells was assessed 

by Hoechst 33342 staining. *p < 0.05, #p < 0.05, and ##p < 0.05 vs. control, PM2.5-

exposed, and DPHC-pretreated plus PM2.5-exposed cells, respectively. 
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DPHC regulated MAPK signaling pathway to reduce PM2.5-induced apoptotic bodies 

The previous study showed that the MAPK signaling pathway is involved in cell 

apoptosis via the phosphorylation of ERK, p38, and JNK. The result further proved that PM2.5 

exposure induced the expression levels of phospho-ERK, phospho-p38, and phospho-JNK, 

which were decreased by DPHC treatment (Figure 6A). And DPHC and/or MAPK signaling-

related inhibitors (U0126, SB203580, and SP600125; inhibitors of MEK (upstream of ERK), 

p38, and JNK, respectively) lowered the PM2.5-induced apoptotic bodies in skin HaCaT 

keratinocytes (Figure 6B). Therefore, DPHC inhibited PM2.5-induced apoptosis by inactivation 

of the MAPK signaling pathway. 
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       (A) 

 

        (B) 

Figure 6. DPHC prevented PM2.5-exposed cell apoptosis via the MAPK signaling 

pathway. (A) Cell lysates were analyzed to detect phosphorylation of ERK, p38, and 

JNK using western blotting. (B) Analysis of Hoechst 33342-stained apoptotic cells, 

after treatment with U0126, SB203580 (SB), and SP600125 (SP), which are 

inhibitors of MEK, p38, and JNK, respectively; *p < 0.05 and #p < 0.05 compared 

with control and PM2.5-exposed cells, respectively. 



- 19 - 

DISCUSSION 

Previous studies showed that DPHC suppressed ROS generation further blocking MMP-

1 expression (Piao et al., 2015a), and activating the nucleotide excision repair system to inhibit 

UVB-induced DNA damage in human HaCaT cells (Piao et al., 2015b). Studies have also 

shown that PM2.5 may penetrate the skin barrier and damage the keratinocytes (Krutmann et 

al., 2014; Li et al., 2017). Therefore, I tested the protective effects of DPHC on PM2.5-induced 

skin damage in this study. DPHC, as a phlorotannin, showed no cytotoxicity to human HaCaT 

cells from 2.5 to 40 µM and showed radical scavenging activity in the DPPH assay. 

Furthermore, the results showed that there was no significant difference in the DPPH 

scavenging effect between concentrations of 20 and 40 µM. In addition, our previous studies 

showed that DPHC inhibited both superoxide anions and hydroxyl radicals directly at 20 µM 

(Piao et al., 2013). Therefore, I used DPHC at 20 µM as the test concentration in the 

subsequent experiments. A recent study demonstrated that PM2.5 changed the morphology of 

keratinocytes because of ROS overproduction, which damages the intracellular antioxidant 

system (Hu et al., 2017). Therefore, I investigated PM2.5-induced intracellular ROS production 

in keratinocytes and the results showed that PM2.5 promoted ROS generation, lowered cell 

viability, and damaged cell structures such as DNA by inducing lipid peroxidation. However, 

DPHC blocked intracellular ROS generation, increased cell viability, and protected the cell 

structure. In vivo experiments also proved that the oxidation of polyunsaturated fatty acids and 

the protein carbonylation as well as epidermal height were increased by PM2.5; however, the 

generations of these two substances and the increase of epidermal height were inhibited by 

DPHC.  

ER stress plays a crucial role in intracellular dysfunction and may be induced by PM2.5 

(Piao et al., 2018). In ER transmembrane proteins regulation, GRP78 facilitates misfolded 

protein refolding of mainly PERK, IRE1α, and ATF6 (Mei et al., 2013). These results showed 

that DPHC suppressed PM2.5-induced ER stress, and balanced Ca2+ dynamics, which was 
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essential to ER function. In addition, PM2.5 induced the phosphorylation of IRE1α and 

upregulated protein levels of GRP78 and CHOP, which indicated that PM2.5 activated the ER 

stress pathway in HaCaT cells. Furthermore, these effects were reversed by DPHC. A previous 

review reported that ER stress may induce cell death through autophagy (Sano et al., 2013). 

In the autophagic process, various ATGs including ATG5, Beclin-1, and the microtubule-

associated protein LC3B play a very important role. Beclin-1 is involved in the nucleation of 

the phagophore and autophagosome formation (Shrestha et al., 2018). Therefore, the protein 

levels of Beclin-1and LC3-II were detected, which were increased by PM2.5; however, DPHC 

decreased this effect.  

In addition to ER stress, mitochondrial dysfunction is related to intracellular ROS 

generation and causes cell damage. Previous studies proved that elevated ROS levels induced 

by UVA irradiation also decrease the ΔΨm, which induces the generation of cytochrome C and 

apoptosis-related factors (Xin et al., 2021). Our results demonstrated that PM2.5 induced 

mitochondrial ROS generation and caused mitochondrial swelling. In addition, PM2.5 

promoted the protein level of Bax, which is an apoptosis-related protein, and blocked that of 

Bcl-2, an anti-apoptotic protein. However, DPHC reversed all these effects, suggesting that it 

protected cells against PM2.5-induced mitochondria damage. 

Because PM2.5 may be related to cell apoptosis, I examined nuclear condensation, which 

is one of the characteristics of apoptotic cells. The result showed that PM2.5 promoted the 

development of apoptotic bodies and activated caspases-3 and -9, two key apoptotic proteins. 

However, DPHC inhibited cell apoptosis, which suggested that it protected the cells from 

apoptosis by regulating the levels of apoptosis-associated proteins.  

Previously, the MAPK signaling pathway was shown to degrade Bcl-2 and activate Bax, 

resulting in mitochondrial-mediated apoptotic cell death (Tang et al., 2021). Therefore, I 

detected the expression levels of the MAPK signaling-associated proteins. Phosphorylation of 

ERK, p38, and JNK was upregulated by PM2.5 and downregulated by DPHC pretreatment. The 
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effects of MAPK signaling were further explored using MEK, p38, and JNK inhibitors. DPHC 

pretreatment reduced apoptotic cell number, and MAPK signaling-related inhibitors also 

contributed to reducing the number of apoptotic bodies, which indicated that DPHC may 

inhibit cell death through the MAPK signaling pathway. 
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PART II 

Eckol Protected Skin Keratinocyte Damage from Particulate Matter 

via MAPK Signaling Pathway 

 

This work has been published as titled “Eckol Inhibits Particulate Matter 2.5-Induced 

Skin Keratinocyte Damage via MAPK Signaling Pathway” in Marine Drugs 

(2019;17:444). 
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ABSTRACT 

The toxicity of particulate matter towards the epidermis has been well-established in 

many epidemiological studies; it is manifested in various forms, including cancer, aging, and 

skin loss. In this study, it aimed to show the mechanism underlying the protective effects of 

eckol, a phlorotannin isolated from brown seaweed, towards human HaCaT keratinocytes from 

PM2.5-induced cell death. First, to elucidate the underlying mechanism of toxicity of PM2.5, I 

checked the ROS level, which contributed significantly to cell damage. Experimental data 

indicated that excessive ROS caused damage to lipids, proteins, and DNA and induced 

mitochondrial dysfunction. Furthermore, eckol decreased ROS generation, ensuring the 

stability of molecules, and maintaining a steady mitochondrial state. The western blot analysis 

showed that PM2.5 promoted apoptosis-related protein levels and activated MAPK signaling 

pathway, whereas eckol protected cells from apoptosis by inhibiting MAPK signaling pathway. 

This was further reinforced by detailed investigations using MAPK inhibitors. Thus, our 

results demonstrated that inhibition of PM2.5-induced cell apoptosis by eckol was through the 

MAPK signaling pathway. 

 

KEYWORDS 

Eckol, particulate matter 2.5; oxidative stress; human HaCaT keratinocytes 
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INTRODUCTION  

Natural compounds could be effective candidates for various skin diseases. Particularly, 

phlorotannin extracted from seaweeds has interesting properties that make them useful for 

cosmeceutical applications. It could whiten the skin by inhibiting melanin synthesis (Kim et 

al., 2019), and adjust macrophages by inhibiting inflammatory profile (Kong et al., 2011). 

Moreover, phlorotannin shows antioxidant (Gheda et al., 2021), anti-inflammatory (Sanjeewa 

et al., 2016), and hair-growth promotion activities (Chang et al., 2016). Studies have shown 

that eckol, which is a kind of phlorotannin present in brown seaweeds, decreases the oxidative 

stress in human keratinocytes (Piao et al., 2012), inhibits cancer (Monteiro et al., 2022), and 

declines the inflammatory index in HaCaT keratinocytes (Cho et al., 2020). Our earlier studies 

have proved that eckol could clear excess ROS and protect skin keratinocytes from apoptosis 

(Piao et al., 2012). 

Air pollution by the continuous emission of various pollutants into the atmosphere has 

accelerated climate change and modernization (Kim et al., 2013). According to previous 

studies, PM increases the public health risks for various diseases, such as respiratory disease 

(Wu et al., 2021), cardiovascular disease (Ain & Qamar, 2021), and lung development (Lim 

& Yoon, 2022). Fine particulate matter with a diameter of less than 2.5 μm, denoted as PM2.5. 

Significantly, PM2.5 could deeply penetrate the skin and the respiratory tract (Kim et al., 2015). 

Skin damage caused by PM2.5 is manifested as inflammatory skin diseases, such as atopic 

dermatitis, acne, psoriasis, aging, and cancer via multiple signaling pathways (Kim et al., 

2016). Based on this evidence of its protective action, I was interested to unravel the 

mechanism underlying the protective action of eckol on PM2.5-induced skin cell apoptosis.   
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RESULTS 

Eckol inhibited cell damage via the reduction of oxidative stress 

Previous studies have shown that eckol exhibited no cytotoxicity to HaCaT cells up to 50 

μM (Kang et al., 2015b), but showed antioxidant activity (Piao et al., 2012). Therefore, I used 

30 μM of eckol as the optimal concentration in this study. Although PM2.5 increased the levels 

of ROS, eckol inhibited intracellular ROS generation (Figure 7A, 7B). The results 

demonstrated that PM2.5-induced ROS could accelerate cell apoptosis and death. To confirm 

that eckol could help cells escape from this damage, I checked cell arrest, nuclei integrity, and 

cell viability. According to the results, PM2.5 treatment led to apoptosis including high levels 

of sub-G1 cell phase (Figure 7C) and fragmented nuclei (Figure 7D). However, it was noted 

that following treatment with eckol, the percentage of cells with a normal cell cycle was 

increased, and the number of apoptotic bodies was decreased. Therefore, eckol could protect 

keratinocytes from PM2.5-induced cell cycle arrest and apoptosis by inhibiting ROS generation. 
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       (A) 

        

      (B) 

Figure 7. Eckol decreased cell apoptotic bodies by inhibiting PM2.5-induced ROS 

levels. Intracellular ROS level (H2DCFDA staining) induced by PM2.5 (50 µg/mL) 

was inhibited via treatment with eckol (30 µM) as observed by (A) flow cytometry 

and (B) confocal microscope. *p < 0.05 and #p < 0.05 vs. control cells and PM2.5-

exposed cells, respectively. 

 

 

 

 



- 27 - 

    

 

    (C) 

    

   

      (D) 

Figure 7. continued (C) Sub-G1 cell cycle arrest induced by PM2.5 was blocked by 

treatment with eckol, as determined by PI staining. (D) Apoptosis induced by PM2.5 

was reduced by treatment with eckol, observed by Hoechst 33342 staining. *p < 

0.05 and #p < 0.05 vs. control cells and PM2.5-exposed cells, respectively.  
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Eckol ameliorated PM2.5-induced macromolecular damage 

Previous studies have shown that an increment in ROS disrupted intracellular molecules 

involved in apoptosis (Hyun et al., 2019; Ghosh et al.,2012); next, I detected lipid peroxidation, 

protein carbonylation, and DNA damage. The confocal images showed that PM2.5 caused the 

generation of phosphine oxide, which is a marker of lipid peroxidation. However, this was 

reversed by treatment with eckol (Figure 8A). Moreover, PM2.5 aggravated protein 

carbonylation level, which was decreased by eckol treatment (Figure 8B). DNA lesions and 

strand breaks were studied by staining the cells with avidin-TRITC (Figure 8C) and comet 

assay (Figure 8D). The data showed that eckol guarded DNA against PM2.5. From these results, 

eckol protected cells from PM2.5-induced macromolecular damage. 

  



- 29 - 
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(B) 

 

(C) 

 
 (D) 

Figure 8. Eckol protected cellular molecules from PM2.5-induced damage. (A) Lipid 

oxidation induced by PM2.5 was mitigated via treatment with eckol through DPPP 

staining. (B) Protein carbonylation induced by PM2.5 was declined via treatment with 

eckol as observed by a protein carbonylation assay. DNA damage induced by PM2.5 

was inhibited via treatment with eckol, as confirmed through (C) avidin-TRITC 

staining and (D) comet assay. *p < 0.05 and #p < 0.05 vs. control cells and PM2.5-

exposed cells, respectively.  
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Eckol prevented PM2.5-induced mitochondrial dysfunction 

Mitochondria play an important role in cellular energy production, and their biogenesis 

is related to the synthesis of molecules, such as lipids and proteins, DNA transcription, and 

even cell apoptosis (Shin et al., 2017). Next, I examined mitochondrial functions. DHR123 

staining images showed that mitochondrial ROS was accumulated in the PM2.5-treated group; 

whereas ROS level was decreased by pretreatment with eckol (Figure 9A). Both flow 

cytometry (Figure 9B) and confocal microscopy (Figure 9C) data demonstrated that PM2.5 

caused mitochondrial depolarization, which was arrested by treatment with eckol. Furthermore, 

the flux of intracellular calcium was increased in the PM2.5-treatment group, and it was 

decreased in the eckol-treatment group, which was monitored using the calcium indicator, 

Rhod-2 AM, by confocal microscopy (Figure 9D) and flow cytometry (Figure 9E). All these 

data suggested that PM2.5 induced disordered mitochondrial functions, which was prevented 

by eckol. 
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 (A) 

  

  (B) 

 
   (C) 

Figure 9. Eckol prevented PM2.5-induced mitochondrial dysfunction by balancing 

calcium level and mitochondrial membrane potential. (A) Mitochondrial ROS 

induced by PM2.5 was decreased via treatment with eckol through DHR123 staining. 

Depolarization of mitochondrial membrane potential (JC-1 staining) induced by 

PM2.5 was repolarized via treatment with eckol through (B) confocal microscopy and 

(C) flow cytometry. *p < 0.05 and #p < 0.05 vs. control cells and PM2.5-exposed cells, 

respectively. 
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(D) 

 

 
(E) 

Figure 9. continued Extra-mitochondrial Ca2+ (Rhod-2 AM staining) induced by 

PM2.5 was blocked by treatment with eckol and was monitored using (D) confocal 

microscopy and (E) flow cytometry. *p < 0.05 and #p < 0.05 vs. control cells and 

PM2.5-exposed cells, respectively. 
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Eckol restrained PM2.5-induced apoptosis 

It has been reported that urban particulate pollution penetrates the skin barrier and causes 

apoptosis in keratinocytes by activating caspase-3 (Pan et al., 2015). Therefore, I evaluated 

the levels of the anti-apoptosis protein Bcl-2, the proapoptotic protein Bax, and cleaved 

caspase-3 (Figure 10A). The protein levels of activated caspase-3 and Bax were increased by 

PM2.5, but an expression of Bcl-2 was decreased by treatment with PM2.5; however, these were 

reversed by eckol treatment. To investigate whether PM2.5 could induce apoptosis, I counted 

apoptotic bodies via Hoechst 33342 staining (Figure 10B). The index of apoptotic cells in the 

PM2.5 group surged four times compared to that in the control group; however, both eckol and 

Z-VAD-FMK (the caspase inhibitor) halted the apoptotic bodies induced by PM2.5. Thus, eckol 

inhibited apoptosis induced by PM2.5 through the inactivation of caspase-3. 
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(A) 

 
(B) 

Figure 10. Eckol reduced PM2.5-induced apoptotic bodies by regulating apoptosis-

related proteins. (A) The protein levels of Bcl-2, Bax and cleaved caspase-3 were 

observed by western blotting. (B) Apoptosis was detected by Hoechst 33342 staining. 

*p < 0.05 and #p < 0.05 vs. control cells and PM2.5-exposed cells, respectively. 
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Eckol reduced PM2.5-induced apoptosis by inactivating MAPK signaling pathway 

In a review, Sun et al., point out that many anti-cancer therapeutics induced apoptosis by 

inactivating the MAPK/ERK signaling pathway (Sun et al., 2015). Thus, I checked expression 

levels of MAPK-related proteins, ERK, p38, and JNK, and the results showed that PM2.5 could 

stimulate ERK, p38, and JNK (Figure 11A). However, eckol inhibited the activation of ERK, 

p38, and JNK. Next, I examined PM2.5-induced apoptotic bodies by treatment with MAPK 

pathway inhibitors, U0126, SB203580, and SP600125 (inhibitors of MEK, p38, and JNK, 

respectively), and the results showed that all these three inhibitors could reduce the number of 

apoptotic bodies (Figure 11B). In addition, eckol enhanced the anti-apoptotic effect of MAPK-

related inhibitors. Therefore, eckol inactivated MAPK signaling pathway to increase cell 

survival. 
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    (A) 

  

    (B) 

Figure 11. Eckol reduced PM2.5-induced apoptotic bodies by inactivating MAPK 

signaling pathway. (A) Western blot showing that activation of ERK, p38, and JNK 

induced by PM2.5 was reversed via treatment with eckol. (B) Apoptosis induced by 

PM2.5 was reduced by treatment with eckol or MEK, p38, and JNK inhibitors (U0126, 

SB203580 (SB), and SP600125 (SP), respectively), as observed through Hoechst 

33342 staining. *p < 0.05, #p < 0.05 and ##p < 0.05 vs. control cells, PM2.5-exposed 

cells, and both eckol and PM2.5-exposed cells respectively. 
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DISCUSSION 

There have been several investigations into the bioactivities of eckol, since it was first 

isolated from Ecklonia cava (Cho et al., 2020). Eckol has multi-protective effects on several 

cell lines, including lung fibroblast cells (Kim et al., 2010), human dermal fibroblasts (Joe et 

al., 2006), Chang liver cells (Kim et al., 2014), and human keratinocytes (Piao et al., 2012). 

Furthermore, eckol is a compound with therapeutic potential in many areas, such as anti-

oxidative stress (Gheda et al., 2021), radioprotective action (Park et al., 2008), and anticancer 

activity (Monteiro et al., 2022). According to a study, PM2.5 causes cell apoptosis by generating 

ROS (Piao et al., 2018). Usually, oxidative stress is caused by excessive accumulation of ROS 

or lack of the ability to eliminate them. PM2.5 produces large amounts of ROS beyond the 

clearance ability of cells (Zhen et al., 2019b). In our study, eckol showed its ability to protect 

cells against PM2.5-induced ROS, cell cycle arrest, and apoptosis, and improved cell viability. 

To explore the mechanism in detail, I checked the state of molecules such as lipids, 

proteins, and DNA, which play various important roles in the cells (Zhen et al., 2019a). 

Furthermore, macromolecular damage can be recognized as oxidative stress (Trachana et al., 

2017). Our results demonstrated that PM2.5 indeed induced the oxidation of molecules, 

whereas eckol relieved molecular damage. The mitochondria-dependent ROS generation 

subsequently caused cell cycle arrest and apoptosis, which is ROS-mediated apoptosis via 

mitochondrial mechanism (Kiang & Olabisi, 2019). In addition, our previous studies showed 

that calcium level and mitochondrial membrane potential affect the function of mitochondria 

(Piao et al., 2018; Zhen et al., 2019b; Zhen et al., 2019c). The data in Figure 9 illustrated that 

PM2.5 increased the calcium level and depolarized mitochondrial membrane potential as 

compared to the control cells, whereas eckol regulated the mitochondria and maintained a 

stable state. The mechanism of mitochondrial damage is related to Bcl-2 proteins, which 

maintain mitochondrial membrane integrity (Zheng et al., 2016). The interaction between Bcl-

2 and Bax also influences antiapoptosis (Moldoveanu et al., 2014). Bcl-2 plays an anti-
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apoptotic role, whereas Bax is proapoptotic (Czabotar et al., 2014). There is a complex 

crosslink between Bcl family proteins and caspase proteins in cell apoptosis, in which Bcl-2 

indirectly activates the caspase cascade (Gupta et al., 2021). The caspase-3 results in apoptosis 

induced by both extrinsic and intrinsic stimuli (Asweto et al., 2017). The results elucidated 

that except for the decrease of Bcl-2, Bax and activated caspase-3 were increased by PM2.5; 

however, eckol reversed these effects. Then, I treated cells with a caspase inhibitor (Z-VAD-

FMK) and found that upon pretreatment with caspase inhibitors, the apoptotic bodies were 

decreased significantly. These data proved that caspase proteins contributed to cell apoptosis 

induced by PM2.5. MAPK signaling pathway plays a role in many systems of cell proliferation, 

migration, and apoptosis (Sun et al., 2015). Many drugs are used to modulate MAPK signaling 

pathways to induce cell apoptosis in cells, such as lung cancer (Jeanson et al., 2019), human 

colorectal cancer (Pan et al., 2019), and cervical cancer HeLa cells (Yao et al., 2019). Finally, 

I checked MAPK signaling pathway-related proteins, ERK, p38, and JNK. The results showed 

that PM2.5 activated all three proteins, but eckol exhibited the ability to inactivate them. When 

I used inhibitors of MEK, p38, and JNK to treat PM2.5-damaged cells, the numbers of apoptotic 

bodies were decreased similar to eckol. These data further proved that the MAPK signaling 

pathway plays a vital role in the inhibition of PM2.5-induced apoptosis by eckol.  



- 39 - 

PART III 

Purpurogallin Prevented Particulate Matter- and/or Ultraviolet B-

Induced Skin Cell Damage  

 

This work has been published as titled “Purpurogallin Protects Keratinocytes from 

Damage and Apoptosis Induced by Ultraviolet B Radiation and Particulate Matter 

2.5” in Biomolecules & Therapeutics (2019;27:395-403). 
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ABSTRACT 

Purpurogallin, a natural phenol obtainable from oak nutgalls, has shown antioxidant, 

antiproliferative, and anti-inflammatory effects. Recently, in addition to UVB radiation 

inducing cell apoptosis via oxidative stress, PM2.5 was shown to trigger excessive production 

of reactive oxygen species. According to the study, UVB radiation and PM2.5 synergistically 

damaged human HaCaT keratinocytes, leading to disrupted cellular DNA, lipids, and 

mitochondrial depolarization. Purpurogallin protected HaCaT cells against apoptosis which 

was induced by UVB radiation and/or PM2.5. These results indicate that purpurogallin 

possesses antioxidant effects and protects cells from damage and apoptosis induced by UVB 

radiation and PM2.5. 

 

KEYWORDS 

Purpurogallin; PM2.5; oxidative stress; UVB; human HaCaT keratinocytes 
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INTRODUCTION  

Recently, alongside UVB, PM2.5 has become the focus of public health research, 

including research on skin hazards. PM2.5 represents outdoor air pollution and mainly consists 

of metals, allergens, toxic products from the combustion of fossil fuels, and endotoxins (He et 

al., 2016). PM was shown to damage the nervous system (Wang et al., 2017), the respiratory 

epithelium (Liu et al., 2017), the immune system (Castañeda et al., 2018), and the 

cardiovascular system (Cao et al., 2016). As skin and keratinocytes form the outermost barrier 

directly facing harmful PM, the combined effects of PM2.5 and UVB on the skin are worth 

investigating. 

Purpurogallin (PG) is a natural phenol (Chang et al., 2014), and phenolic compounds 

were shown to possess antioxidant effects in cardiovascular diseases, anticancer activity, anti-

platelet aggregation effects, and anti-bacterial activity (Faggio et al., 2017). Furthermore, high 

levels of polyphenols promote collagen synthesis and protect human skin from photo-aging 

(Kang et al., 2018). PG suppressed delayed vasospasm and suppresses esophageal squamous 

cell carcinoma growth (Chang et al., 2014, Xie et al., 2019). Additionally, PG reduced 

inflammation in BV2 microglia cells and osteolytic diseases and showed antioxidant effects 

(Park et al., 2013; Kim et al., 2018; Li et al., 2022).  

As UVB and PM2.5 aggravate damage to keratinocytes and as PG may possess 

cytoprotective effects, this study explored the effects of PG against PM2.5- and/or UVB-

induced oxidative stress in HaCaT cells, focusing on antioxidant and cytoprotective effects 

and investigating the underlying mechanisms. 
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RESULTS 

Purpurogallin (PG) attenuated ROS generation 

According to the MTT assay, PG displayed no cytotoxicity to HaCaT cells through the 

three tested concentrations (Figure 12A). Cell viability in all treated groups was > 96%, similar 

to the control. DPPH radical levels were significantly and dose-dependently decreased in PG-

treated groups (Figure 12B). The Hydroxyl radical scavenging potential of PG (10 µM) was 

evaluated using ESR spectrometry. In the positive control (FeSO4 + H2O2) system, 

DMPO/·OH adduct signal was 3366 units and was reduced to 2090 units by PG (Figure 12C). 

In addition, H2O2-induced intracellular ROS were scavenged by PG (Figure 12D). It suggested 

that PG scavenged intracellular ROS in a concentration-dependent manner in H2O2-treated 

cells, with 10 µM PG scavenging up to 42% ROS, compared to the control.  
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(A)                                      (B) 

 
(C) 

 

              (D) 

Figure 12. PG reduced the generation of free radicals. (A) The MTT assay was used 

to determine cell viability after treating HaCaT cells with PG (0, 2.5, 5, and 10 µM) 

for 24 h. (B) DPPH radical scavenging activity of PG (0, 2.5, 5, and 10 µM). *p < 

0.05 vs. positive control. (C) The hydroxyl radical scavenging potential of PG (10 

µM) was estimated using the Fenton reaction. *p < 0.05 vs. control, #p < 0.05 

vs. ·OH radical, respectively. (D) Intracellular ROS scavenging potential of PG (0, 

2.5, 5, 10 µM). ROS generated by H2O2 was detected using the H2DCFDA assay. *p 

< 0.05 vs. H2O2-treated cells.   
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PG protected PM2.5-induced cellular macromolecules from oxidative stress 

The result showed that 10 µM PG reduced the levels of PM2.5-generated 

intracellular ROS (Figure 13A, 13B). PM2.5 generated higher levels of DPPP oxide in 

cells not treated with PG, compared to PG-pretreated cells (Figure 13C). Additionally, 

PM2.5-exposed cells, which were pretreated with PG, showed lower levels of protein 

carbonylation than cells not treated with PG (Figure 13D). As for PM2.5-induced DNA 

damage, fluorescence and length of tails were significantly reduced in the PG 

pretreatment group (from 65 to 22%) (Figure 13E). These results suggested that PG 

suppressed PM2.5-induced ROS generation and protected cellular macromolecules 

from PM2.5-induced damage. 
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(B) 

 

(C) 

Figure 13. PG inhibited PM2.5-increased ROS generation and macromolecular 

damage. (A) Confocal microscopy was used for detecting intracellular ROS after 

H2DCFDA staining. (B) Intracellular ROS levels were assessed by flow cytometry. 

(C) Lipid peroxidation was assessed after DPPP staining. *p < 0.05 and #p < 0.05 

vs. control cells and PM2.5-exposed cells, respectively. 
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(D) 

 

 
(E) 

Figure 13. continued (D) Protein carbonylation assay. (E) Comet assay of the DNA 

damage. *p < 0.05 and #p < 0.05 vs. control cells and PM2.5-exposed cells, 

respectively. 
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PG blocked PM2.5-induced apoptosis 

Using JC-1 staining, normal mitochondrial polarization was observed in PM2.5-

free cells, whereas PM2.5-exposed cells showed indications of mitochondrial 

depolarization (Figure 14A). The intensity of red and green fluorescence in PG-

pretreated cells suggested higher levels of normal mitochondrial polarization and a 

lower degree of mitochondrial depolarization, compared to mitochondria of the PM2.5-

exposed group. Flow cytometry confirmed these observations (Figure 14B). 

Additionally, Hoechst 33342 staining of apoptotic bodies indicated that the PM2.5-

exposed cell group presented the highest number of apoptotic cells, whereas cells 

pretreated with PG avoided apoptosis to a certain degree (Figure 14C). 
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(B) 

 
(C) 

Figure 14. PM2.5 caused apoptosis via mitochondrial dysfunction. Cells were stained 

with JC-1 to detect the mitochondrial membrane potential (ΔΨm) by (A) confocal 

microscopy and (B) flow cytometry. (C) Apoptotic bodies (arrows) stained with 

Hoechst 33342. *p < 0.05 and #p < 0.05 vs. control cells and PM2.5-exposed cells, 

respectively. 
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PG protected cells against PM2.5- and UVB-induced apoptosis 

To confirm that PM2.5 aggravates UVB-induced damage to keratinocytes, 

intracellular ROS levels were analyzed. Intracellular ROS levels were increased by 

PM2.5
 and/or UVB, whereas PG (10 µM) decreased ROS levels induced by PM2.5 

and/or UVB (Figure 15A). Lipid peroxidation was investigated by DPPP staining. 

PM2.5 combined with UVB induced a high degree of lipid peroxidation, and outranking 

UVB irradiation alone, whereas lipid peroxidation induced by PM2.5 and/or UVB in 

PG-treated cells was considerably lower (Figure 15B), indicating that PG ameliorated 

lipid peroxidation induced by these factors. PM2.5- and/or UVB-induced DNA damage 

was analyzed using the comet assay (Figure 15C). Compared to UVB, PM2.5 prolonged 

comet tails, whereas PG shortened comet tails in cells treated with PM2.5 and/or UVB. 

Additionally, Hoechst 33342 staining indicated that PM2.5 promoted UVB-induced 

apoptosis, whereas pretreatment with PG partially protected cells from PM2.5- and/or 

UVB-induced apoptosis (Figure 15D). Taken together, these results suggest that PG 

possesses cytoprotective effects against PM2.5- and/or UVB-induced oxidative damage 

and apoptosis. 
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   (A) 

 

   (B) 

Figure 15. UVB enhanced PM2.5-induced apoptosis, which was decreased by PG. 

(A) Cells were stained by H2DCFDA for detecting intracellular ROS induced by 

PM2.5 and/or UVB. (B) Lipid peroxidation induced by PM2.5 and/or UVB was 

detected after DPPP staining.   
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   (C) 

     

 
    (D) 

Figure 15. continued (C) Comet assay cellular tail lengths induced by PM2.5 and/or 

UVB. (D) Fluorescence microscopy was used to detect Hoechst 33342-stained 

apoptotic bodies (arrows) induced by PM2.5 and/or UVB. *p < 0.05, #p < 0.05 ##p < 

0.05 and ###p < 0.05 vs. control cells, UVB-irradiated cells, PM2.5-treated cells, and 

PM2.5-treated and UVB-irradiated cells, respectively.  
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DISCUSSION 

PM2.5 (with a particle diameter of < 2.5 μm) can reach the lungs and stimulate ROS 

production in the skin, increasing oxidative stress (Piao et al., 2018). High ROS levels disrupt 

the normal function of the endoplasmic reticulum, mitochondria, and lysosomes, leading to 

apoptosis. Additionally, the skin is the largest human organ and it is susceptible to irritation 

and sunburns through UV exposure. Moreover, epidemiological studies have indicated that 

UVB suppresses immune reactions, promotes ROS generation, and damages cell membrane 

proteins and lipids (Boakye et al., 2016). UVB-induced ROS production is also reported to be 

a major cause of skin cancer, as it results in the formation of 8-hydroxy-2′-deoxyguanine (Agar 

et al., 2004). 

This study evaluated the cytoprotective effects of PG on oxidative stress and apoptosis. 

Our results show that PM2.5 increased intracellular ROS production and caused macromolecule 

damage and apoptosis. In human HaCaT cells, PM2.5 exposure resulted in the dysfunction of 

mitochondria and a high apoptosis index. Notably, PM2.5 aggravated UVB-induced skin 

damage (Figure 15), increasing oxidative stress, damaging DNA, exacerbating lipid 

peroxidation, and increasing the number of apoptotic bodies. PG pretreatment reduced cellular 

ROS levels and consequently resulted in fewer apoptotic bodies. 

Taken together, these results show that PM2.5 and UVB irradiation contributed to 

apoptosis. These results suggest that PG could be potentially used in protecting the skin from 

UVB irradiation and PM2.5.  
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CONCLUSION 

 In conclusion, the tested phenolic compounds ameliorated PM2.5-induced skin keratinocyte 

damage by inhibiting ROS generation and macromolecular oxidation. In addition, both DPHC 

and eckol could sustain ER and mitochondrial homeostasis, and reduce apoptosis by the 

MAPK signaling pathway. In terms of PG, it could protect cells from both PM2.5 and UVB 

insults by inhibiting oxidative stress and DNA damage.    

 

 

Figure 16. Mechanism of protective effects of phenolic compounds (DPHC, eckol, 

and PG) on PM2.5-induced skin damage.   
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MATERIALS AND METHODS 

Samples and PM2.5 and UVB application 

DPHC and eckol were provided by Professor Nam Ho Lee of Jeju National University 

(Jeju, Republic of Korea). PG and diesel PM2.5 of SRM 1650b were purchased from the 

company of Sigma-Aldrich (St. Louis, MO, USA). All samples (DPHC, eckol, and PG) of 

concentration at 100 mM and PM2.5 at 25 mg/mL were dissolved into dimethyl sulfoxide as 

stock solutions. The UVB energy spectrum (280 - 320 nm) was supplied by CL-1000M UV 

Crosslinker (UVP, Upland, CA, USA). UVB irradiation dose was 30 mJ/cm2. 

Experiments in vitro  

The HaCaT cell line of human keratinocytes was provided by Cell Lines Service 

(Heidelberg, Germany), which were seeded into Dulbecco’s modified Eagle’s medium (Life 

Technologies Co., Grand Island, NY, USA) with a humidified environment under an incubator 

providing 37°C and 5% CO2. The 10% heat-inactivated fetal calf serum and 1% antibiotic-

antimycotic both obtained from Life Technologies Co. were added into the culture medium.    

Experiments in vivo 

In vivo experiments were performed using HR-1 hairless male mouse (OrientBio, 

Kyungki-do, Republic of Korea) in accordance with Jeju National University's guidelines for 

the care and use of laboratory animals (Jeju, Republic of Korea; permit number: 2017-0026). 

The 16 mice for experiments were randomly assigned to four groups (n=4) as groups of control, 

PM2.5-treated, DPHC low dose (200 µM + PM2.5), and DPHC high dose (2 mM + PM2.5). The 

nonwoven polyethylene pads with PM2.5 (100 μg/mL) in a 1 cm2 area were applied on the 

mouse dorsal skin for constant 7 days, and the treated skins by dissection were used for 

biochemical and histological analyses.   
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Cell viability 

Cells at the density of 0.8 × 105 cells/mL were plated into a 24-well plate. Then cell 

viabilities according to the formation of formazan crystals in each well with MTT solution (2 

mg/mL) were detected. The absorbance of each well was measured by a scanning multi-well 

spectrophotometer at 540 nm.  

DPPH radical detection 

The antiradical activity was detected with DPPH (Sigma-Aldrich), a free radical agent. 

The samples of DPHC (final concentration of 0, 2.5, 5, 10, 20, or 40 μM) and PG (final 

concentration of 0, 2.5, 5, or, 10 μM) were mixed with 0.1 mM DPPH, which were mildly 

shaken in dark for 3 h. The absorbances of residual DPPH solutions were measured with a 

spectrophotometer at 520 nm. 

Scavenging ability of ROS 

Cells were treated with samples of DPHC, eckol, or PG for 30 min, and stimulated by 

PM2.5 for another 30 min, which was then dyed with H2DCFDA (Molecular Probes, Eugene, 

OR, USA) or DHR123 (Molecular Probes) for 30 min. The FV1200 laser scanning confocal 

microscope (Olympus, Tokyo, Japan) and a FACS Calibur flow cytometer (Becton Dickinson, 

Mountain View, CA, USA) were used to visualize and analyze the value of intracellular ROS, 

respectively.  

Lipid peroxidation assay 

Cells were treated with samples of DPHC, eckol, or PG for 30 min, and cocultured with 

PM2.5 for another 24 h, which was then dyed with DPPP (Molecular Probes). The fluorescent 

images of lipid peroxidation were captured under a confocal microscope.   

8-Oxoguanine observation 

Cells were treated with samples of DPHC or eckol for 30 min and exposed to PM2.5 for 

another 24 h, which was then stained with avidin-TRITC conjugate (Sigma-Aldrich). A 

confocal microscope was for image observation. 



- 56 - 

Single-cell gel electrophoresis (comet assay) 

Comet assay was used for the detection of single-strand or double-strand DNA breaks by 

the method of single-cell gel electrophoresis. Individual cells were applied on slides and 

embedded in a thin agarose gel. After unwinding and electrophoresis, the dried slides were 

stained with ethidium bromide for observation of the comet head and tail representing intact 

and stands of DNA, respectively. The image analysis software (Kinetic Imaging, Komet 5.5, 

UK) was used for recording data on the tail length of 50 cells per slide. 

Western blotting 

Cell lysates were separated using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and the separated proteins were transferred onto membranes. 

Then, the membranes were incubated with primary antibodies and secondary antibodies, 

separately. Finally, the Amersham enhanced chemiluminescence plus western blotting 

detection system (GE Healthcare Life Sciences, Buckinghamshire, UK) was used to detect the 

protein bands. The primary antibodies were as followed: phospho-H2A.X, phospho-IRE1α, 

CHOP, Beclin-1, LC3B, caspase-9, caspase-3, phospho-ERK, phospho-p38, p38, phospho-

JNK, and JNK (Cell Signaling Technology, Beverly, MA, USA); Bcl-2, Bax, and ERK2 (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA); actin (Sigma-Aldrich). The secondary antibody 

was obtained from Pierce (Rockford, IL, USA).  

8-Isoprostane assay 

Following the manufacturer's instructions, the OxiselectTM 8-iso-Prostaglandin F2α 

ELISA kit (Cell Biolabs, San Diego, CA, USA) of the enzyme immunoassay was used to 

measure the amounts of 8-isoprostane in the mice's skin tissue. 

Protein carbonylation 

The protein oxidation level of harvested cells and lysates of mouse skin was detected 

with OxiselectTM protein carbonyl enzyme-linked immunosorbent assay (ELISA) kit (Cell 

Biolabs, San Diego, CA, USA) according to the manufacturer’s instructions. 
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Ca2+ level detection 

Harvested cells were applied to the confocal microscope and flow cytometer for detecting 

intracellular and mitochondrial Ca2+ levels with Fluo-4 AM (Molecular Probes) and Rhod-2 

AM (Molecular Probes), respectively. 

Acridine orange morphology assay 

Cells were treated with samples and/or exposed to PM2.5 for 24 h. The images of harvested 

cells with acridine orange (Invitrogen) were collected with a fluorescence microscope.  

Membrane potential analysis 

The collected cells’ membrane potential was analyzed using the confocal microscope and 

flow cytometer after staining probe JC-1 (Invitrogen, Carlsbad, CA, USA). 

Sub-G1 DNA content assay 

Collected cells were fixed with 70% ethanol and stained with PI dye (50 mg/mL) solution 

containing RNase A. Then DNA contents in cells were analyzed by a flow cytometer and the 

sub-G1 population in each group was obtained. 

Apoptotic assay (Hoechst 33342) 

PM2.5 were applied to the cells after treatment with samples and/or inhibitors, and 24 h 

later, the DNA in keratinocytes was dyed with Hoechst 33342 (Sigma-Aldrich), which was 

captured by a fluorescence microscope with a CoolSNAP-Pro color digital camera (Media 

Cybernetics, Rockville, MD, USA). 

Hydroxyl radical scavenging 

The Fenton reaction (FeSO4 + H2O2) system was applied to assess the scavenging ability 

of hydroxyl radicals under an ESR spectrometer by detecting DMPO/·OH adduct. The ESR 

spectrometer parameters were as follows: central magnetic field 336.8 mT, power 1.00 mW, 

frequency 9.4380 GHz, modulation width 0.2 mT, amplitude 600, sweep width 10 mT, sweep 

time 0.5 min, gain 200, time constant 0.03 s, and temperature 25°C. 
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Statistical analysis 

The SigmaStat 3.5 (Systat Software Inc., San Jose, CA, USA) was used to examine the 

statistical significance among various groups. A p-value < 0.05 was regarded as statistically 

significant for all of the data.  
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