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Abstract 

The skin is directly exposed to atmospheric pollutants, especially particulate matter 2.5 (PM2.5) in the air, which 
poses significant harm to skin health. However, limited research has been performed to identify molecules that 
can confer resistance to such substances. Herein, we analyzed the effect of fermented sea tangle (FST) extract 
on PM2.5-induced human HaCaT keratinocyte damage. Results showed that FST extract, at concentrations less 
than 800 μg/mL, exhibited non-significant toxicity to cells and concentration-dependent inhibition of 
PM2.5-induced reactive oxygen species (ROS) production. PM2.5 induced oxidative stress by stimulating ROS, 
resulting in DNA damage, lipid peroxidation, and protein carbonylation, which were inhibited by the FST 
extract. FST extract significantly suppressed the increase in calcium level and apoptosis caused by PM2.5 
treatment and significantly restored the reduced cell viability. Mitochondrial membrane depolarization 
occurred due to PM2.5 treatment, however, FST extract recovered mitochondrial membrane polarization. 
PM2.5 inhibited the expression of the anti-apoptotic protein Bcl-2, and induced the expression of pro-apoptotic 
proteins Bax and Bim, the apoptosis initiator caspase-9, as well as the executor caspase-3, however, FST 
extract effectively protected the changes in the levels of these proteins caused by PM2.5. Interestingly, 
pan-caspase inhibitor Z-VAD-FMK treatment enhanced the anti-apoptotic effect of FST extract in 
PM2.5-treated cells. Our results indicate that FST extract prevents PM2.5-induced cell damage via inhibition of 
mitochondria-mediated apoptosis in human keratinocytes. Accordingly, FST extract could be included in skin 
care products to protect cells against the harmful effects of PM2.5. 
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Introduction 
Air pollution poses a growing threat to human 

health; especially, the increase in particulate matter 
2.5 (PM2.5), with a particle size of 2.5 microns or less, 
severely affects quality of life. Many studies have 
shown that PM2.5 can induce diseases such as cancer, 
immunosuppression, aging, and inflammation, and 
that the associated underlying mechanism is related 
to oxidative stress [1-5]. The skin that is in direct 
contact with the external environment is divided into 
two layers, the epidermis and dermis. The epidermis 
is on the surface of the skin and is most susceptible to 
environmental pollution. In skin-related studies, 
PM2.5 was found to reduce lipid synthesis, promote 
inflammatory cytokine production in human 
sebocytes [6], and inhibit ciliogenesis in skin 

keratinocytes [7]. Among various PM, polycyclic 
aromatic hydrocarbons and organic compounds are 
highly lipophilic and therefore easily penetrate the 
skin [8, 9]. Recently, we published a study on the 
mechanism of oxidative damage induced by PM2.5 in 
skin epidermal cells [10, 11]. Although PM2.5 is highly 
harmful, the development of protective substances is 
lacking.  

Laminaria japonica (sea tangle), a large marine 
brown alga that grows in low-temperature seawater, 
is an edible seaweed. L. japonica has the ability to 
reduce blood lipids, lower blood glucose, and regulate 
immunity, in addition to exerting anti-coagulation, 
anti-cancer, detoxification, and anti-oxidation effects 
[12-15]. L. japonica contains many active ingredients 
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that are beneficial to the human body, such as 
essential amino acids, vitamins, minerals, essential 
fatty acids, and bioactive compounds [13, 16]. 
Microbial fermentation of L. japonica can enrich 
bioactive substances such as polyphenols, flavonoids, 
and polysaccharides and reduce the toxicity of natural 
extracts. Recent studies have shown that fermented 
sea tangle (FST) promotes nutrient supply by 
reducing the molecular weight of polysaccharides and 
improves skin condition by increasing 
anti-inflammatory activity [17]. The levels of some 
amino acids in L. japonica, such as aspartic acid, serine, 
and threonine, are reduced by fermentation with 
Lactobacillus brevis, whereas those of alanine, valine, 
glycine, and leucine are significantly increased. 
Moreover, most glutamic acid in L. japonica is 
converted to gamma-aminobutyric acid (GABA) [18]. 
GABA-enriched FST extract not only has antioxidant 
effects but also prevents or treats diseases, such as 
cognitive disorders and liver damage [19-22]. GABA 
improves skin moisture, skin wrinkles, and epidermal 
thickness on human skin cells and hairless mice [23]. 
GABA improves skin elasticity in human dermal 
fibroblasts by upregulating elastin synthesis and 
elastin fiber formation [24]. Topical application of 
GABA can serve as a potential remedy for skin aging 
by promoting the biosynthesis of type I collagen by 
interacting with GABA receptors in the dorsal skin of 
mice [25]. Regardless, research on substances that 
could confer resistance to oxidative damage induced 
by PM2.5 was lacking. Considering the antioxidant 
potential of FST, this study aimed to determine 
whether FST extract can be developed as an effective 
skin-protectant that can mitigate the damaging effects 
of PM2.5, which spreads through the air. 

Materials and Methods  
Preparation of FST extract and PM2.5 

FST extract was provided by Professor Young 
Hyun Choi of Dongeui University (Busan, Republic of 
Korea) [19]. Sea tangle was added to water at a ratio of 
1:15 (w/v), and yeast extract and glucose were added 
according to the amount of sea tangle added. A sea 
tangle solution was obtained by autoclaving the 
mixture at 121 °C for 30 min, and Lactobacillus brevis 
BJ20 (accession number KCTC 11377BP) culture 
solution was added at a concentration of 1.2% (v/v), 
mixed, and cultured at 37 °C for 2 days. The extract 
obtained through fermentation was filtered, 
freeze-dried, stored, and dissolved in Milli-Q Water to 
prepare a 10 mg/mL stock solution. The diesel 
particulate matter NIST 1650b (PM2.5) was purchased 
from Sigma-Aldrich, Inc. (St. Louis, MO, USA), and its 

stock solution was prepared as previously 
described [10]. 

Reagent information 
Reagent information is described in Table 1. 
 

Table 1. Reagent information 

Reagent Action Company/City/State/Country 
Thiazolyl blue tetrazolium 
bromide (MTT) 

Cell 
viability 

Sigma-Aldrich Co./St. Louis/MO/USA 

2,2-Diphenyl-1-picrylhydra
zyl (DPPH) 

Free radical 

2',7'-Dichlorodihydrofluore
scein diacetate (H2DCFDA) 

Cell-permea
nt ROS 
indicator  

N-acetylcysteine (NAC) Antioxidant  
5,5-Dimethyl-1-pyrroline-
N-oxide (DMPO) 

Spin trap 

Actin Antibody  
Phospho-histone 
H2A.X(Ser139) 

Primary 
antibody 

Cell Signaling 
Technology/Beverly/MA/ USA 

Caspase-3 
Caspase-9 
Poly ADP ribose 
polymerase (PARP) 
Bcl-2 (N-19) Primary 

antibody 
Santa Cruz Biotechnology/Santa 
Cruz/CA/USA Bax (B-9) 

Bim (H-191) 
Fluo-4 AM Cell-permea

ble Ca2+ 
indicator 

ThermoFisher Scientific/MA/USA 

Diphenyl-1-pyrenylphosph
ine (DPPP) 

Fluorogenic 
peroxide 
reactive 
probe 

JC-1 Indicator of 
mitochondr
ial 
membrane 
potential 

Hoechst 33342 Fluorescent 
nucleic acid 
stain 

ImmunoChemistryTechnologies/Davis
/CA/USA 

Z-VAD-FMK Pan caspase 
inhibitor 

TocrisBioscience/Minneapolis/MN/US
A 

 

Cell culture 
Human HaCaT keratinocytes (Cell Lines Service 

GmbH, Eppelheim, Germany) were maintained in 
Dulbecco's Modified Eagle Medium/high glucose 
(Hyclone Laboratories, South Logan, UT, USA) 
containing 10% fetal bovine serum (Gibco, Life 
Technologies Co., Grand Island, NY, USA) and an 
antibiotic-antimycotic (Gibco) at 5% CO2, 37 °C, and 
humidified atmosphere conditions. 

Cell viability 

Cells were seeded at a density of 1.0 × 105 
cells/mL in 24-well plates. The FST extract was 
administered after a 16 h incubation at a concentration 
of 100, 200, 400, 800, or 1,600 μg/mL. Subsequently, 
MTT solution was added to each well. After 4 h, 
dimethyl sulfoxide solution was added, and the 
absorbance was read at 540 nm using a microplate 
reader. In addition, cells were treated with 30 μM 
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Z-VAD-FMK or/with 800 μg/mL FST extract. After 1 
h, 50 μg/mL PM2.5 was added to the cells. A 0.1% 
trypan blue solution was added into the cell 
suspension, observed under a 20 × microscope, and 
photographed. Cell viability (%) = Number of 
unstained cells/(Number of unstained cells + 
Number of stained cells) × 100. 

DPPH radical scavenging assay 
FST extract, at a concentration of 100, 200, 400, 

800, or 1,600 μg/mL, was added to 1 × 10−4 M DPPH 
methanol solution and shaken for 3 h. The absorbance 
was measured at 520 nm using a spectrophotometer. 

Detection of intracellular reactive oxygen 
species (ROS) 

Cells were seeded in a 96-well plate for detection 
of ROS using a fluorescence spectrophotometer 
(PerkinElmer, Waltham, MA, USA) or a 6-well plate 
for detection of ROS using flow cytometry (Becton 
Dickinson, Mountain View, CA, USA) at a density of 
0.8 × 105 cells/mL. FST extract was administered at a 
final concentration of 100, 200, 400, 800, and 1,600 
μg/mL, and 1 mM NAC was included as the positive 
control. After incubation for 30 min, 1 mM H2O2 or 50 
μg/mL PM2.5 was added to the plates, incubated for 
an additional 30 min at 37 °C, and 25 μM H2DCFDA 
solution was added. The fluorescence intensity (FI) of 
the 2',7'-dichlorofluorescein product was quantified 
using a fluorescence spectrophotometer or via flow 
cytometry. The intracellular ROS scavenging activity 
(%) was calculated as [(H2O2-treated optical density) – 
(FST extract + H2O2-treated optical density) / (optical 
density of H2O2 treatment)] × 100, as detected using a 
spectrophotometer. The intracellular ROS scavenging 
activity (%) was calculated as [(PM2.5-treated FI) – 
(FST extract + PM2.5-treated FI) / (PM2.5-treated FI)] × 
100, as detected using a flow cytometer. For image 
analysis of intracellular ROS, cells were seeded at 1.0 
× 105 cells/mL in 4-well glass chamber slides and 
treated with 800 μg/mL FST extract. After 30 min, 
PM2.5 was administered to the cells. After incubation 
for 30 min, H2DCFDA was added to each well and 
incubated for an additional 10 min at 37 °C. Cells on 
the slides were fixed with a mounting medium, and 
cell images were acquired using a fluorescence 
microscope (Carl Zeiss, Jena, Germany). 

Measurement of superoxide anion and 
hydroxyl radical 

To analyze superoxide anion, the following 
materials were sequentially added: PBS or 800 μg/mL 
FST extract, 3 M DMPO, 0.25 U/mL xanthine oxidase, 
and 10 mM xanthine, each at 20 μL. For hydroxyl 
radical analysis, the following materials were 

sequentially added: PBS or 800 μg/mL FST extract, 0.3 
M DMPO, 10 mM FeSO4, and 10 mM H2O2, each at 20 
μL. Following rapid mixing, the reaction was 
performed for 2.5 min, and signaling was recorded 
using an electron spin resonance (ESR) spectrometer. 
The ESR parameters are shown in Table 2.  

 

Table 2. ESR parameters 

Parameters Items Superoxide anion Hydroxyl radical 
Magnetic field 336 mT 336 mT 
Power 5.00 mW 1.00 mW 
Frequency 9.4380 GHz 9.4380 GHz 
Modulation width 0.2 mT 0.2 mT 
Amplitude 500 100 
Sweep time 0.5 min 0.5 min 
Sweep width 10 mT 10 mT 
Time constant 0.03 s 0.03 s 
Temperature 25 °C 25 °C 

 

Single-cell gel electrophoresis (Alkaline comet 
assay) 

Cells at a density of 0.5 × 105 cells/mL were 
seeded and treated with 800 μg/mL FST for 30 min, 
after which 50 μg/mL PM2.5 was added and allowed 
to incubate for 30 min. 100 μL of 0.5% low melting 
point agarose was added and mixed at 39 °C, and 50 
μL of the cell suspension was spread on a microscope 
slide precoated with 1% normal melting point 
agarose. Cell-coated slides were immersed in a lysis 
buffer solution (2.5 M NaCl, 100 mM Na2EDTA, 10 
mM tris-pH 10, 1% N-lauroylsarcosinate, 1% triton 
X-100) at 4 °C in the dark for 1.5 h. Slides were 
electrophoresed for 20 min at 25 V and 300 mA, 
stained with ethidium bromide, and images were 
acquired using a fluorescence microscope equipped 
with image analysis software (Kinetic Imaging, Komet 
5.5, UK). From each slide, the total fluorescence 
percent and tail length were recorded based on 50 
cells.  

Western blot analysis  
Cell lysates were subjected to sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis, and the 
separated proteins were transferred to a nitrocellulose 
membrane, and subsequently incubated with 
phospho-histone H2A.X (Ser139), Bcl-2, Bax, Bim, 
caspase-3, caspase-9, PARP, and actin primary 
antibodies. Blots were further incubated with the 
secondary antibody. Protein bands were detected 
using the EZ-western kit (DoGenBio, Seoul, Republic 
of Korea). 

Protein carbonylation 

Total protein from the cells was isolated using 
protein lysis buffer, and the protein concentration was 
measured with a Quant-iT™ protein assay kit 
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(Thermo Fisher Scientific). Protein carbonylation was 
determined according to the instructions of the 
OxiSelect™ protein carbonyl ELISA kit (Cell Biolabs, 
San Diego, CA, USA). 

Lipid peroxidation assay 
The fluorescent probe DPPP was applied to the 

cells at 1.0 × 105 cells/mL in 4-well glass chamber 
slides and a cell slide was prepared. Images were 
captured using a confocal microscope equipped with 
FV10-ASW Viewer 4.2 software (Olympus, Tokyo, 
Japan), and fluorescence intensity was analyzed using 
ImageJ Version 1.47 [26]. 

Measurement of intracellular Ca2+  
The cell slide was prepared after applying the 

fluorescent probe Fluo-4 AM to the cells. Images were 
captured using a confocal microscope (Olympus), and 
fluorescence intensity was quantified [10]. 

Nuclear staining with Hoechst 33342 
Hoechst 33342 fluorescent dye was added to 

each well and incubated for 10 min. The extent of 
nuclear condensation and nuclear fragmentation was 
assessed by fluorescence microscopy equipped with a 
CoolSNAP-Pro color digital camera (Media 
Cybernetics, Rockville, MD, USA). The number of 
apoptotic cells was then quantified. Apoptotic index = 
(Number of apoptotic cells in the treated group/Total 
number of cells in the treated group)/(Number of 
apoptotic cells in the control group/Total number of 
cells in the control group). 

Mitochondrial membrane potential (Δψm) 
measurement 

Cell slides were prepared after treating the cells 
with the lipophilic cationic fluorescent dye JC-1. 
Images were captured using a confocal microscope 
equipped with FV10-ASW Viewer 4.2. Fluorescence 
intensity was measured using ImageJ Version 1.47 to 
analyze Δψm. 

Statistical analysis 
Statistical significance was determined by 

performing an analysis of variance and the Tukey test 
with SigmaStat 3.5 version software (Systat Software 
Inc., San Jose, CA, USA). All values are expressed as 
the mean ± standard error. A p < 0.05 indicated 
statistical significance. 

Results 
Effect of FST extract on ROS generation 

To determine the optimal experimental 
conditions for the FST extract, its cytotoxicity was first 
determined. MTT assay results showed non-toxicity 

to human HaCaT keratinocytes at concentrations less 
than 1,600 μg/mL (Figure 1A). The FST extract 
scavenged DPPH radical in a concentration- 
dependent manner, with a scavenging rate of 31% at 
the highest concentration of 1,600 μg/mL, while that 
of the positive control NAC (1 mM) was 91% (Figure 
1B). Intracellular ROS induced by H2O2, measured 
using a spectrophotometer, were also eliminated in a 
concentration-dependent manner of FST extract. At 
1,600 μg/mL of FST extract, the ROS scavenging rate 
was 58%, while that of the positive control NAC (1 
mM) was 61% (Figure 1C). FST extract also showed a 
scavenging effect on PM2.5-induced intracellular ROS, 
exhibiting that the scavenging rate was the highest of 
34% at 800 μg/mL, and NAC was 47% (Figure 1D). 
Therefore, we selected 800 μg/mL as the 
concentration for subsequent experiments. ESR 
spectroscopy showed that the superoxide anion signal 
generated in the xanthine/xanthine oxidase (XO) 
system was 2,756 but was reduced to 1,868 upon FST 
extract treatment (Figure 1E). The Fenton reaction 
produced a hydroxyl radical signal of 3,044, whereas 
the FST extract reduced this to 1,657 (Figure 1F). 
Furthermore, confocal microscopy showed that the 
FST extract significantly attenuated PM2.5-induced 
ROS production (Figure 1G). 

Effect of FST extract on PM2.5-induced 
oxidative damage to cellular substances  

Through comet assay, the length of the 
comet-shaped tail, which indicates the extent of DNA 
cleavage, significantly increased in cells treated with 
PM2.5. As shown in the fluorescence microscopy 
image of Figure 2A, the percentage of the cell tail 
length upon exposure to PM2.5 was 20%, whereas the 
percentage of the tail length for cells pretreated with 
the FST extract was 11%. In addition, western blot 
results showed that the phosphorylated histone 
H2A.X, indicative of double-stranded DNA breaks, 
was significantly increased after PM2.5 treatment, 
whereas pretreatment with the FST extract reduced it 
(Figure 2B). The protein carbonyl content was also 
significantly increased by PM2.5 (49 nmol/mg) 
treatment but significantly decreased by pretreatment 
of FST extract (44 nmol/mg) (Figure 2C). DPPP oxide 
fluorescence intensity of lipid peroxidation was 
enhanced in PM2.5-treated cells compared to that in 
control cells; however, FST extract pretreatment 
inhibited this increase in the fluorescence intensity, 
thereby exerting a protective effect on lipid 
peroxidation caused by PM2.5 (Figure 2D). 

Effect of FST extract on PM2.5-induced 
intracellular Ca2+ accumulation and apoptosis 

Ca2+ signaling mediates oxidative stress-induced 
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ROS production, which disrupts normal physiological 
pathways and leads to cell death [27]. Confocal 
microscopy data showed that Ca2+ fluorescence 
intensity in PM2.5-treated cells was higher than that in 
control cells. However, pretreatment with the FST 
extract reduced the PM2.5-induced increase in 
intracellular Ca2+ fluorescence intensity (Figure 3A). 
We previously demonstrated that PM2.5 causes cell 

death by inducing apoptosis in human HaCaT 
keratinocytes [10]. Significant nuclei fragments 
(apoptotic bodies) were observed in PM2.5-treated 
cells, however, pretreatment with the FST extract 
decreased them (Figure 3B). In addition, pretreatment 
with the FST extract in PM2.5-treated cells significantly 
increased 20% of cell viability in PM2.5-treated cells 
(Figure 3C). 
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Figure 1. Effects of FST extract on cytotoxicity and ROS. (A) Cell viability was determined by performing MTT assay. (B) The ability to scavenge DPPH radicals was measured 
using a spectrophotometer at a wavelength of 520 nm. NAC was used as a positive control. * p < 0.05 compared to the FST extract-untreated group. (C, D) After staining with 
H2DCFDA, intracellular ROS produced from H2O2 or PM2.5 were detected using (C) a spectrophotometer or (D) flow cytometry. NAC was used as a positive control. * p < 0.05 
compared to the H2O2 or PM2.5-treated group. (E) The superoxide anion adducts DMPO-OOH and (F) the hydroxyl radical adducts DMPO-OH were detected using an ESR 
spectrometer. * p < 0.05 and # p < 0.05, compared to control and superoxide anion or hydroxyl radical group, respectively. (G) Intracellular ROS production was detected using 
confocal microscope after H2DCFDA staining. * p < 0.05 and # p < 0.05, compared to the control group and PM2.5-treated group, respectively. 

 

Effect of FST extract on PM2.5-induced 
mitochondrial damage 

Recent studies have indicated that PM2.5‑induced 
apoptosis is mediated by mitochondria [28, 29]. We 

demonstrated that PM2.5‑induced oxidative stress 
promotes mitochondrial damage [10]. Bcl-2-family 
proteins with pro-apoptotic or anti-apoptotic 
activities regulate the mitochondrial apoptosis 
pathway by controlling the permeabilization of 
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mitochondrial outer membranes [30]. Exposing cells 
to PM2.5 significantly reduced expression of the 
anti-apoptotic protein Bcl-2, whereas pretreatment 
with the FST extract significantly prevented this 
reduction. In contrast, PM2.5 increased expression of 
the pro-apoptotic proteins Bax and Bim, and the FST 
extract decreased them (Figure 4A). Mitochondria 
comprise sites of oxidative phosphorylation and ROS 
production, and they are closely related to the 
regulation of apoptosis through membrane 
permeabilization [31]. Confocal microscopic images of 
JC-1 dye staining confirmed that control cells showed 
strong red fluorescence, forming many JC-1 

aggregates, indicating mitochondrial membrane 
polarization. However, the JC-1 aggregates in the 
PM2.5-treated group were significantly reduced and 
mostly present in the monomeric form with a 
significant decrease in red fluorescence intensity and 
enhanced green fluorescence, indicating 
mitochondrial membrane depolarization. This 
phenomenon in PM2.5-treated cells was significantly 
improved by pretreatment with the FST extract 
(Figure 4B). These results indicate that the FST extract 
protects against PM2.5-induced apoptosis via the 
mitochondrial pathway. 

 

 
Figure 2. Effect of FST extract on PM2.5-induced oxidative damage. (A) DNA breaks were detected by performing an alkaline comet assay. (B) Phosphorylated histone H2A.X 
protein was detected using western blot assay. Actin was the loading control protein. (C) Protein oxidation was determined by measuring carbonyl formation. (D) Lipid 
peroxidation was assessed via confocal microscopy after fluorogenic peroxide reactive probe DPPP staining. (A-D) * p < 0.05 and # p < 0.05, compared to the control group and 
PM2.5-treated group, respectively. 
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Figure 3. Effect of FST extract on PM2.5-induced intracellular Ca2+ accumulation and apoptosis. (A) Cells stained with Fluo-4 AM to assess intracellular Ca2+ levels were observed 
using confocal microscopy. (B) Cells stained with Hoechst 33342 dye to detect apoptotic bodies were photographed under fluorescence microscopy, and quantified. Arrows 
indicate apoptotic bodies. (C) Cell viability was detected using a fluorescence microscope after trypan blue dye staining. (A-C) * p < 0.05 and # p < 0.05, compared to the control 
group and PM2.5-treated group, respectively. 

 

Effect of FST extract on PM2.5-induced 
caspase-dependent apoptosis 

The effect of FST extract on the caspase 
pathway-related proteins was studied. Disruption of 
the mitochondrial membrane is known to result in the 
activation of caspase-9 [32]; thus, the active form of 
caspase-9 and its target caspase-3 were analyzed via 
western blotting. The FST extract inhibited the 
PM2.5-induced expression of active caspase-9, active 
caspase-3, and cleaved PARP (Figure 5A). To 
determine the FST extract’s potential modulation of 
the caspase-dependent pathway in mitigating 
PM2.5-induced cell damage, we performed the 

following experiments using the pan-caspase 
inhibitor Z-VAD-FMK. Fluorescence microscopic 
observations of nuclei showed intact nuclei in control 
cells and the fragmented nuclei (apoptotic bodies) in 
PM2.5-treated cells (Figure 5B). However, in the 
Z-VAD-FMK or FST extract pretreated group, 
PM2.5-induced apoptotic body formation was 
significantly reduced. Furthermore, the Z-VAD- 
FMK+FST+PM2.5 group increased the protective effect 
compared to the FST+PM2.5 group (Figure 5B). Finally, 
we studied cell viability using the trypan blue 
reagent, and the data showed a similar trend 
(Figure 5C). 
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Figure 4. Effect of FST extract on PM2.5-induced mitochondrial cell death pathway. (A) Western blot analysis by reacting Bcl-2, Bax, Bim, and actin antibodies was performed. 
Actin was the loading control protein. (B) Δψm was evaluated after JC-1 dye staining via confocal microscopy. (A, B) * p < 0.05 and # p < 0.05, compared to the control group and 
PM2.5-treated group, respectively. 

 

Discussion 
Urgent action is needed to address increasing air 

pollution hazards, including the development of 
skin-protective agents against PM2.5, which has been 
shown to induce ROS in many studies [3-5]. Excessive 
ROS production is accompanied by the inadequate 
removal or neutralization of antioxidants by the 
associated defense system. Excessive ROS in the body 
can lead to oxidative stress, and their effects vary, not 
always being harmful [33]. Mild oxidative stress 
protects the body from infections and diseases. For 
example, studies have found that oxidative stress 
limits the spread of melanoma cells in mice [34]. 
However, long-term oxidative stress causes oxidative 
damage to biological macromolecules, such as DNA, 
proteins, and lipids, which disrupts cell signaling, 
reduces equivalent cell sources and energy, and 
subsequently results in cell death [33]. This can play 
an important role in the development of various 
pathological phenomena or diseases such as 
inflammation and aging. Recently, we elucidated that 
PM2.5 induces apoptosis in human HaCaT 
keratinocytes by stimulating oxidative stress, 
ultimately leading to cell death [10].  

In the context of these studies, finding inhibitors 
that prevent cell damage caused by PM2.5 is important. 
Recently, we demonstrated that active ingredients in 
marine organisms protect against PM2.5-induced 
subcellular skin dysfunction and skin aging [35, 36]. 

Based on this, to eliminate excessive oxidative stress 
induced by PM2.5, we searched for marine 
antioxidants, focusing on L. japonica, and analyzed the 
effects of its extract on PM2.5-induced cell damage. 
The active ingredients of L. japonica, such as essential 
amino acids, and essential fatty acids, have significant 
antioxidant activity [13, 16], and the FST extract 
through fermentation enhances the activity of 
endogenous antioxidant enzymes, such as superoxide 
dismutase, glutathione peroxidase, and glutathione 
reductase [37]. Moreover, the rich GABA component 
in the FST extract increases antioxidant activity and 
exerts a prophylactic or therapeutic effect on certain 
diseases, such as cognitive impairment and liver 
damage [20, 21, 37]. In particular, many studies 
showing the possibility of using GABA for improving 
skin aging and moisturizing functions have recently 
been conducted [23]. Therefore, we believe that the 
effect of the FST extract on PM2.5-induced skin cell 
damage is likely related to its antioxidant activity. 

In the current study, we demonstrated that the 
FST extract scavenges PM2.5-induced ROS and 
protects against damage to macromolecular 
substances, such as DNA, protein, and lipids, caused 
by oxidative stress (Figures 1-3). The caspase- 
dependent apoptotic pathway is a typical pathway 
underlying apoptosis [38]. The Bcl-2 family of 
proteins includes pro-apoptotic and anti-apoptotic 
proteins that are activated by a variety of noxious 
stimuli. 
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Figure 5. Effect of FST extract on PM2.5-induced apoptosis via caspase-dependent signaling. (A) Western blot analysis by reacting caspase-9, caspase-3, PARP, and actin antibodies 
was assessed. Actin was the loading control protein. (B) After staining with Hoechst 33342 dye, the nuclei were photographed under fluorescence microscopy. The apoptotic 
bodies were quantified and indicated by the arrows. (C) Cells stained with trypan blue reagent were assessed for detection of cell viability. (A-C) * p < 0.05, # p < 0.05 and $ p < 
0.05, compared to control group, PM2.5-treated group and FST extract+PM2.5 group, respectively. (D) Schematic diagram of the mechanism underlying the protective effect of FST 
extract on PM2.5-induced cell damage. 
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The anti-apoptotic protein Bcl-2 suppresses 
apoptosis induced by pro-apoptotic Bax and directly 
inhibits caspase family members, including caspase-3 
and caspase-9 [39, 40]. Bcl-2 protein blocks the 
oligomerization of Bax and closes the mitochondrial 
membrane pores [41-43]. Meanwhile, the Bim initiates 
apoptosis by activating the mitochondrial apoptotic 
effectors Bax and Bak [44]. The FST extract was found 
to inhibit the PM2.5-mediated disruption of 
mitochondrial membrane potential and enhance the 
expression of Bcl-2 or inhibit the expression of Bax 
and Bim, resulting in anti-apoptotic and survival 
effect (Figure 4). We confirmed that the levels of the 
apoptosis initiator caspase-9 and executor caspase-3 
increased dramatically when treated with PM2.5, but 
were significantly suppressed when pretreated with 
FST extract, confirming that FST extract is involved in 
the apoptosis signaling pathway caused by PM2.5. 
Additionally, the Z-VAD-FMK+FST+PM2.5 group had 
enhanced protection compared to that of the 
FST+PM2.5 group (Figures 5B and 5C). This result 
demonstrates the protective effect of the FST extract 
on PM2.5-induced apoptosis through inhibition of the 
caspase signaling pathway.  

The effect of the FST extract is most likely based 
on the fact that its active ingredient, such as GABA, 
inhibits intracellular damages mediated by 
PM2.5-induced oxidative stress through its own 
antioxidant activity (Figure 5D).  

Conclusions 
Taken together, FST extract provides valuable 

information for developing skin care products 
suitable for environments with severe air pollution. 

Acknowledgements 
This study was supported by the Basic Research 

Laboratory Program (NRF-2017R1A4A1014512) from 
the National Research Foundation of Korea (NRF) 
grant, funded by the Ministry of Science, ICT, and 
Future Planning. This research was also supported by 
the Basic Science Research Program through the NRF, 
funded by the Ministry of Education (RS-2023- 
00270936). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Liu H, Zhang X, Sun Z, et al. Ambient fine particulate matter and cancer: 

Current evidence and future perspectives. Chem Res Toxicol. 2023; 36(2): 
141-156. 

2.  Abolhasani R, Araghi F, Tabary M, et al. The impact of air pollution on skin 
and related disorders: A comprehensive review. Dermatol Ther. 2021; 34(2): 
e14840. 

3.  Zhu Z, Chen X, Sun J, et al. Inhibition of nuclear thioredoxin aggregation 
attenuates PM2.5-induced NF-κB activation and pro-inflammatory responses. 
Free Radic Biol Med. 2019; 130: 206-214. 

4.  Wang Q, Gan X, Li F, et al. PM2.5 exposure induces more serious apoptosis of 
cardiomyocytes mediated by caspase3 through JNK/ P53 pathway in 
hyperlipidemic rats. Int J Biol Sci. 2019; 15(1): 24-33. 

5.  Rabha R, Ghosh S, Padhy PK. Indoor air pollution in rural north-east India: 
Elemental compositions, changes in haematological indices, oxidative stress 
and health risks. Ecotoxicol Environ Saf. 2018; 165: 393-403. 

6.  Liu Q, Wu J, Song J, et al. Particulate matter 2.5 regulates lipid synthesis and 
inflammatory cytokine production in human SZ95 sebocytes. Int J Mol Med. 
2017; 40(4): 1029-1036. 

7.  Bae JE, Choi H, Shin DW, 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(1): 3994. 

8.  Park CG, Cho HK, Shin HJ, et al. Comparison of mutagenic activities of 
various ultra-fine particles. Toxicol Res. 2018; 34(2): 163-172. 

9.  Mallah MA, Changxing L, Mallah MA, et al. Polycyclic aromatic hydrocarbon 
and its effects on human health: An overeview. Chemosphere. 2022; 296: 
133948. 

10.  Piao MJ, Ahn MJ, Kang KA, et al. Particulate matter 2.5 damages skin cells by 
inducing oxidative stress, subcellular organelle dysfunction, and apoptosis. 
Arch Toxicol. 2018; 92(6): 2077-2091. 

11.  Ryu YS, Kang KA, Piao MJ, et al. Particulate matter induces inflammatory 
cytokine production via activation of NFκB by TLR5-NOX4-ROS signaling in 
human skin keratinocyte and mouse skin. Redox Biol. 2019; 21: 101080. 

12.  Li T, Ma H, Li H, et al. Physicochemical properties and anticoagulant activity 
of purified heteropolysaccharides from Laminaria japonica. Molecules. 
2022;27(9):3027. 

13.  Lee IS, Ko SJ, Lee YN, et al. The effect of Laminaria japonica on metabolic 
syndrome: A systematic review of its efficacy and mechanism of action. 
Nutrients. 2022; 14(15): 3046.  

14.  Hsu WJ, Lin MH, Kuo TC, et al. Fucoidan from Laminaria japonica exerts 
antitumor effects on angiogenesis and micrometastasis in triple-negative 
breast cancer cells. Int J Biol Macromol. 2020; 149: 600-608. 

15.  Sun Q, Fang J, Wang Z, et al. Two Laminaria japonica fermentation broths 
alleviate oxidative stress and inflammatory response caused by UVB damage: 
Photoprotective and reparative effects. Mar Drugs. 2022;20(10):650. 

16.  Patra JK, Das G, Baek KH. Chemical composition and antioxidant and 
antibacterial activities of an essential oil extracted from an edible seaweed, 
Laminaria japonica L. Molecules. 2015; 20(7): 12093-113. 

17.  Song Z, Sun Q, Xu Y, et al. Lactobacillus plantarum fermented Laminaria 
japonica alleviates UVB-induced epidermal photoinflammation via the 
Keap-1/Nrf2 pathway. J Funct Foods. 2023; 107: 105693. 

18.  Grewal J. Gamma-aminobutyric acid (GABA): A versatile bioactive 
compound. Eur J Mol & Clinic Med. 2020; 7: 3068-3075.  

19.  Jeong JW, Ji SY, Lee H, et al. Fermented sea tangle (Laminaria japonica aresch) 
Suppresses RANKL-induced osteoclastogenesis by scavenging ROS in RAW 
264.7 cells. Foods. 2019; 8(8): 290.  

20.  Reid SNS, Ryu JK, Kim Y, et al. GABA-enriched fermented Laminaria japonica 
improves cognitive impairment and neuroplasticity in scopolamine- and 
ethanol-induced dementia model mice. Nutr Res Pract. 2018; 12(3): 199-207. 

21.  Ngo DH, Vo TS. An updated review on pharmaceutical properties of 
gamma-aminobutyric acid. Molecules. 2019; 24(15): 2678. 

22.  Kim SY, Cha HJ, Hwangbo H, et al. Protection against oxidative 
stress-induced apoptosis by fermented sea tangle (Laminaria japonica Aresch) 
in osteoblastic MC3T3-E1 cells through activation of Nrf2 signaling pathway. 
Foods. 2021;10(11): 2807. 

23.  Zhao H, Park B, Kim MJ, et al. The effect of γ-aminobutyric acid intake on 
UVB- induced skin damage in hairless mice. Biomol Ther. 2023;31(6):640-647. 

24.  Uehara E, Hokazono H, Hida M, et al. GABA promotes elastin synthesis and 
elastin fiber formation in normal human dermal fibroblasts (HDFs). Biosci 
Biotechnol Biochem. 2017;81(6):1198-1205. 

25.  Zayabaatar E, Huang CM, Pham MT, et al. Bacillus amyloliquefaciens 
increases the GABA in rice seed for upregulation of type I collagen in the skin. 
Curr Microbiol. 2023;80(4):128. 

26.  Morita M, Naito Y, Yoshikawa T, et al. Plasma lipid oxidation induced by 
peroxynitrite, hypochlorite, lipoxygenase and peroxyl radicals and its 
inhibition by antioxidants as assessed by diphenyl-1-pyrenylphosphine. 
Redox Biol. 2016; 8: 127-135. 

27.  Görlach A, Bertram K, Hudecova S, et al. Calcium and ROS: A mutual 
interplay. Redox Biol. 2015; 6: 260-271. 

28.  Hu R, Xie XY, Xu SK, et al. PM2.5 exposure elicits oxidative stress responses 
and mitochondrial apoptosis pathway activation in HaCaT keratinocytes. 
Chin Med J. 2017; 130(18): 2205-2214. 

29.  Yang X, Feng L, Zhang Y, et al. Cytotoxicity induced by fine particulate matter 
(PM2.5) via mitochondria-mediated apoptosis pathway in human 
cardiomyocytes. Ecotoxicol Environ Saf. 2018; 161: 198-207. 

30.  Zheng C, Liu T, Liu H, et al. Role of BCL-2 family proteins in apoptosis and its 
regulation by nutrients. Curr Protein Pept Sci. 2020; 21(8): 799-806. 

31.  Zhao RZ, Jiang S, Zhang L, et al. Mitochondrial electron transport chain, ROS 
generation and uncoupling (Review). Int J Mol Med. 2019; 44(1): 3-15. 

32.  Avrutsky MI, Troy CM. Caspase-9: A multimodal therapeutic target with 
diverse cellular expression in human disease. Front Pharmacol. 2021; 12: 
701301. 



Int. J. Med. Sci. 2024, Vol. 21 

 
https://www.medsci.org 

948 

33.  Bisevac JP, Djukic M, Stanojevic I, et al. Association between oxidative stress 
and melanoma progression. J Med Biochem. 2018;37(1):12-20.  

34.  Piskounova E, et al. Oxidative stress inhibits distant metastasis by human 
melanoma cells. Nature. 2015; 527: 186-191.  

35.  Zhen AX, Piao MJ, Hyun YJ, et al. Diphlorethohydroxycarmalol attenuates 
fine particulate matter-induced subcellular skin dysfunction. Mar Drugs. 2019; 
17(2): 95. 

36.  Hyun YJ, Piao MJ, Kang KA, et al. Effect of fermented fish oil on fine 
particulate matter-induced skin aging. Mar Drugs. 2019; 17(1): 61. 

37.  Reid SNS, Ryu JK, Kim Y, et al. The effects of fermented Laminaria japonica on 
short-term working memory and physical fitness in the elderly. Evid Based 
Complement Alternat Med. 2018; 2018: 8109621. 

38.  Zhou F, Huang X, Pan Y, et al. Resveratrol protects HaCaT cells from 
ultraviolet B-induced photoaging via upregulation of HSP27 and modulation 
of mitochondrial caspase-dependent apoptotic pathway. Biochem Biophys Res 
Commun. 2018; 499(3): 662-668. 

39.  Duan X, Li J, Li W, et al. Antioxidant tert-butylhydroquinone ameliorates 
arsenic-induced intracellular damages and apoptosis through induction of 
Nrf2-dependent antioxidant responses as well as stabilization of 
anti-apoptotic factor Bcl-2 in human keratinocytes. Free Radic Biol Med. 2016; 
94: 74-87. 

40.  Gopalakrishnan T, Ganapathy S, Veeran V, et al. Preventive effect of 
D-carvone during DMBA induced mouse skin tumorigenesis by modulating 
xenobiotic metabolism and induction of apoptotic events. Biomed 
Pharmacother. 2019; 111: 178-187. 

41.  O'Neill KL, Huang K, Zhang J, et al. Inactivation of prosurvival Bcl-2 proteins 
activates Bax/Bak through the outer mitochondrial membrane. Genes Dev. 
2016; 30(8): 973-988. 

42.  Garner TP, Lopez A, Reyna DE, et al. Progress in targeting the BCL-2 family of 
proteins. Curr Opin Chem Biol. 2017; 39: 133-142.  

43.  Jeng PS, Inoue-Yamauchi A, Hsieh JJ, et al. BH3-dependent and independent 
activation of BAX and BAK in mitochondrial apoptosis. Curr Opin Physiol. 
2018; 3: 71-81. 

44.  Weber A, Heinlein M, Dengjel J, et al. The deubiquitinase Usp27x stabilizes the 
BH3-only protein Bim and enhances apoptosis. EMBO Rep. 2016; 17(5): 
724-738. 


