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ABSTRACT — Skin is the primary tissue exposed to ambient air pollution because it acts as an inter-
face between the body and the surrounding atmosphere. We previously reported that particulate matter 2.5 
(PM2.5) induced oxidative stress and subsequent chemokine release in the human epidermis, followed by 
neutrophil chemotaxis. We identified in this study that the leaf extracts from Camellia sinensis and Argania  
spinosa showed high radical scavenging activity as evaluated by 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-
hydrazinyl and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid assays. PM2.5 exposure induced 
lipid peroxidation, IL-8 release and neutrophil migration in human 3-dimensional cultured epidermis. Pre-
treatment with leaf extracts from Camellia sinensis or Argania spinosa significantly suppressed the above 
harmful effects elicited by PM2.5. Taken together, both extracts can protect the epidermis from PM2.5 
exposure. Camellia sinensis and Argania spinosa extracts could be added to a novel cosmetic that protects 
skin from air pollution.
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INTRODUCTION

Particulate matter 2.5 (PM2.5) is a type of air pollutant 
with a diameter of less than 2.5 µm, characterized by its 
small particle size, large surface area and toxin absorption 
ability. PM2.5 comprises a mixture of solid and liquid 
particles, including black carbon, metals, nitrate, sulfate, 
polycyclic aromatic hydrocarbons and endotoxins (Bell 
et al., 2007). The impacts of ambient PM2.5 on public  

health have become great concerns worldwide, and the 
respiratory system is a major target of PM2.5. In fact, the 
Harvard Six Cities study showed that air pollution was 
positively associated with death from lung cancer and 
cardiopulmonary disease but not with death from other 
causes considered together (Dockery et al., 1993). Japan 
and other countries regulate the air pollution/concentra-
tion of PM2.5 in the air to minimize the adverse health 
effects of PM2.5, primarily because of the interaction 
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between PM2.5 exposure and cardiopulmonary diseases.
Among the organs, skin is the primary tissue exposed 

to ambient air pollution because it acts as an inter-
face between the body and the surrounding atmosphere. 
PM2.5 is suggested to be associated with several skin dis-
eases, such as atopic dermatitis (Park et al., 2022). The 
generation of reactive oxygen species (ROS) is an impor-
tant mechanism for PM2.5-induced skin damage. When 
HaCaT cells (immortalized nontumorigenic human 
keratinocytes) were exposed to PM2.5, intracellular ROS 
were increased, and subsequently, the increased ROS 
induced endoplasmic reticulum stress and mitochondrial 
damage (Piao et al., 2018). Dong et al. also reported that 
treatment of HaCaT cells with PM2.5 increased intracel-
lular ROS levels and subsequent upregulation of NLRP1 
and IL-1β via NF-κB activation (Dong et al., 2020).

We previously reported that chemokine expression 
and subsequent neutrophil chemotaxis occurred after 
PM2.5 exposure in a human 3-dimensional cultured epi-
dermis and that oxidative stress can be involved in this 
chemokine expression (Kono et al., 2022). Therefore, 
antioxidants could preserve skin health from PM2.5 expo-
sure via suppression of oxidative stress and subsequent 
neutrophilic inflammation. In this study, we screened 
42 plant extracts using radical scavenging ability as an 
index, and then we selected 2 extracts, leaf extracts from 
Camellia sinensis and Argania spinosa. We investigat-
ed the effects of these 2 extracts on epidermal damage 
induced by PM2.5 exposure in this study.

MATERIALS AND METHODS

Leaf extracts
Camellia sinensis and Argania spinosa leaf extracts 

were obtained from BASF Japan Ltd. (Tokyo, Japan) and 
Ichimaru Pharcos Co., Ltd. (Gifu, Japan).

Determination of radical elimination activity
The 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-hydrazinyl 

(DPPH) radical scavenging activity of leaf extracts was 
determined according to a previous report (Zheng et al., 
2022). Each leaf extract was diluted 20-fold with ethanol, 
and 10 µL of the resulting diluent was mixed with 1 mL 
of DPPH solution (0.1 mM in 50% ethanol). After 1 min 
of incubation, the absorbance at 517 nm was monitored 
using an Ultrospec 3300 pro UV/Visible Spectrophotom-
eter (GE Healthcare, Chicago, IL, USA). The DPPH radi-
cal scavenging activity was calculated as an ascorbic acid 
equivalent value.

The 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic 
acid (ABTS) radical scavenging activity was also deter-

mined according to a previous report (Zheng et al., 2022). 
A stock solution of ABTS radicals containing ABTS  
(7 mM) and ammonium peroxodisulfate (2.45 mM) was 
incubated overnight in the dark at room temperature. The 
working solution was prepared by diluting the stock solu-
tion to an absorbance of approximately 0.7 at 734 nm. 
One milliliter of ABTS working solution and 10 μL of 
diluted leaf extracts were incubated for 1 min at room 
temperature. The absorbance at 734 nm was recorded 
using an Ultrospec 3300 pro UV/Visible Spectrophotom-
eter. The ABTS radical scavenging activity was calculat-
ed as an ascorbic acid equivalent value.

Collection of PM2.5
The PM2.5 used in this study was collected in Yokohama,  

Japan, in winter 2018 as previously described (Ishihara  
et al., 2022; Okuda et al., 2015). Briefly, PM2.5 with an 
aerodynamic diameter of 2.5 μm was separated using an 
impactor prior to entry into the cyclone device. Subse-
quently, the cyclone imparted a centrifugal force on the 
gas stream within a conical-shaped chamber and created a 
vortex inside the cyclone body.

Human epidermis model
A 3D reconstructed human epidermis model, Lab-

Cyte EPI-MODEL 24, composed of normal human epi-
dermal keratinocytes forming a multilayered structure, 
was purchased from Japan Tissue Engineering Co., Ltd. 
(Aichi, Japan) and maintained according to the manufac-
turer’s instruction manuals. PMs were suspended in dis-
tilled water, and 50 µL of the suspension after sonica-
tion was exposed from the upper side (stratum corneum) 
of the epidermis model cultured in a 24-well plate with 
an inset cup. The leaf extracts were suspended in the cul-
ture media at 100-fold dilution (1%) and then added to 
the upper side (stratum corneum) of the epidermis model 
30 min before PM treatment.

Measurement of cellular viability
Cellular viability was measured using the Cell Count-

ing Kit-8 (Dojindo, Kumamoto, Japan) according to the 
manufacturer’s instructions.

Determination of IL-8 concentrations in media
The collected conditioned media was stored at −80°C  

before use. The IL-8 concentration in the media was deter-
mined using the LEGEND MAX Human IL-8 ELISA  
Kit (BioLegend, San Diego, CA, USA) according to the 
manufacturers’ instructions.
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Neutrophil migration assay
Neutrophil migration was evaluated using a CytoSelect 

96-well Cell Migration Assay (3 μm), Fluorometric (Cell 
Biolabs Inc., San Diego, CA, USA), according to the 
manufacturers’ instructions. Briefly, human neutrophils 
(STEMCELL Technologies, Vancouver, BC, Canada)  
were seeded into 96-well membrane chambers at a con-
centration of 1 × 105 cells/well. Conditioned media from 
the epidermis model was added to the feeder tray. The 
membrane chamber was placed onto the feeder tray, 
and then the cells were cultured for 1 hr in a CO2 incu-
bator. The cells were detached from the bottom side of 
the membrane chamber and then lysed and fluorescently 
labeled. The fluorescence from migrated cells was meas-
ured with an excitation wavelength of 480 nm and an 
emission wavelength of 520 nm.

Evaluation of lipid peroxidation
The content of thiobarbituric acid-reactive substance 

(TBARS) was estimated by the method described in our 
previous report (Ishihara et al., 2012) and was used as an 
index of lipid peroxidation. Briefly, cultured epidermis 
was gently sonicated in 1.15% KCl solution. The tissue 
suspension was mixed with 7 mM sodium dodecyl sul-
fate, 16 mM thiobarbituric acid, and 340 μM dibutylhy-
droxytoluene in acetic acid buffer at pH 3.5. The mixture 
was incubated at 100°C for 60 min, followed by rapid 
cooling and extraction with a 1-butanol-pyridine (15:1) 
solution. The absorbance of this extract at 540 nm was 
measured using 1,1,3,3-tetraethoxypropane as the standard.

Statistical analyses
All data were analyzed using GraphPad Prism 9 

(GraphPad Software, San Diego, CA, USA). Student’s  
t test or ANOVA with Dunnett’s corrected multiple com-
parison test was used to determine significant differences 
between the means of two or more independent groups. 
Significance was considered when p values were less than 
0.05. Error bars were calculated using S.D.

RESULTS AND DISCUSSION

We previously reported that exposure to PM2.5, which 
was collected by a cyclonic separation method direct-
ly from the air, increased the expression of chemokines 
CXCL1 and IL-8 in human 3-dimensional cultured epi-
dermis and that these chemokines were released from 
the epidermis and induced neutrophil chemotaxis (Kono 
et al., 2022). Because chemokine release occurs down-
stream of oxidative stress induced by PM2.5 expo-
sure (Kono et al., 2022), antioxidants could suppress 

chemokine release and subsequent neutrophilic inflamma-
tion. We screened 42 kinds of plant extracts by DPPH and 
ABTS radical scavenging activities, and we determined 
that leaf extracts from Camellia sinensis showed the high-
est radical scavenging activity and that the Argania spino-
sa leaf extract showed the second highest radical scaveng-
ing activity (Fig. 1). The Camellia sinensis and Argania 
spinosa leaf extracts were diluted 100-fold with culture 
media and then treated from the upper side (stratum cor-
neum) of the epidermis model for 30 min (final 1% con-
centration of extracts). Because both extracts showed no 
toxicity to human 3D cultured epidermis for no long-
er than 24 hr of culture at a concentration of 1% (Fig. 2),  
we examined the protective action of the extracts on 
PM2.5-exposed epidermis.

The Camellia sinensis and Argania spinosa leaf extracts 
were treated from the upper side of the epidermis model 
for 30 min (final 1% concentration of extracts). A PM2.5 
suspension (100 µg/mL) was added onto the same side 
as the extract treatment, and then the epidermis was cul-
tured for 24 hr. Treatment with PM2.5 increased TBARS 
levels in the epidermis, indicating the induction of lipid 
peroxidation by PM2.5 (Fig. 3A). Pretreatment with 
both extracts significantly suppressed TBARS contents  
(Fig. 3A), showing that the extracts have strong antioxi-
dative capacity in the epidermis. Exposure to PM2.5 elic-
ited IL-8 release from the epidermis (Fig. 3B), and the 
conditioned media from PM2.5-treated cultured epider-
mis potentiated neutrophil chemotaxis (Fig. 3C). Pretreat-
ment with leaf extracts of Camellia sinensis and Argania 

Fig. 1.  Radical scavenging action of Camellia sinensis and 
Argania spinosa extracts. Camellia sinensis and Arga-
nia Spinosa extracts (labeled as Tea Extract and Argan 
Extract, respectively) were mixed with DPPH or ABTS 
working solution. Radical elimination was monitored 
by the changes in absorbance. Radical scavenging activ-
ity was represented as an ascorbic acid equivalent value. 
The values are the average of 3 experiments.
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spinosa significantly attenuated IL-8 release and neutro-
phil migration induced by PM2.5 (Fig. 3B and C). The 
suppressive effects were almost the same for both extracts 
(Fig. 3A, B and C). Collectively, leaf extracts from Camellia  

sinensis and Argania spinosa suppressed oxidative stress, 
chemokine induction and subsequent neutrophil activation  
induced by PM2.5 exposure in human 3D epidermis culture.

Tea extract is believed to be effective against various 
pathological conditions based on evidence using cultured 
cells and experimental animals or from human epidemio-
logical studies. Xiang et al. (2016) reported the suppressive 
effects of Camellia sinensis on breast cancer. Camellia 
sinensis extract was reported to attenuate cardiac remode-
ling accompanied by acute doxorubicin toxicity (Modesto 
et al., 2021) and suppress brain ischemic injury induced 
by middle cerebral artery occlusion (Machin et al., 2021). 
In the field of cosmetology, Camellia sinensis extract pro-
tects hair from damage induced by ultraviolet irradiation 
(Davis et al., 2022). Among many components in Camel-
lia sinensis, one of the major polyphenol compounds, 
green tea catechins, shows strong antioxidative and anti-
inflammatory actions (Braicu et al., 2013), suggesting that 
catechins are effective components to suppress PM2.5-
induced epidermal injury. In addition, the effects of tea 
polysaccharides have recently been under debate. Tea 
polysaccharides are a group of heteropolysaccharides 
bound to proteins. There is evidence suggesting that tea 
polysaccharides not only improve immunity but also have 
various bioactivities, such as antioxidant, antitumor, anti-
hyperglycemia, and anti-inflammation activities (Du et 
al., 2016). Scientific evidence about the protective action 
of Argania spinosa extract is less than that of Camellia 

Fig. 2.  Toxicity assay of Camellia sinensis and Argania spino-
sa extracts for human 3D cultured epidermis. The hu-
man epidermis model was pretreated with 1% Camel-
lia sinensis and Argania spinosa extracts (labeled as 
Tea Extract and Argan Extract, respectively) for 48 hr.  
Cell viability was measured by Cell Counting Kit-8. 
The values are presented as the mean ± S.D. (n = 4).

Fig. 3.  Protective effects of Camellia sinensis and Argania spinosa extracts on epidermal damage induced by PM2.5 exposure. 
The human epidermis model was pretreated with 1% Camellia sinensis and Argania spinosa extracts (labeled as Tea Ex-
tract and Argan Extract, respectively) for 30 min and then exposed to 100 µg/mL PM2.5 collected in Yokohama, Japan, in 
winter 2018 for 24 hr. (A) Tissue was collected, and TBARS levels were measured. (B) The culture medium was collected, 
and the IL-8 concentration was determined by ELISA. (C) Human neutrophils in the transwell plate were treated with the 
conditioned media for 1 hr to evaluate their migration. The values are presented as the mean ± S.D. (n = 4). The data were 
analyzed using Student’s t test and Dunnett’s test. Holm’s correction was performed for multiple comparisons.
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sinensis extract, but several studies suggest that Argania 
spinosa extract can prevent oxidative stress and inflam-
mation (Bejaoui et al., 2021) and that these antioxidative 
and anti-inflammatory effects could depend on polyphe-
nolic compounds included in Argania spinosa (Kamal et 
al., 2019; Berrougui et al., 2006). Further study is needed 
to uncover which component in the extracts is protective 
against epidermal damage induced by PM2.5 exposure.

PM2.5 contains polycyclic aromatic hydrocarbons 
(PAHs) and PAH quinones. Quinones are electrophilic 
compounds and thus easily react with nucleophilic com-
pounds or nucleophilic groups such as thiols in proteins. 
Quinones also generate superoxide anion radicals via 
redox cycling (Ishihara et al., 2006). In addition, one of 
the representative PAHs, benzo[a]pyrene, does not have 
electrophilicity but can be converted to an electrophile by 
metabolic activation (Boysen and Hecht, 2003). Camel-
lia sinensis and Argania spinosa extracts contain many 
kinds of polyphenols, and phenolic compounds are high-
ly nucleophilic and react with the above electrophilic sub-
stances. Among them, a compound having a catechol 
structure is considered to have high radical scavenging 
activity because it is converted into a stable o-quinone 
form when oxidized. In this regard, the protective effects 
of leaf extracts from Camellia sinensis and Argania spi-
nosa on epidermal damage caused by PM2.5 might be 
related to the removal of harmful electrophilic substanc-
es by polyphenols.

In conclusion, leaf extracts from Camellia sinensis and 
Argania spinosa protect the epidermis from PM2.5 expo-
sure-induced oxidative stress and subsequent chemokine 
release. These extracts are considered to be safe in the 
present practices of use and concentration, although con-
tinuous safety evaluation is needed (Becker et al., 2019; 
Leeyaphan et al., 2022). Therefore, Camellia sinensis and 
Argania spinosa extracts could be added to a novel cos-
metic that protects skin from air pollution.
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