
INTRODUCTION

Recently, the health effects of particulate matter (PM) from 
the atmosphere are growing as a critical issue in Asia. PM are 
divided by diameter size—for example, PM10 (diameter<10 
μm), PM2.5 (diameter<2.5 μm), and PM0.1 (diameter<0.1 μm). 
PM10 includes all types of PM. Generally, PM consists of par-
ticle carbon cores, ions, metal, and organic compounds (Fo-
linsbee, 1993; Li et al., 2017). A previous study suggested that 
PM2.5 induces endoplasmic reticulum stress, mitochondrial 
swelling, autophagy, apoptosis, and inflammation in a HaCaT 
cell line (Piao et al., 2018). Polycyclic aromatic hydrocarbons 
(PAHs), major components of PM, cause serious diseases 
such as lung cancer, diabetes mellitus, cardiovascular (CVD) 
diseases, and pulmonary emphysema (Brook et al., 2004; 
Hamra et al., 2015; Fiorito et al., 2018). 

Aryl hydrocarbon receptors (AhRs) bind to molecular 
complexes including Hsp90, XAP2, and p23 in cytosol. The 

AhR group is a basic helix–loop–helix PER/ARNT/SIM family 
of transcription factors and is regarded as regulators of cell 
morphology and homeostasis (Shimizu et al., 2000; Omiecin-
ski et al., 2011). PAHs act as a ligand of AhRs in cells. After 
PAHs are bound to AhRs, this complex enters the nucleus and 
heterodimerizes with ARNT/HIF1β. The AhR–ARNT complex 
binds to xenobiotic responsive elements located upstream 
of target genes (e.g., cytochromes P450 such as CYP1A1) 
(Hankinson, 1995). The AhR–ARNT complex is dissociated 
and the AhRs are moved to the cytosol, where a proteasomal 
degradation process occurs (Davarinos and Pollenz, 1999). 
A previous study reported the roles of AhRs in cell differen-
tiation and in mediating the harmful effects of environmental 
contaminants such as benzo(a)pyrene (Van Den Bogaard et 
al., 2015). Especially, AhRs play roles in pathophysiology ef-
fects such as inflammation, dermatological lesions, cancer 
promotion, and liver fibrosis (Larigot et al., 2018). Previously, 
we identified that PM10 including PAHs activates the AhR sig-
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The role of particulate matter (PM) in health problems including cardiovascular diseases (CVD) and pneumonia is becoming 
increasingly clear. Polycyclic aromatic hydrocarbons, major components of PM, bind to aryl hydrocarbon receptor (AhRs) and 
promote the expression of CYP1A1 through the AhR pathway in keratinocytes. Activation of AhRs in skin cells is associated with 
cell differentiation in keratinocytes and inflammation, resulting in dermatological lesions. Oleanolic acid, a natural component of L. 
lucidum, also has anti-inflammation, anticancer, and antioxidant characteristics. Previously, we found that PM10 induced the AhR 
signaling pathway and autophagy process in keratinocytes. Here, we investigated the effects of oleanolic acid on PM10-induced 
skin aging. We observed that oleanolic acid inhibits PM10-induced CYP1A1 and decreases the increase of tumor necrosis factor–
alpha and interleukin 6 induced by PM10. A supernatant derived from keratinocytes cotreated with oleanolic acid and PM10 inhibited 
the release of matrix metalloproteinase 1 in dermal fibroblasts. Also, the AhR-mediated autophagy disruption was recovered by 
oleanolic acid. Thus, oleanolic acid may be a potential treatment for addressing PM10-induced skin aging.
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naling pathway in keratinocytes (Jang et al., 2019).
Exposure to PM results in systemic immune responses due 

to increasing proinflammatory cytokines such as interleukin 
(IL)-1, IL-6, and IL-8 in lung epithelial cells (Hetland et al., 
2005). In keratinocytes, PM10 activates AhRs and secretes 
tumor necrosis factor–alpha (TNF-α) and pro-inflammatory 
cytokine such as IL-6 (Tsuji et al., 2011). TNF-α is responsible 
for immunity and induces necrotic or apoptotic cell death (Id-
riss and Naismith, 2000). Previous studies have shown that 
inflammatory cytokines such as TNF-α and IL-6 induce ma-
trix metalloproteinase-1 (MMP-1), collagenases, causing skin 
wrinkles by degrading fibrillar collagen (Bae et al., 2008). 

Autophagy is a catabolic process characterized by self-
digestion through the degradation of cellular constituents to 
form nutrients and maintain cellular homeostasis (Azad et al., 
2009). During the autophagy process, the autophagosome, 
which involves microtubule-associated protein 1 light chain 
3-II (LC3-II) and p62, engulfs macromolecules and organelles 
and fuses with lysosome for degradation. However, recent 
studies have reported that an increase in autophagy causes 
autophagic cell death in macrophages (Su et al., 2017). Other 
research suggested that the disruption of autophagy—that is, 
the suppression of autophagic degradation—causes neuronal 
diseases such as Alzheimer’s disease, Parkinson’s disease, 
and Huntington’s disease (Liu et al., 2015). Dermatological-
ly, the disruption of autophagy such as the accumulation of 
autophagosomes in dermal fibroblasts increases the MMP-1 
content and leads to skin aging (Tashiro et al., 2014). In a 
previous study, we confirmed that PM10 treatment increases 
LC3-II and p62 in HaCaT and alpha-naphthoflavone (α-NF), 
which is an AhR antagonist that decreases LC3-II and p62 
through the inactivation of AhRs (Jang et al., 2019). 

Ligustrum lucidum is a plant distributed across hot and hu-
mid climates such as South Korea, India, and China (Chen 
et al., 2017). In China, L. lucidum is used as a treatment for 
liver and kidney conditions (Qiu et al., 2018). Many pharma-
cological studies have suggested L. lucidum shows effective 
antitumor, anti-inflammation, immunoregulatory, and antios-
teoporosis activities (An et al., 2007; Dong et al., 2012; Ra-
vipati et al., 2012; Wang et al., 2012). Oleanolic acid, which 
is a naturally occurring triterpenoid with the chemical name 3 
β-hydroxy-olea-12-en-28-oic acid, is found in Olea europaea 
and L. lucidum (Perez-Camino and Cert, 1999; Feng et al., 
2011). Oleanolic acid possesses a variety of pharmacologi-
cal activities such as hepatoprotective, wound-healing, anti-
inflammation, anticancer, and antioxidant effects (Pollier and 
Goossens, 2012). However, the effects of oleanolic acid and L. 
lucidum on PM10-induced skin aging are still unknown. Thus, 
in this study, we investigated the effects of oleanolic acid and 
two types of L. lucidum extract on PM10-induced skin aging. 

MATERIALS AND METHODS

Experimental material
Fine Dust (PM10-like) (ERM®-EZ100) was purchased from 

the European Reference Materials (ERM) (St. Louis, MO, 
USA). Fine Dust particles are composed of the size range of 
10 μm (x ≤10 μm). α-naphthoflavone (α-NF) which is known 
as an inhibitor of AhR and used for positive control, and olea-
nolic acid were purchased from Sigma Aldrich (St. Louis, MO, 
USA). 

Preparation of plant extract and fraction
The Ligustrum lucidum was purchased from Jeju Biodi-

versity Institute (Jeju, Korea). Ligustrum lucidum (200 g) was 
submerged in 70% ethanol for 72 h at room temperature to 
retrieve extracts. The extract was then filtered with 3 μm pa-
per and concentrated using an evaporator (Rotovapor R-100, 
Buchi, Flawil, Switzerland). The resulting extract (13.134 g), 
Ligustrum lucidum ethanol extract (LL), was resuspended in 
water and partitioned sequentially with n-hexane, ethyl ace-
tate, and water, followed by in vacuum evaporation to yield the 
ethyl acetate fraction (2.08 g).

Chromatographic analysis
HPLC-DAD analyses were carried out using an Agilent 1260 

Inifinity (Agilent, Santa Clara, CA, USA). HPLC columns were 
silica-based C18 Agilent Zorbax Elclipse Plus (250 mm×4.6 
mm, 5 μm) (Agilent), column temperature of 30°C, injection 
volume of 20 μL, and wavelength of 203 nm was used. 

The mobile phase was acetonitrile, water with 0.1% phos-
phoric acid under an isocratic system.

Cell culture
Human immortalized keratinocyte cell line (HaCaT) was 

obtained from Amore Pacific Company (Yongin, Korea). Hu-
man dermal fibroblasts cell line (HDF) was purchased from the 
American Type Culture Collection (ATCC) (VA, USA). Cells 
were cultured in DMEM (Welgene, Gyeongsan, Korea) me-
dium supplemented with 10% Fetal Bovine serum (FBS), and 
1% Penicillin/Streptomycin. Cells were maintained at 37°C in 
a 5% CO2 incubator.

Cell viability
Cells were incubated at a density of 1×104 cells/well in 96-

well plates. After 24 h at 37°C, the media was replaced with 
PM diluted to the appropriate concentrations for 24 h. Next, 
the cells were washed with DPBS and EZ-cytox reagent (Daeil 
Lab Service, Seoul, Korea) was added, and cells were incu-
bated at 37°C for 30 min. The absorbance was measured us-
ing a microplate reader (Tecan, Mannedorf, Switzerland) at a 
wavelength of 450 nm.

Sample treatment
HaCaT was pre-treated with different concentrations of LL 

(20 μg/mL), LL-EA (2.5, 5, 10 μg/mL) or oleanolic acid (2.5, 5, 
10 μg/mL) for 6 h, and after that PM10 (50 μg/mL) was treated.

Reverse Transcription Polymerase Chain Reaction (RT-
PCR)

For RT-PCR, 1ul each of cDNA and respective primers 
were added to HiPi PCR premix (ELPIS BIO, Daejeon, Korea). 
The synthesized cDNA was amplified with the following prim-
ers : β–actin sense 5’-GGCATCGTGATGGACTCCG-3’; an-
tisense 5’-GCTGGAA-GGTGGACAGCGA-3’; CYP1A1 sen se 
5’-TCTTTCTCTTCCTGGCTATC-3’; antisense 5’-CTGTCT-
CTTCCCTTCACTCT-3’; TNF-α sense 5’-GGCAGTCAGAT-
CATCTTCTCGAA-3’; antisense 5’-GAAGGCCTAAGGTCCA-
CTTGTGT-3’. The finished PCR products were visualized by 
electrophoresis separation on 2% agarose gels with staining 
RedSafe™ Nucleic Acid staining Solution (Intron Bio, Seong-
nam, Korea).
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Fibroblast supernatant media preparation
HaCaT cells were exposed to PM10 with or without oleanolic 

acid for 30 min and changed fresh media for 24 h. HaCaT 
cultured supernatant transferred to HDF cells for 30 min and 
changed fresh media for 48 h. The HDF cultured supernatant 
were used for analyzing secreted MMP-1 level.

Enzyme-Linked Immunosorbent Assay (ELISA)
The supernatant media and cells were collected after treat-

ment. The test for the MMP-1 or the IL-6 were performed ac-
cording to the manufacturer’s instructions. The protein content 
of cell was quantified using a BCA protein Assay Reagent Kit 
(Thermo Scientific, Waltham, MA, USA) with bovine serum al-
bumin as the standard.

Western blot assay
Cells were seeded in six-well plates in DMEM. One day lat-

er, after washing in DPBS, the cells were treated with diluted 
sample in DMEM with FBS 2% for pre-determined amounts 
of time. Following treatment, the cells were washed in DPBS 
and lysed in RIPA buffer (Noble Bio, Hwaseong, Korea) con-
taining protease inhibitor cocktail (PIC, Sigma Aldrich) and 1 
mM phenylmethylsulfonyl fluoride (PMSF, Sigma Aldrich) for 
30 min at 4°C. The lysate was subjected to centrifugation 
at 13,000 rpm for 20 min and the resulting supernatant was 

stored on ice for immediate use or –20°C for longer term stor-
age. The protein content of the supernatant was quantified 
using a BCA Protein Assay Reagent Kit (Thermo Scientific) 
with bovine serum albumin as the standard. Equal amounts of 
protein were separated by NuPAGE™ 12% Bis-Tris Gel (In-
vitrogen) and transferred onto polyvinylidene fluoride (PVDF) 
membranes. Antibodies against β-actin (1:20,000, Sigma Al-
drich), p62 (1:1,000, Abcam) were used at 4°C for 24 h. Blots 
were then incubated with Horse-radish peroxidase conjugated 
anti-mouse (1:20,000, Bio-Rad, Hercules, CA, USA) or anti-
rabbit (1:5,000, Bethyl, Montgomery, TX, USA) secondary an-
tibodies as appropriate at 4°C for 2 h. Blots were visualized by 
adding a chemiluminescent substrate (Thermo Scientific) and 
imaged with a FlourChemE imager (HNS Bio, Seoul, Korea).

Statistical analysis
All the in vitro data are expressed as the mean ± SD. Sta-

tistical significance was determined by independent t-test. A 
value of *p<0.05, **p<0.01, ***p<0.001 was considered statis-
tically significant. 

RESULTS

Optimization of the chromatographic conditions
The ratio acetonitrile and water containing phosphoric acid 

as the mobile phase, column temperature of 30°C, and wave-
length of 203 nm. Under the proposed analytical conditions, 
baseline resolution was obtained for all the analyses. Chro-
matograms of the standards and sample solutions are shown 
in Fig. 1.

Ligustrum lucidum ethanol extract (LL), L. lucidum ethyl 
acetate extract (LL-EA), and oleanolic acid inhibited PM10-
induced activation of AhRs in keratinocytes

To determine the cytotoxic effects of LL, LL-EA, and olea-
nolic acid, HaCaT cells were treated with indicated concentra-
tions of LL for 24 h. As shown in Fig. 2, no cytotoxic effects 
were observed. To determine whether LL inhibits the PM10-
induced activation of AhRs in keratinocytes, we analyzed 
the CYP1A1 messenger RNA (mRNA) level by RT-PCR. As 
shown in Fig. 3A, 3D, PM10 increased the CYP1A1 mRNA 
level, although this increase was reduced by LL (20 μg/mL). 
Also, α-NF, inhibitor of AhR, decreased the CYP1A1 mRNA 
level. Separately, to determine whether LL-EA and oleanolic 
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Fig. 1. High-performance liquid chromatogram-PDA analysis. (A) 
Ligustrum lucidum ethanol extract (LL), (B) oleanolic acid and (C) L. 
lucidum ethyl acetate extract (LL-EA).
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acid inhibit the activation of AhRs in keratinocytes, we ana-
lyzed the CYP1A1 mRNA level by RT-PCR. PM10 increased 
the CYP1A1 mRNA level, which was decreased by LL-EA (2.5 
μg/mL, 5 μg/mL, and 10 μg/mL) (Fig. 3B, 3E) and oleanolic 
acid (2.5 μg/mL, 5 μg/mL, and 10 μg/mL) (Fig. 3C, 3F). These 
results suggested that LL-EA inhibits the PM10-induced activa-
tion of AhRs more effectively at a lower concentration when 
compared with LL.

LL-EA and oleanolic acid downregulate heightened TNF-α 
and IL-6 levels increased by the PM10-induced activation 
of AhRs

To determine the effects of LL-EA and oleanolic acid on 
TNF-α, we analyzed the TNF-α mRNA level by RT-PCR. As 
shown in Fig. 4, PM10 increased the TNF-α mRNA level and 
this increase was thereafter reduced by LL-EA (2.5 μg/mL, 5 
μg/mL, and 10 μg/mL) and oleanolic acid (2.5 μg/mL, 5 μg/
mL, and 10 μg/mL). To determine the effects of LL-EA and 
oleanolic acid on IL-6, we analyzed the IL-6 protein level by 
enzyme-linked immunosorbent assay. The PM10 treatment 
group showed increased IL-6 content in keratinocytes, which 
was decreased by LL-EA and oleanolic acid. Similarly, α-NF 
decreased the IL-6 level (Fig. 5). These results suggested that 
PM10-induced TNF-α and IL-6 levels could be decreased by 
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LL-EA or oleanolic acid.

Supernatant derived from PM10-treated keratinocytes 
stimulated MMP-1 protein in dermal fibroblasts

We performed an enzyme-linked immunosorbent assay 
to reveal that the PM10-induced MMP-1 protein level is de-
creased by oleanolic acid in dermal fibroblasts. As shown in 
Fig. 6, PM10 treatment supernatant increased MMP-1 content 
in fibroblasts, which was decreased by oleanolic acid treat-
ment supernatant. Therefore, treatment by oleanolic acid in 
keratinocytes can inhibit the PM10-induced MMP-1 protein 
level in dermal fibroblasts.

Oleanolic acid decreased the autophagy process caused 
by the activation of AhR in keratinocytes

Previous research showed that PM10 increases LC3-II and 
p62 proteins via the activation of AhRs in keratinocytes (Jang 
et al., 2019). To examine the effect of oleanolic acid in the 
PM10-induced autophagy process, we investigated the pro-
tein expression of LC3-II and p62 by western blotting. In our 
study, LC3-II and p62 expression were decreased by oleanolic 
acid or α-NF without LC3-II or p62 accumulation (Fig. 7). This 
result suggests that oleanolic acid could decrease the PM10-
induced autophagy process without autophagy disruption.

DISCUSSION

In a previous study, we demonstrated that AhRs are acti-
vated by PM10 in keratinocytes, which increases the expres-
sion of the CYP1A1 gene. In our experiments, we reviewed 
whether oleanolic acid, LL and LL-EA, and oleanolic acid can 
inhibit the activation of AhRs. We used ethyl acetate extraction 
to increase the content of oleanolic acid, which is major com-
ponent of L. lucidum. As shown in Fig 3, LL-EA decreased the 
CYP1A1 mRNA level at a lower concentration than that of LL. 
Our results suggest that oleanolic acid is the major component 
needed to inhibit the activation of AhRs.

TNF-α initiates nuclear factor–kappa B (NF-κB) nuclear 
translocation by dissociating the inhibitory protein I-kBα from 
NF-κB (Wong et al., 1997). When NF-κB is translocated in the 
nucleus, such promotes the expression of inflammatory cyto-
kine proteins like TNF-α, IL-1β, and IL-6 (Hayden and Ghosh, 
2008; Baker et al., 2011). Separately, NF-κB and inflamma-
tory cytokines can induce the expression of MMPs (Sato et 
al., 1990; Vincenti and Brinckerhoff, 2007). Because various 
cytokines can affect skin aging, we analyzed TNF-α and IL-6 
expression levels and found that LL-EA and oleanolic acid ef-
fectively reduced PM10-induced increases in TNF-α and IL-6 
content (Fig. 4, 5). 

In a recent study, a keratinocyte–fibroblast integrated cul-
ture system, which is a more suitable means by which to ana-
lyze the directional effects of skin exposure rather than the 
cocultured method, was used to analyze the MMP-1 protein 
level (Fernando et al., 2019). In the present study, we con-
firmed that the production of MMP-1 in fibroblasts can be in-
fluenced by supernatant derived from keratinocytes according 
to the keratinocyte–fibroblast integrated culture system. After 
we cotreated with oleanolic acid and PM10 in keratinocytes, 
we obtained supernatant, which might have contained various 
inflammatory cytokines such as TNF-α and IL-6. The super-
natant was then applied to human dermal fibroblasts and we 
analyzed the MMP-1 protein level in said dermal fibroblasts. 
As shown in Fig. 7, oleanolic acid decreased the PM10-induced 
MMP-1 content. This result suggests that oleanolic acid treat-
ment applied to keratinocytes can affect the level of PM10-in-
duced MMP-1 protein in dermal fibroblasts.

In a previous study, we discerned that LC3-II and p62 
proteins, which are essential for the formation of autopha-
gosomes, were increased by PM10 in keratinocytes (Jang et 
al., 2019). Because LC3-II and p62 proteins form autophago-
somes, these proteins can be evaluated as markers of the au-
tophagy process. An increase in LC3-II paired with a decrease 
in p62 represents the successful induction of the autophagy 
process. However, an increase in LC3-II together with an in-
crease in p62 suggests the accumulation of autophagosomes, 
which can cause skin aging (Itakura and Mizushima, 2010; 
Tashiro et al., 2014). Our results indicate that PM10-induced 
LC3-II and p62 protein levels were decreased by oleanolic 
acid, signaling the reduction of the autophagy process and 
autophagosome accumulation (Fig. 7). Recent studies have 
found that PM10-induced activation of AhRs increases cellular 
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stressors such as reactive oxygen species (Ryu et al., 2019), 
which is eliminated by the autophagy process (Huang et al., 
2011). However, other research contends that PM-induced 
autophagy promotes inflammation in A549 cells (Dai et al., 
2019). In further investigations, we aim to identify the correla-
tion between inflammation and autophagy caused by the PM-
induced activation of AhRs. 

In conclusion, oleanolic acid could inhibit the activation of 
AhRs and decrease the heightened TNF-α, IL-6, and MMP-1 
levels induced by PM10. Also, oleanolic acid could protects au-
tophagosome accumulation induced by PM10. Thus, oleanolic 
acid can protect the skin from PM10 exposure and reduce skin 
inflammation and wrinkles.
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