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Abstract: Exposure to particulate matter (PM), a major form of air pollution, can induce
oxidative stress and inflammation and may lead to many diseases in various organ systems
including the skin. Eupafolin, a flavonoid compound derived from Phyla nodiflora, has been
previously shown to exhibit various pharmacological activities, including antioxidant and
anti-inflammatory effects. Unfortunately, eupafolin is characterized by poor water solubility
and skin penetration, which limits its clinical applications. To address these issues, we suc-
cessfully synthesized a eupafolin nanoparticle delivery system (ENDS). Our findings showed
that ENDS could overcome the physicochemical drawbacks of raw eupafolin with respect to
water solubility and skin penetration, through reduction of particle size and formation of an
amorphous state with hydrogen bonding. Moreover, ENDS was superior to raw eupafolin in
attenuating PM-induced oxidative stress and inflammation in HaCaT keratinocytes, by mediat-
ing the antioxidant pathway (decreased reactive oxygen species production and nicotinamide
adenine dinucleotide phosphate oxidase activity) and anti-inflammation pathway (decreased
cyclooxygenase-2 expression and prostaglandin E2 production through downregulation of
mitogen-activated protein kinase and nuclear factor-kB signaling). In summary, ENDS shows
better antioxidant and anti-inflammatory activities than raw eupafolin through improvement of
water solubility and skin penetration. Therefore, ENDS may potentially be used as a medicinal
drug and/or cosmeceutical product to prevent PM-induced skin inflammation.

Keywords: cupafolin, nanoparticles, particulate matter, oxidative stress, cyclooxygenase-2,
keratinocytes

Introduction

Over the past decade, ambient air pollution (AAP), the contamination of the outdoor
environment by airborne chemical, physical, or biological hazardous waste, has been
linked to the destruction of the ecological environment.'? From the viewpoint of health,
AAP is the world’s largest single environmental health risk, and long-term exposure
to AAP is associated with various diseases, including acute lower respiratory tract
disease, chronic obstructive pulmonary disease, ischemic heart disease, lung cancer,
stroke, and neurodegenerative diseases.>® The World Health Organization reported
that 3.7 million deaths were attributable to AAP worldwide in 2012. Of all these pol-
lutants, particulate matter (PM) containing fine particles (particle size <2.5 im, PM, )
and coarse particles (particle size <10 um, PM, ) represent the real-time air quality
index for monitoring the pollution level of a city. For example, the PM, ; concentration
of Shanghai city in the People’s Republic of China reached the “most severe” level.’
Previous reports have indicated that PM containing polyaromatic hydrocarbons can

submit your manuscript
e
in

Dove

http:

International Journal of Nanomedicine 2016:11 3907-3926 3907
© 2016 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S109062
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:stephenhu30@hotmail.com
mailto:flyen@kmu.edu.tw

Lin et al

Dove

cause inflammatory reactions in the lung and may lead to
systemic inflammatory reactions through activation of oxi-
dative stress and mitogen-activated protein kinase (MAPK)
signaling pathways.®*!° In particular, the skin constitutes
the first line of defense of the human body to air pollutants.
However, research investigating the effects of PM on the
skin has been limited.

Recently, a number of studies have investigated the
effects of PM on skin damage and its underlying molecular
biological mechanisms. Air pollution containing PM had
been found to increase the incidence of inflammatory skin
diseases (including atopic dermatitis, acne, and psoriasis),
extrinsic aging, androgenic alopecia, and skin cancer (includ-
ing melanoma and squamous cell carcinoma). The underlying
mechanisms include activation of aryl hydrocarbon receptors,
generation of reactive oxygen species (ROS; such as super-
oxide and hydroxyl radicals), activation of MAPKs (ERK1/2,
IJNK, and p38), activation of transcription factors (nuclear
factor-xB [NF-xB] and activator protein-1), production of
inflammatory mediators (interleukin [IL]-1co, IL-6, IL-8, and
tumor necrosis factor-o), activation of matrix metalloprotein-
ases (MMPs; MMP-1, MMP-2, and MMP-9) with collagen
degradation, and impairment of DNA repair system.''-

Flavonoids (such as quercetin, kaempferol, myricetin,
luteolin, and apigenin) are effective antioxidant and anti-
inflammatory compounds and are abundantly found in
fruits and plants.'® Izawa et al'® showed that quercetin may
be protective against male reproductive toxicity induced by
diesel exhaust particles. Tan et al*® also demonstrated that
luteolin can inhibit cigarette smoke extract-induced oxidative
damage and apoptosis through the Nrf2 pathway and may
serve as a chemopreventive agent for lung cancer. Therefore,
it is conceivable that flavonoids may be potentially useful
for preventing PM-induced skin cell injury. Eupafolin is a
flavonoid compound, which is purified from Phyla nodiflora,
and previous studies have indicated that eupafolin exhibits
anti-inflammatory, antioxidant, and anticancer effects.?'
Moreover, the multiple pharmacological activities of fla-
vonoids have been attributed to their structure—activity rela-
tionships, including the flavone backbone structure and the
number of hydroxyl substitutions.** However, the chemical
structure of flavonoids, such as quercetin and naringenin, has
also limited their administration and application in clinical
medicine, due to their extremely low water solubility and
poor bioavailability.>?¢ Eupafolin has a similar flavone back-
bone structure and displays poor water solubility, resulting in
poor cutaneous penetration following topical administration
on skin. Therefore, many studies have attempted to develop

nanoparticle delivery systems using nanoprecipitation and
high pressure homogenization techniques to overcome the
physicochemical drawbacks of the active compounds?’
and thereby improve their solubility and skin absorption.?*
However, there have been no previous reports about whether
eupafolin nanoparticle delivery system (ENDS) shows
improved solubility and skin penetration and whether it may
attenuate PM-induced oxidative stress and inflammation in
human HaCaT keratinocytes. In this study, polyvinyl alcohol
(PVA) and Eudragit E100 were used as nanoparticle carriers
to prepare ENDS, because of their nontoxicity and water
solubility. PVA is a nontoxic polymer, which is frequently
used as an emulsion stabilizer for nanoparticle formulations.
Eudragit E100 is an acid-responsive cationic polymer, which
is composed of butyl methacrylate, dimethylaminoethyl
methacrylate, and methyl methacrylate. It is frequently used
in oral and topical drug formulations since it is nontoxic
and edible.’!3*

The purpose of the present study is to investigate the
solubility improvement of eupafolin through nanoprecipi-
tation methods, by evaluation of particle size, crystalline
to amorphous transformation, hydrogen bond formation,
and in vitro skin penetration. In addition, we also investi-
gated the molecular biological mechanisms underlying the
antioxidant and anti-inflammatory effects of ENDS and
raw eupafolin in PM-stimulated HaCaT keratinocytes, with
regard to ROS production, cyclooxygenase-2 (COX-2)
expression, prostaglandin E2 (PGE2) production, and
MAPK phosphorylation.

Materials and methods

Materials

Dulbecco’s Modified Eagle’s Medium:nutrient mixture
F-12 (DMEM/F-12 medium) was obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Fetal bovine serum
(FBS) was purchased from Hazelton Product (Denver, PA,
USA). TRIZOL was obtained from Thermo Fisher Scientific.
Western blotting enhanced chemiluminescence detection
kit and Hyperfilms were purchased from GE Healthcare
Bio-Sciences AB (Uppsala, Sweden). The bicinchoninic
acid protein assay kit was obtained from Pierce (Rockford,
IL, USA). The monoclonal antibodies COX-2, phospho-P65,
and B-actin were obtained from Cell Signaling Technology
(Danver, MA, USA). Phospho-ERK, p38, and JNK antibody
kits were from Cell Signaling Technology. Phospho-c-Fos
antibody was from Santa Cruz Biotechnology Inc. (Dallas, TX,
USA). PhosphoPlus p47phox antibody was purchased from
Assay Biotechnology (Sunnyvale, CA, USA). Anti-GAPDH
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antibody was purchased from Biogenesis (Bournemouth,
UK). N-acetylcysteine (NAC), apocynin (APO), and MAPK
inhibitors (U0126, SB202190, and SP600125) were obtained
from Biomol (Plymouth Meeting, PA, USA). PM was from
the National Institute of Standards and Technology, Stan-
dard Reference Material® 1649b (Gaithersburg, MD, USA).
Eudragit E100 was obtained from R6hm Pharma (Darmstadt,
Germany), and PVA was purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). Eupafolin was extracted from
P. nodiflora as described previously,*® and the purity of
eupafolin was >95% as determined by high-performance
liquid chromatography (HPLC). All other chemicals were
of American Chemical Society reagent grade.

Preparation of ENDS

ENDS was prepared by nanoprecipitation with solvent
evaporation method as described previously.* Briefly,
100 mg of Eudragit E100 and 10 mg of eupafolin were,
respectively, added into 5 mL of 95% alcohol and placed in
an ultrasonic water bath until they dissolved (organic phase).
Subsequently, 100 mg of PVA was added into 15 mL of
pure water as aqueous phase. Then, the organic phase was
immediately added into the aqueous phase and then homog-
enized at 22,000 rpm for 10 minutes. The mixed solution was
processed by rotary vacuum evaporation to remove alcohol,
and the remaining solution, consisting of ~10 mL as ENDS,
was stored at 4°C until further use for biological assays.

Determination of particle size and

morphology of ENDS

The particle size and polydispersity index (PI) of eupafolin
and ENDS were determined by an N5 submicrometer par-
ticle size analyzer containing a 25 mW helium—neon laser
lamp with a wavelength of 632.8 nm (Beckman Coulter,
Brea, CA, USA). PI, the uniformity of the particle sizes,
was determined by photon correlation spectroscopy. In addi-
tion, the morphology of the ENDS was photographed by a
transmission electron microscope (JEOL JEM-2000 EXII
TEM; JEOL, Tokyo, Japan). Briefly, ENDS was diluted
50-fold with pure water and then immediately stained with
0.5% (w/v) phosphotungstic acid (Sigma-Aldrich Co.) and
fixed on a 200-mesh copper grid.

Determination of drug loading efficiency
of ENDS

The drug loading efficiency of ENDS was determined by
measuring the content of eupafolin encapsulated within the
excipient. The eupafolin standard curve was obtained by

HPLC analysis (Hitachi Ltd., Tokyo, Japan). The HPLC
system consisted of an L-2130 pump, L-2200 autosampler,
and L-2420 UV-vis detector. The analysis was carried out
using the Mightysil RP-18 GP (250x4.6 mm? internal diam-
eter, 5 wm) column (Kanto Corporation, Portland, OR, USA).
The mobile phase consisted of 10 mM potassium dihydrogen
phosphate buffer (Scharlau, Barcelona, Spain) and acetonitrile
(Honeywell, Morristown, NJ, USA; 65:35, v/v, pH adjusted
to 2.8). Different eupafolin concentrations (from 1 pg mL™
to 100 ug mL™") were eluted at a flow rate of 1 mL min™,
and the retention times were detected by a UV—vis detector
at a wavelength of 290 nm. The resulting calibration curve
of eupafolin was linear (y=102,221x—42,045, *=0.9996) and
was used to determine the content of eupafolin in ENDS.
The drug loading efficiency of ENDS was calculated by the
method of Yen et al* as follows:

Drug loading  ENDS, , —ENDS
efficiency (%) ENDS

loading

unloading % 100% (1)

Determination of crystalline to

amorphous transformation

Powder X-ray diffractometry (XRD; Siemens D5000,
Bruker, Germany) with Ni-filtered Cu-Ko radiation was
used to determine the crystalline pattern of raw eupafolin
and ENDS. XRD was performed at 40 kV and 25 mA, the
scanned angle (26) setting was from 2° to 50°, and the scan
rate was conducted at 1° min™".

Determination of hydrogen bond

formation

Proton nuclear magnetic resonance (‘H NMR) analysis was
used to determine the presence of hydrogen bond formation
between eupafolin and excipient. A Varian Mercury Plus
AS400 NMR System (Oxford Instrument Co., Abingdon,
Oxfordshire, UK) was used to record the 'H NMR spectra
of raw eupafolin and ENDS. In order to obtain the '"H NMR
spectra, each sample (2 mg) was first dissolved in 0.8 mL
of dimethyl sulfoxide (DMSO)-d6 (Sigma-Aldrich Co.) and
then placed into the 'H NMR instrument.

Fourier transform infrared (FTIR) spectroscopy was
also performed to evaluate the intermolecular interactions
of the nanoparticle system, using a Perkin-Elmer 2000
spectrophotometer (PerkinElmer Inc., Waltham, MA, USA).
Samples containing raw eupafolin or ENDS were mixed with
potassium bromide (Sigma-Aldrich Co.), ground by an agate
mortar, compressed into thin tablets, and then evaluated by
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infrared spectrophotometer. The scanning range for FTIR
was 400-4,000 cm™.

Solubility of ENDS and raw eupafolin

One milligram of eupafolin was added into a 1.5 mL tube
containing 1 mL of pure water. ENDS corresponding to
1 mg of eupafolin was also added into 1 mL of pure water.
The test samples were stirred with a shaker at 1,000 rpm for
10 minutes, followed by filtration through a 0.45 wm syringe
filter. The content of eupafolin in the aqueous solution was
determined by the HPLC method as described in the section
“Determination of drug loading efficiency of ENDS”.

In vitro skin penetration

Fresh pig skin from the flank region was purchased from a
local butcher and mounted on static Franz diffusion cells, in
accordance with the COLIPA guidelines standard protocol.”’
The dermal side of the skin disk was directed toward the
receptor chamber and brought into contact with the recep-
tor fluid (containing 0.14 M NaCl, 2 mM K HPO,, 0.4 mM
KH,PO,, 10% penicillin, pH 7.4). The corneum layer was
exposed to air. The receptor fluid was stirred and maintained
at a skin surface temperature of 32°C with in a thermostated
water bath throughout the experiment. Initially, 200 uL of
ENDS or raw eupafolin (n=6 for each formulation) was topi-
cally applied onto the skin surface. At the end of the experi-
ment, the residual test samples were removed from the skin by
a dropping pipette. The corneum layer was obtained by tape
stripping for 15 times. The combined epidermis and dermis
layers were cut into small pieces and extracted by immers-
ing in methanol for 1 hour. Subsequently, the unknown drug
concentrations in the corneum samples and the epidermis/
dermis were, respectively, analyzed by HPLC using the cor-
responding standard curves as references.

Cell culture

The HaCaT keratinocyte cell line was kindly provided by
Professor Jeff Yi-Fu Chen (Department of Biotechnology,
Kaohsiung Medical University). Cells were cultured in
DMEM/F-12 medium supplemented with 10% FBS and
1% penicillin—streptomycin and were incubated at 37°C in
5% CO,. HaCaT cells from passages 5 to 12 were used for
experiments.

Primary native human epidermal keratinocytes were
obtained from ScienCell Research Laboratories (San Diego,
CA,USA), and were cultured in Keratinocyte Medium. Human
dermal fibroblasts (Food Industry Research and Development
Institute, Taiwan, Republic of China), human pulmonary
alveolar epithelial cells (ScienCell Research Laboratories),

and human fibroblast-like synoviocytes (Cell Applications,
San Diego, CA, USA) were cultured in DMEM/F-12 medium
with 10% FBS and 1% penicillin—streptomycin.

Preparation of PM suspension

Particulate matter particles, Standard Reference Material®
1649b, were added into phosphate-buffered saline (PBS),
and then the PM suspension was sonicated for 30 minutes
to avoid aggregation of particles. All experiments were con-
ducted within 1 hour of PM suspension to avoid variability
in PM components.

MTT cell viability assay

For 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay, HaCaT cells were
seeded in 96-well plates. The cells were treated with ENDS
for 24 hours, after which MTT (Sigma-Aldrich Co.) was
added to the wells. After 3 hours of incubation, the plates
were analyzed with a microplate reader using a wavelength
of 550 nm.

Real-time cytotoxicity assay

The cytotoxic effect of ENDS on HaCaT cells was evaluated by
the xCELLigence Real-Time Cell Analyzer (RTCA) (ACEA
Biosciences, San Diego, CA, USA). This instrument monitors
cell viability in real-time by determining the change in electri-
cal impedance as the viable cells interact with the electronic
microtiter plates. Cells were seeded at a density of 5x10° cells/
well on electronic microtiter plates. After 24 hours of culture
to allow cell adhesion and spreading, the culture medium was
removed, and new medium containing 0 uM, 10 uM, 40 uM,
and 100 uM ENDS was added. Each concentration of ENDS
was performed in triplicate. Cell viability was measured from
0 hour to 72 hours. The cell index is a measure of cell viability
and was normalized to the time point when ENDS was added.
Analysis of data was carried out with the RTCA software.

Determination of cell viability using flow

cytometry

Flow cytometric assessment of cell viability was performed
using the FITC-annexin V/propidium iodide assay (Thermo
Fisher Scientific). HaCaT cells were cultured in six-well plates
and treated with ENDS for 24 hours, 48 hours, or 72 hours.
Cells were detached by incubation with trypsin-EDTA and
centrifuged at 1,500 rpm for 5 minutes. The cell pellet was
collected and resuspended in 100 uL Annexin-Binding
Buffer. FITC-annexin V and propidium iodide were then
added to the cell suspension. After incubation at room
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temperature for 15 minutes, the stained cells were analyzed
by flow cytometry (FACScan flow cytometer; BD, Franklin
Lakes, NJ, USA), measuring the fluorescence emission at
wavelengths of 530 nm and >575 nm.

Measurement of intracellular ROS

concentration

Measurement of intracellular ROS concentration was per-
formed using the fluorescent dichlorofluorescin diacetate
assay (purchased from Sigma-Aldrich Co.). HaCaT cells
were seeded on six-well plates and then incubated with the
test compounds. Subsequently, cells were incubated with
10 uM dichlorofluorescin diacetate at 37°C for 30 minutes
and then washed with PBS. Finally, the cell fluorescence level
was measured using a Fluoroskan Ascent FL fluorescent plate
reader (Thermo Fisher Scientific) with a 504 nm excitation
filter and 524 nm emission filter.

Isolation of cell fractions

First, HaCaT cells were harvested and subjected to sonica-
tion for 10 seconds with a Qsonica Q700 sonicator (Delta
Labo, Avignon, France). After centrifugation at 8,000 rpm at
4°C for 15 minutes, the pellet was collected and represents
the nuclear fraction. Subsequently, the supernatant was
centrifuged at 14,000 rpm for 1 hour at 4°C. The pellet was
obtained and represents the cell membrane fraction.

Assessment of nicotinamide adenine

dinucleotide phosphate oxidase activity
The cell membrane fraction was obtained from HaCaT cells
using the method described in the section “Isolation of cell
fractions”. Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity was determined by the lucigenin
chemiluminescence assay using 20 uM lucigenin (Sigma-
Aldrich Co.) and 1 uM NADPH (Sigma-Aldrich Co.).

NADP*/NADPH ratio

Oxidative stress in HaCaT cells was also evaluated by deter-
mination of the NADP*/NADPH ratio using a colorimetric
NADP/NADPH Assay Kit (Abcam, Cambridge, MA, USA)
in accordance with the manufacturer’s instructions.

Flow cytometric assessment of cell
surface NOX2 expression

For analysis of cell surface NOX2 expression by flow cytom-
etry, HaCaT keratinocytes were cultured in six-well plates.
Following treatment, cells were harvested and centrifuged
at 1,000 rpm for 5 minutes. The cell pellet was collected and
resuspended in PBS. Cells were stained at 4°C for 30 minutes

with anti-NOX2/gp91phox antibody (Abcam), followed by
incubation with Alexa Fluor 488-conjugated donkey anti-
rabbit IgG secondary antibody (BioLegend, San Diego, CA,
USA). After washing twice with PBS, stained cells were
analyzed using a FACScan flow cytometer (BD).

Reverse transcription-polymerase chain

reaction

Trizol reagent was used to isolate total RNA from HaCaT
cells based on the manufacturer’s protocols. The Moloney
murine leukemia virus reverse transcriptase (purchased
from Thermo Fisher Scientific) was used to reverse tran-
scribe cDNA from total RNA. Amplification of cDNA
was performed by polymerase chain reaction (PCR). The
sequences of the PCR primers were as follows: 5-TGAC
GGGGTCACCCACACTGTGCCCATCTA-3 (sense) and
5-CTAGAAGCATTTGCGGTGGACGATG-3’ (anti-sense)
for B-actin; 5’-CTCACACCACAGAAAGTTAAAAGAT-3’
(sense) and 5-GCTACCACAGGCACATCACG-3’ (anti-
sense) for COX-2. Subsequently, agar gel electrophoresis was
performed, the PCR products were stained with ethidium bro-
mide dye (Sigma-Aldrich Co.), and images were taken using
a ChemiDoc XRS+ ultraviolet imaging system (Bio-Rad
Laboratories Inc., Hercules, CA, USA).

COX-2 luciferase activity assay

A COX-2-luc plasmid was synthesized to measure COX-2
luciferase activity. A region extended from —459 bp to +9 bp
of'the COX-2 promoter gene was cloned into the pGL3-basic
vector (purchased from Promega Corporation, Fitchburg, W1,
USA). Subsequently, HaCaT cells were transfected with the
COX-2-luc plasmid, and the COX-2 luciferase activity was
determined using the luciferase assay (Promega Corporation).
Following various treatments, 5 UL of the supernatant was
added to 50 pL luciferase assay solution, and luminescence
was measured using a Fluoroskan Ascent FL luminometer
(Thermo Fisher Scientific). All experiments were performed
at least three times.

The fragment sequence of the COX-2 promoter region
was as follows: GACGTACAGACCAGACACGGC
GGCGGCGGCGGGAGAGGGGATTCCCTGCGCCCC
CGGACCTCAGGGCCGCTCAGATTCCTGGAGA
GGAAGCCAAGTGTCCTTCTGCCCTCCCCCGGTAT
CCCATCCAAGGCGATCAGTCCAGAACTGGCTCT
CGGAAGCGCTCGGGCAAAGACTGCGAAGAA
GAAAAGACATCTGGCGGAAACCTGTGCGCCT
GGGGCGGTGGAACTCGGGGAGGAGAGGGA
GGGATCAGACAGGAGAGTGGGGACTACCCCC
TCTGCTCCCAAATTGGGGCAGCTTCCTGGGTT
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TCCGATTTTCTCATTTCCGTGGGTAAAAAACCC
TGCCCCCACCGGGCTTACGCAATTTTTTTAAGG
GGAGAGGAGGGAAAAATTTGTGGGGGGTAC
GAAAAGGCGGAAAGAAACAGTCATTTCGTCACAT
GGGCTTGGTTTTCAGTCTTATAAAAAGGAAGG.

Measurement of PGE2 production

HaCaT cells were seeded in 12-well plates. After treatment of
cells with different test compounds, the culture supernatants
were collected and stored at —80°C until further experiments.
The concentration of PGE2 was determined using the PGE2
enzyme immunoassay kit (purchased from Cayman Chemical
Company, Ann Arbor, MI, USA).

Western blot analysis

After treatment with different test compounds, HaCaT cells
were harvested by scraping and incubated with lysis buffer.
The bicinchoninic acid protein assay kit was used to measure
the protein concentrations. Protein samples were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
using a 10% running gel. The proteins were then trans-
ferred to nitrocellulose membranes. The membranes were
incubated with COX-2, phospho-ERK, ERK, phospho-p38,
p38, phospho-JNK, JNK, phospho-c-Fos, and phospho-P65
primary antibodies overnight at 4°C. Subsequently, horserad-
ish peroxidase-conjugated secondary antibodies were added
for 1 hour at room temperature. Immunoreactive bands were
detected by an enhanced chemiluminescence system and then
developed by Hyperfilm.

Transient transfection with siRNAs

Human siRNAs for p47rhex (SC-29422), NOX2 (gp91phex,
SC35503), and scrambled siRNA (SC-37007) were obtained
from Santa Cruz Biotechnology Inc. Transient transfection
of HaCaT cells with siRNAs (100 nM) was performed
using transfection reagent, according to the manufacturer’s
instructions. The transfection efficiency in our experiments
was ~60%, as evaluated by transfection with a negative
control siRNA-EGFP (no homology in human, mouse, and
rat mRNA database; Sigma-Aldrich Co.). The sequence
of the negative control siRNA was GAUCAUACGUGC
GAUCAGAJdTAT (sense) and UCUGAUCGCACGUAU
GAUCATdT (anti-sense).

Statistical analysis of data

Data were processed using a GraphPad Prism Program
(GraphPad Software, Inc., La Jolla, CA, USA) and expressed
as the mean * standard error of the mean. Statistical analysis

was performed by one-way analysis of variance for multiple
comparisons followed by Tukey’s post hoc test. All sta-
tistical tests were two sided. Statistical significance was
defined at P<<0.05.

Results
ENDS reduced the particle size of
eupafolin and showed good drug loading

and encapsulation efficiencies

First, we synthesized an ENDS through nanoprecipitation
methods using the nanoparticle carriers Eudragit E100 and
PVA. As shown in Table 1, the particle size of raw eupa-
folin was 4,782.9+1,021.1 nm and its PI was >1. ENDS,
eupafolin after nanoparticle preparation, displayed a much
lower particle size (70.715.2 nm) with a uniform particle
size distribution (0.50110.090). In addition, transmission
electron microscopy analysis confirmed the nanoparticle
morphology of ENDS (Figure 1) with small particle sizes
(<100 nm), spherical shapes, and a uniform size distribution.
Moreover, many publications have used drug loading and
encapsulation efficiencies to determine the amount of active
ingredients loaded in a nanoparticle formulation. As shown
in Table 1, the drug loading and encapsulation efficiencies
of ENDS were 36.5% and >99%, respectively. These results
demonstrated that Eudragit E100 and PVA successfully
reduced the particle size of eupafolin by nanoprecipitation
method and also served as good excipients for encapsulating
eupafolin into a nanoparticle formulation.

Intermolecular interactions between

eupafolin and excipients

The intermolecular interactions of the nanoparticle system
were established by '"H NMR. The comparative 'H NMR
spectra of raw eupafolin and ENDS are shown in Figure 2A.
The spectrum of raw eupafolin showed protons on aro-
matic groups ranging from 6 ppm to 8§ ppm and a strong
intramolecular hydrogen bond at 13.01 ppm. In the case
of ENDS, the result showed that the aromatic protons (H2’
and H8) of raw eupafolin were obviously shifted upfield

Table | Particle size distribution, drug loading, and encapsulation
efficiency of eupafolin (Eup) and eupafolin nanoparticle delivery
system (ENDS)

Mean particle Polydispersity Drug Encapsulation
size (nm) loading (%) efficiency (%)
Eup  4,782.9+1,021.1 1.307+0.319 - -
ENDS 70.7+5.2 0.501+0.090 36.5 >99

Notes: Samples were prepared in distilled water for particle size measurements.
Data are shown as mean + SD. Results are from three independent experiments.
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and a hydroxyl group signal disappeared, indicating that
an intermolecular hydrogen bond interaction had formed
between raw eupafolin and Eudragit E100/PVA. Horisawa
et al*® also observed similar results and concluded that the
tertiary amine of Eudragit E100 formed an intermolecular
hydrogen bond with an anti-inflammatory drug, which
improved its water solubility.

In addition, the intermolecular interactions of ENDS were
evaluated by FTIR spectroscopy. As shown in Figure 2B, the
FTIR spectra of raw eupafolin showed an obvious character-
istic absorption band of phenolic-OH group at 3,411 cm™, a
carbonyl group (C=0) stretching vibration at 1,661 cm™, a
C-O-H stretching band at 1,280 cm™!, and an aromatic C=C
stretching band in the range of 1,612—1,386 cm™. On the
other hand, the FTIR spectra of ENDS exhibited a C=0 ester
stretch peak at 1,730 cm™, a CH stretch peak at 2,948 cm™
and a new broad peak of the hydroxyl group of Eudragit
E100-PVA at 3,372 cm™'. These findings indicated that the
phenolic-OH stretch of eupafolin formed a hydrogen bond
with the aminoalkyl group of Eudragit E100 and became
stably dispersed in PVA aqueous solution.

ENDS changed the structure of eupafolin

from crystalline to amorphous form

It is well known that excipients can effectively change the
crystalline structure of organic compounds into an amor-
phous form and thereby increase their aqueous solubility and
bioavailability.* The present study used XRD to determine
the crystalline to amorphous transformation of eupafo-
lin following the nanoengineering process. As shown in
Figure 2C, diffraction peaks of eupafolin in the XRD pattern
were recorded at 4.7°, 12.8°, 16.9°, 21.2°, 23.9°, 25.2°, and
28.4°, which indicated that eupafolin exhibits a crystalline
structure. After nanoprecipitation preparation of eupafolin,
the characteristic peaks of eupafolin in the XRD pattern were

greatly diminished. These results indicated that Eudragit
E100 and PVA had effectively encapsulated eupafolin, and
the clustered crystalline structure had indeed been changed
to an amorphous state in ENDS. A schematic diagram for the
chemical structure of ENDS is presented in Figure 3.

ENDS exhibited greater water solubility
and in vitro percutaneous penetration

compared to raw eupafolin

The solubility of eupafolin and ENDS in water is shown
in Figure 4A. The aqueous solubility of raw eupafolin was
0.421£0.002 pug mL™". In comparison, the aqueous solubility
of ENDS was 14.757£0.222 pug mL~!, which was effectively
increased to 35-fold compared to that of raw eupafolin. In
addition, the comparison of percutaneous penetration of
raw eupafolin and ENDS is important in the study of novel
pharmaceutical delivery systems in order to verify their
pharmacological effects. The in vitro percutaneous penetra-
tion of raw eupafolin and ENDS through porcine skin after
topical treatment is presented in Figure 4B and C. Following
topical administration of raw eupafolin in water, the amounts
of drug retained in the corneum layer of porcine skin after
1 hour and 2 hours were 0.371 ug cm=2 and 0.293 pug cm=2,
respectively. In comparison, topical treatment with ENDS
for 1 hour and 2 hours resulted in corneum layer concen-
trations of 1.862 ug cm? and 1.351 pg cm, respectively.
Furthermore, topical administration of raw eupafolin for
1 hour and 2 hours resulted in deposition of 1.621 pug cm™
and 1.823 g cm™ of eupafolin in the epidermis and dermis,
respectively. In comparison, topical treatment with ENDS
led to increased skin penetration of eupafolin into the epi-
dermis and dermis after 1 hour and 2 hours to 3.632 g cm™
and 5.032 pg cm™, respectively. These results indicated
that ENDS demonstrated better hydration effect within the
stratum corneum and greater percutaneous penetration into
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Figure 2 Physicochemical properties of ENDS compared to raw eupafolin.

Notes: (A) Proton nuclear magnetic resonance (‘H NMR) spectra of raw eupafolin and eupafolin nanoparticle delivery system (ENDS). The 'H NMR spectra showed that the
aromatic protons (H2” and H8) of raw eupafolin were obviously shifted upfield and an hydroxyl group signal disappeared in the spectrum of ENDS, indicating the formation
of an intermolecular hydrogen bond between eupafolin and excipient. (B) Fourier transform infrared (FTIR) spectra of raw eupafolin and ENDS. (C) Powder X-ray diffraction
(XRD) patterns of raw eupafolin and ENDS. The characteristic diffraction peaks of raw eupafolin in the XRD pattern were greatly diminished in ENDS, indicating crystalline

to amorphous transformation. Results are representative of three independent experiments.
Abbreviations: Eup, eupafolin; %T, % transmittance.
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Figure 4 Water solubility and skin penetration of ENDS compared to raw eupafolin.

Notes: (A) The water solubility of raw eupafolin and eupafolin nanoparticle delivery system (ENDS), as determined by high-performance liquid chromatography (HPLC). The
aqueous solubility of ENDS was effectively increased to 35-fold as compared to that of raw eupafolin. (B and C) The in vitro skin penetration of raw eupafolin and ENDS into
the corneum layer (B) and epidermis and dermis (C) after | hour and 2 hours. In vitro skin penetration was determined using fresh pig skin from the flank region mounted
on Franz diffusion cells. The results revealed that compared to raw eupafolin, ENDS showed higher content within the stratum corneum and greater penetration into the
epidermis and dermis. Results are shown as mean * SD. Data are from three independent experiments. *ENDS group is significantly different from eupafolin group (P<<0.05).

the epidermis and dermis when compared to raw eupafolin.
Therefore, ENDS can increase the skin penetration of eupafo-
lin due to improvement in eupafolin’s aqueous solubility.

Cell safety of ENDS

We next proceeded to evaluate the cell safety of ENDS in
HaCaT keratinocytes using cell viability assays, and noncy-
totoxic concentrations of ENDS were applied in subsequent
assays examining PM-induced inflammation in HaCaT
keratinocytes. We first determined the effects on ENDS on cell
viability using the MTT assay. As shown in Figure 5SA, ENDS
at concentrations ranging from 1 UM to 100 uM exhibited no
cytotoxic effects on HaCaT cells after 24 hours treatment.

We also performed real-time cytotoxicity assay using the
xCELLigence RTCA. As shown in Figure 5B, treatment of
HaCaT keratinocytes with various concentrations of ENDS
(10 uM, 40 pM, and 100 uM) for 0 hour to 72 hours had no
significant effect on cell viability.

In addition, cell viability was assessed by flow cytom-
etry following propidium iodide and annexin V staining.

As shown in Figure 5C, treatment of HaCaT keratinocytes
with various concentrations of ENDS (40 uM and 100 uM)
for 24 hours, 48 hours, and 72 hours had no significant effect
on cell viability.

ENDS suppressed PM-induced ROS
production and NADPH oxidase activity
The overproduction of ROS by various cells and organs
is known as oxidative stress. NADPH oxidase (such as
NOX2/gp91rtx) is a membrane-bound enzyme complex,
which generates superoxide anions and other downstream
ROS under various pathological conditions, including
cardiovascular disease, and lung and skin inflammation.*
As show in Figure 6A, PM treatment significantly
increased ROS production in HaCaT keratinocytes when
compared to the control group (P<<0.05). Pretreatment
of cells with ENDS significantly reduced PM-induced
ROS overproduction, and similar effects were seen with
eupafolin in DMSO pretreatment. However, pretreatment
with eupafolin in PBS did not significantly attenuate
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Figure 5 Effects of eupafolin nanoparticle delivery system (ENDS) on HaCaT keratinocyte cell viability.

Notes: (A) Treatment of HaCaT keratinocytes with various concentrations of ENDS for 24 hours had no significant effect on cell viability, as determined by the MTT assay.
(B) Real-time cytotoxicity assay was performed using the xCELLigence Real-Time Cell Analyzer. Treatment of HaCaT keratinocytes with various concentrations of ENDS
(10 uM, 40 uM, and 100 pM) for 0 hour to 72 hours had no significant effect on cell viability. (C) Cell viability was assessed by flow cytometry following propidium iodide
and annexin V staining. Treatment of HaCaT keratinocytes with various concentrations of ENDS (40 UM and 100 uM) for 24 hours, 48 hours, and 72 hours had no significant

effect on cell viability. Data are from three independent experiments.

Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CTL, control; FLI-A, fluorescence parameter |-A; FL3-A, fluorescence parameter 3-A.

PM-induced ROS production. In addition, pretreatment
with blank PVA-Eudragit E100 nanoparticle carriers (with-
out eupafolin) had no significant effect on PM-induced
ROS production. According to these data, ENDS displayed
better antioxidant effect than raw eupafolin in PBS in
PM-stimulated HaCaT cells.

Moreover, Figure 6B shows that addition of PM
induced an increase in NADPH oxidase activity (P<<0.05)
in HaCaT cells. Pretreatment of cells with ENDS and
eupafolin in DMSO significantly decreased NADPH
oxidase activity, but pretreatment with eupafolin in PBS
had no significant effect. In addition, pretreatment with

blank PVA-Eudragit E100 nanoparticle carriers (without
eupafolin) had no significant effect on PM-induced
NADPH oxidase activity.

Since NOX2 (NADPH oxidase-2) catalyzes the oxidation
of NADPH to NADP*, the NADP*/NADPH ratio in cells is
an indication of NOX2 activity and oxidative stress. The
effects of PM and ENDS on NADP*/NADPH ratio in HaCaT
cells were determined by colorimetric NADP/NADPH
assay. We found that treatment of HaCaT cells with PM for
30 minutes increased NADP*/NADPH ratio, and this effect
was significantly suppressed by pretreatment with ENDS
(EUPA-N) but not raw eupafolin dissolved in PBS (EUPA-P;
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Figure 6 Effects of ENDS on ROS production and NADPH oxidase activity in HaCaT keratinocytes.

Notes: (A) Effects of raw eupafolin dissolved in PBS (EUPA-P), raw eupafolin dissolved in DMSO (EUPA-D), eupafolin nanoparticle delivery system (EUPA-N), and blank
nanoparticle carriers (PVA-Eudragit E100) on PM-induced ROS production in HaCaT keratinocytes. Cells were pretreated with 10 tM EUPA-P, EUPA-D, EUPA-N, or blank
PVA-Eudragit E100 for | hour and then treated with PM (50 pug cm™) for | hour. Measurement of intracellular ROS concentration was performed using the fluorescent
dichlorofluorescin diacetate (DCFH-DA) assay. (B) Effects of EUPA-P, EUPA-D, EUPA-N, and blank nanoparticle carriers (PVA-Eudragit EI00) on PM-induced NADPH
oxidase activity in HaCaT keratinocytes. NADPH oxidase activity was determined in cell membrane fractions by the lucigenin chemiluminescence assay. (C) Effects of EUPA-P
and EUPA-N on PM-induced changes in NADP*/NADPH ratio in HaCaT cells, as determined by colorimetric NADP/NADPH assay. All data are expressed as mean + SEM of
three independent experiments. *PM-induced group is significantly different from control group (P<<0.05). *Significant with respect to PM treatment alone (P<<0.05).
Abbreviations: PBS, phosphate-buffered saline; DMSO, dimethyl sulfoxide; PM, particulate matter; ROS, reactive oxygen species; NADPH, nicotinamide adenine dinucleotide

phosphate; SEM, standard error of the mean.

Figure 6C). Therefore, ENDS suppressed PM-induced
increase in NADP*/NADPH ratio in HaCaT cells.

ENDS attenuated COX-2 gene and
protein expression in PM-stimulated
HaCaT keratinocytes

To compare the effects of ENDS and raw eupafolin on PM-
induced COX-2 expression in keratinocytes, the COX-2

protein and gene expression patterns were determined
by Western blotting and real-time reverse transcription
PCR. As shown in Figure 7A, treatment of HaCaT cells
with 50 ug cm™ PM led to an increase in COX-2 protein
expression. PM-induced COX-2 protein expression was
significantly reduced by pretreatment with 0.1 uM, 1 uM,
and 10 uM ENDS in a dose-dependent manner. On the
other hand, pretreatment with raw eupafolin in PBS had
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Figure 7 Effects of ENDS on COX-2 expression and PGE2 generation in keratinocytes.

Notes: (A) Effects of eupafolin dissolved in PBS (EUPA-P), eupafolin nanoparticle delivery system (EUPA-N), and eupafolin dissolved in DMSO (EUPA-D) on PM-induced
COX-2 protein expression (as evaluated by Western blotting) in HaCaT keratinocytes. Cells were pretreated with EUPA-P, EUPA-D, or EUPA-N (0.1 uM, | uM, and 10 uM)
for | hour and then treated with PM (50 ug cm™) for 24 hours. (B) Effects of ENDS and blank nanoparticle carriers (PVA-Eudragit E100) on PM-induced COX-2 protein
expression (as evaluated by Western blotting) in primary native human epidermal keratinocytes. (C and D) Effects of EUPA-P, EUPA-D, and EUPA-N on PM-induced COX-2
mRNA expression (determined by RT-PCR) and PM-induced COX-2 gene transcription (determined by the luciferase activity assay) in HaCaT keratinocytes. Cells were
pretreated with EUPA-P, EUPA-D, or EUPA-N for | hour and then treated with PM for 6 hours. (E) Transfection of cells with siRNA-p47P"* and siRNA-gp9 [?"** resulted
in adequate inhibition of p47P"* and gp9 IP" protein expression (as evaluated by Western blotting), respectively. In particular, knockdown of NOX2 expression by siRNA-
p47°">* or siRNA-gp9 IP">* suppressed PM-induced COX-2 protein expression in HaCaT cells, while transfection with control scrambled siRNA had no significant effect.
(F) Flow cytometric assessment of cell surface NOX2 expression in HaCaT keratinocytes. Treatment of cells with PM alone induced an increase in NOX2 expression.
Transfection of cells with siRNA-gp9 [?"* suppressed PM-induced NOX2 expression, while transfection with scrambled siRNA had no significant effect. All four samples
in (F) were stained with anti-NOX2/gp9 17" antibody. (G) Effects of EUPA-N, EUPA-P, and blank nanoparticle carriers (PVA-Eudragit E100) on PM-induced phospho-p47
levels in HaCaT cell membrane fractions (determined by Western blotting). (H) Effects of EUPA-P, EUPA-D, EUPA-N, si-NOX2 (si-gp9 17", and si-p47?"> on PM-induced
PGE2 generation (determined by the PGE2 enzyme immunoassay) in HaCaT keratinocytes. Cells were pretreated with EUPA-P, EUPA-D, or EUPA-N for | hour and then
treated with PM for 24 hours. Results are shown as mean + SEM. Data are from three independent experiments. *Group is significantly different from PM treatment alone
(P<0.05).

Abbreviations: PBS, phosphate-buffered saline; DMSO, dimethyl sulfoxide; COX-2, cyclooxygenase-2; PM, particulate matter; RT-PCR, reverse transcription-polymerase
chain reaction; PGE2, prostaglandin E2; NADPH, nicotinamide adenine dinucleotide phosphate; SEM, standard error of the mean; ENDS, eupafolin nanoparticle delivery
system; CTL, control.

no significant effects. Moreover, treatment of primary
native human epidermal keratinocytes with PM alone
induced increased levels of COX-2 protein expression, and
these effects were suppressed by pretreatment with ENDS
(Figures 7B). As seen in Figure 7C, PM-induced COX-2
mRNA expression was also suppressed by pretreatment with
ENDS but not raw eupafolin in PBS. In addition, the pres-
ent study also used the luciferase reporter assay to confirm
the inhibitory effect of ENDS on COX-2 gene transcrip-
tion. The COX-2-luciferase reporter construct was trans-
fected into HaCaT keratinocytes. As shown in Figure 7D,
addition of 50 ug cm™? PM markedly stimulated COX-2
luciferase activity in HaCaT cells. Pretreatment of cells
with ENDS and eupafolin in DMSO significantly inhibited
PM-induced COX-2-luciferase activity (P<<0.05); however,
these effects were not observed with raw eupafolin in PBS.
These results implied that ENDS exerts anti-inflammatory
effects by reducing COX-2 gene and protein expression in
PM-stimulated HaCaT keratinocytes.

Many publications have demonstrated that NOX2 and
its regulatory subunit p47°* acts as an ROS producer to
activate the COX-2-derived PGE2 inflammation signaling
pathway.*"* In order to confirm the involvement of NOX2
in PM-induced inflammatory responses, the present study
used siRNA to inhibit NOX2 (gp91°™*) and p4 7' expres-
sion in HaCaT keratinocytes. As demonstrated by Western
blotting in Figure 7E, transfection of cells with siRNA-
p477r* and siRNA-gp91Phex resulted in adequate inhibition
of p47°x and gp91P* protein expression, respectively,
while transfection of cells with scrambled siRNA had
no significant effect. In particular, knockdown of NOX2
expression by siRNA-p47°iex and siRNA-gp91°t* sup-
pressed PM-induced COX-2 protein expression in HaCaT
cells, while transfection of cells with control scrambled
siRNA had no significant effect. These findings indicate that
NOX2 (including the p47*h* and gp91P"* subunits) plays
a crucial role in PM-induced COX-2 protein expression in
HaCaT keratinocytes.
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In addition, transfection of HaCaT keratinocytes with
siRNA was performed to inhibit NOX2/gp91P™* expression
in HaCaT keratinocytes. Cell surface NOX2 expression was
measured by flow cytometry. As shown in Figure 7F, treat-
ment of cells with PM alone induced an increase in NOX2
expression. Transfection of cells with siRNA-gp91°hex sup-
pressed PM-induced NOX2 expression, while transfection
with scrambled siRNA had no significant effect. These
findings indicate that PM-induced NOX2 expression is
dependent on gp9 17,

During the activation process of NOX2, the cytosolic
component p47°** becomes phosphorylated and translocates
to the plasma membrane. The effects of PM and ENDS on
phospho-p47 levels in HaCaT cell membrane fractions were
determined using Western blotting. We found that treatment
of HaCaT cells with PM for 30 minutes increased phospho-
p47 levels in cell membrane fractions, and this effect was
suppressed by pretreatment with ENDS (EUPA-N) but not
with raw eupafolin dissolved in PBS (EUPA-P) or blank
PV A-Eudragit E100 nanoparticle carrier (Figure 7G). There-
fore, ENDS suppressed PM-induced increase in phospho-p47
levels in HaCaT cell membranes.

ENDS suppressed PGE2 production in

PM-stimulated HaCaT keratinocytes
Figure 7H also shows that ENDS markedly decreased
PM-induced PGE2 production in HaCaT keratinocytes in
a similar manner to raw eupafolin in DMSO. On the other
hand, raw eupafolin in PBS had no significant effect. In addi-
tion, silencing of NOX2 (gp91P2%) and p47°hex expression by
siRNA suppressed PGE2 production in PM-stimulated HaCaT
cells. Taken together, ENDS suppressed COX-2-derived
PGE2 inflammation signaling by inhibiting NOX2/p47phox
in PM-stimulated HaCaT cells, and its anti-inflammatory
activities were superior to raw eupafolin in PBS.

ENDS suppressed MAPK and NF-xB
signaling in PM-stimulated HaCaT

keratinocytes

MAPKSs, such as ERK, JNK, and p38, are phosphorylated in
response to oxidative stress and inflammatory pathophysi-
ological processes. The phosphorylation of MAPKSs contrib-
utes to the activation of nuclear transcription factors including
c-Fos and NF-xB in various cells exposed to different
environmental stimuli.**> The present study investigated
the effects of ENDS on PM-induced MAPKSs phospho-
rylation, c-Fos phosphorylation, and NF-xB activation in
HaCaT keratinocytes. Figure 8 A—C shows that PM treatment

significantly induced phosphorylation of MAPKs including
ERK, p38, and JNK when compared to the control group
(P<<0.05). Pretreatment with ENDS significantly attenuated
PM-induced ERK, p38, and JNK phosphorylation. However,
pretreatment with eupafolin in PBS had no significant effects.
In addition, our results also indicated that MAPK inhibi-
tors, ROS inhibitor NAC, and NADPH oxidase inhibitor
APO effectively suppressed the phosphorylation of ERK,
p38, and JNK. Furthermore, PM treatment also markedly
induced c-Fos phosphorylation and NF-«xB activation (P65
phosphorylation) in HaCaT keratinocytes when compared
to the control group (Figure 8D; P<<0.05). Pretreatment
with ENDS and eupafolin in DMSO markedly suppressed
PM-induced c-Fos phosphorylation and NF-«xB activation,
whereas no similar effects were seen with eupafolin in PBS.
These results indicated that ENDS downregulates MAPK
phosphorylation and NOX activity and then inhibits c-Fos
phosphorylation and NF-xB activation in PM-stimulated
HaCaT keratinocytes.

Discussion

The present study is the first to successfully synthesize an
ENDS by a simple nanoprecipitation method, which effec-
tively enhanced the aqueous solubility and percutaneous
penetration of eupafolin by improving its physicochemical
properties, including reduction of particle size, crystalline
to amorphous transformation, and hydrogen bond formation
with excipients. Additionally, our results also demonstrated
for the first time that ENDS displayed better antioxidant and
anti-inflammatory activities than raw eupafolin by downregu-
lating MAPK signaling pathways to prevent PM-induced
damage in HaCaT keratinocytes.

The skin is the largest organ of the human body and
protects internal organs against toxic substances, pathogens,
and organisms. Therefore, the skin acts as the largest inter-
face between the human body and the external environment,
as well as a permeability barrier. The permeability barrier
properties of human skin, attributed mainly to the stratum
corneum of the epidermis, play an important role in control-
ling the passage of substances in and out of the human body,
including water, electrolytes, active biological substances,
and toxic materials. The stratum corneum also impedes the
skin penetration of topical drugs.***¥ A good topical delivery
system can enhance the skin penetration of drugs and active
ingredients. Paudel et al*’ revealed that the output value of
topical and transdermal drug delivery systems will reach
32 billion in the US market in 2015, including polymeric
nanoparticles, solid lipid nanoparticles, liposomes, and
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Figure 8 Eupafolin nanoparticle delivery system (ENDS) inhibited the activation of MAPKs in PM-stimulated HaCaT keratinocytes.

Notes: (A—C) Effects of specific NADPH oxidase inhibitor apocynin (APO, 100 M), antioxidant N-acetylcysteine (NAC, 100 uM), specific MAPK inhibitors (10 uM U0126,
SB202190, and SP600125), ENDS (10 M), and raw eupafolin (10 uM) on the phosphorylation status of (A) ERK, (B) p38, and (C) JNK in HaCaT keratinocytes stimulated
with PM (50 pg cm™) for 4 hours, as determined by Western blotting. All Western blot samples were performed in one gel. Results are shown as mean + SEM. *Group
is significantly different with respect to PM treatment alone (P<<0.05). (D) Effects of eupafolin in PBS (EUPA-P), eupafolin in DMSO (EUPA-D), and eupafolin nanoparticle
delivery system (EUPA-N) on PM-induced c-Fos and P65 phosphorylation in HaCaT keratinocytes (as evaluated by Western blotting). All Western blots are from three

independent experiments.

Abbreviations: MAPK, mitogen-activated protein kinase; PM, particulate matter; NADPH, nicotinamide adenine dinucleotide phosphate; PBS, phosphate-buffered saline;

DMSO, dimethyl sulfoxide; CTL, control; SEM, standard error of the mean.

nanoemulsions. In the past decade, nanoparticle formulations
have been developed as novel topical drug delivery systems
that can effectively improve the poor solubility of therapeutic
and other active agents, enabling them to penetrate the stratum
corneum via intercellular, intracellular, and transappendageal
pathways for the treatment of skin diseases.” Eupafolin, a
flavonoid compound, is purified from P. nodiflora, and its
flavone backbone structure displays poor water solubility and
limits its skin absorption after topical administration. Our
results demonstrated that ENDS can be successfully prepared
by the nanoprecipitation method and can overcome the poor
water solubility and skin penetration of raw eupafolin.

There are three viewpoints to explain the improve-
ment in water solubility and skin penetration of eupafolin
nanoparticles compared to raw eupafolin: 1) Many studies
have demonstrated that reduction of particle size of raw
materials can increase their surface area and enhance their
skin absorption, such as quercetin and curcumin.?>*-° Qur
results indicated that raw eupafolin may blend together with
Eudragit E100 in the alcohol as hydrophobic phase, and then
the hydrophilic end of PVA as an emulsion stabilizer can
interpenetrate them during the nanoprecipitation process to
finally form nanoparticles with reproducible size and uni-
form distribution; 2) The conversion of crystalline structure
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to amorphous phase may explain the increase in solubility
and absorption of a drug. Our results demonstrated that raw
eupafolin shows obvious characteristic Bragg’s peaks in its
X-ray diffraction patterns, whereas no Bragg’s peaks were
found in ENDS. The crystalline structure of eupafolin was
therefore changed to an amorphous state; 3) The presence
of hydrogen bond interactions between pure compound and
polymer is another index for evaluating the enhancement
of aqueous solubility and bioavailability.”! The results from
"H NMR and FTIR analyses revealed that the aromatic ring
of eupafolin formed an intermolecular hydrogen bond with
Eudragit E100 and PVA. As a consequence of the above fac-
tors, ENDS showed a 67.6-fold particle size reduction, which
increased its water solubility. Thus, the skin penetration of
ENDS into the stratum corneum and epidermis/dermis was
increased by 4.6-fold and 2.8-fold compared to raw eupafo-
lin, respectively. Miiller et al*? proposed that nanoparticle
formulations can reduce the particle size and increase the
particle number of the active compound, which can then form
a dense film on the skin surface. This phenomenon is called
the occlusion effect and can increase the skin hydration effect
of the nanoparticle system to enhance the skin penetration
of the active compound. Our results supported the notion
that ENDS exhibits an occlusion effect due to nanoparticle
formation, which then increases its skin hydration effect
and enables eupafolin to penetrate into the epidermis and
dermis efficiently.

Eupafolin is a good antioxidant and anti-inflammatory
compound that can protect the body against oxidative
stress;??? however, pharmaceutical preparations of eupafolin
may influence its biological activities. For these reasons, we
compared the antioxidant and anti-inflammatory activities
of raw eupafolin and ENDS in PM-stimulated human kera-
tinocytes. PM is a major form of air pollution and poses a
significant risk to human health.> Andreau et al* indicated
that PM consists of a complex mixture of solid particles and
liquid droplets commonly referred to as fine particles (PM, ,)
and coarse particles (PM, ). The contents of PM include
hydrocarbons, organic compounds, pesticides, metals, and
minerals. The skin functions as the largest interface between
the human body and the surrounding environment and acts
as the primary site of contact for PM. Choi et al® revealed
that prolonged exposure to airborne dust particles originating
from seasonal Asian dust storms activates the aryl hydrocar-
bon receptors in human epidermal keratinocytes and then
induces cellular oxidative stress and overproduction of proin-
flammatory cytokines, which may be one of the reasons for
increased incidence of dermatitis. Krutmann et al* reviewed

many studies and suggested that long-term contact with PM
may increase the amounts of organic compounds bound to
PM in the skin and induce oxidative stress and inflammatory
reaction, resulting in disruption of skin integrity.

It is well known that COX2-derived PGE2 overexpres-
sion plays an important role in skin inflammation pathways
after exposure to different stimuli, including UVB and
lipopolysaccharide.’® Our results revealed that ENDS and
eupafolin in DMSO can effectively suppress PM-induced
COX-2 mRNA and protein expression and PGE2 production
in HaCaT keratinocytes, but similar effects were not found
for eupafolin in PBS. In addition, NADPH oxidase (NOX)-
mediated ROS overproduction is involved in mediating
inflammatory reactions in different cells. NOX2 is a member
of the NOX family, which is composed of cytosolic regula-
tory subunits (including p47°, p40Phox p67°2%), membrane
catalytic subunits (including gp91°"* and p22°'*), and the
small GTPase Rac. Sareila et al® indicated that follow-
ing phosphorylation, the cytosolic component p47°"* is
translocated together with the p67°'°* subunit to the plasma
membrane, which then activates the membrane catalytic
NOX2 enzyme complex (gp91Ph¥). It has been shown that
p477x and NOX2 enzyme complex may play an important
role in acute and chronic skin inflammation.® Our present
results indicated that siRNA-mediated inhibition of NOX2
(gp91rtor) and p47°* expression effectively inhibited PM-
induced PGE2 production. Similar results were seen fol-
lowing treatment with ENDS and eupafolin in DMSO but
not for eupafolin in PBS. Therefore, ENDS treatment shows
greater anti-inflammatory activity than eupafolin in PBS
treatment and suppresses PM-induced PGE2 overexpres-
sion through the inhibition of NOX2/p47°%/ROS pathway
in HaCaT keratinocytes.

MAPK signaling pathways, including ERK, p38, and
INK, can regulate cellular responses to proliferation, apop-
tosis, differentiation, and inflammation in humans. MAPKs
also play an important role in phosphorylating transcription
factors, such as NF-kB (P65) and activator protein-1, and
subsequently modulate the ROS-mediated COX-2 inflam-
mation pathway.** Previously, Jeong et al®® reported that
cigarette smoke induced MAPK activation and tumor necro-
sis factor-aL expression to initiate the development of inflam-
mation in HaCaT keratinocytes. Cheng et al®' also indicated
that cigarette smoke particle-induced ROS generation is
mediated through a c-Src/NADPH oxidase/MAPK pathway
in human tracheal smooth muscle cells. Therefore, we specu-
lated that MAPK signaling pathways may be involved in the
PM-induced ROS-mediated COX-2 inflammation pathway
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in HaCaT keratinocytes. Our present results demonstrated
that PM markedly induced the phosphorylation of ERK,
p38, and JNK. ENDS and eupafolin in DMSO effectively
inhibited the phosphorylation of MAPKSs after PM exposure,
but eupafolin in PBS showed no obvious effect. We also
found that pretreatment of cells with U0126, SB202190,
and SP600125 suppressed PM-induced phosphorylation of
ERK, p38, and JNK, respectively. In addition, pretreatment
with ROS inhibitor NAC and NADPH oxidase inhibitor APO
inhibited the phosphorylation of all three MAPKSs after PM
exposure. Furthermore, PM acts as an inflammation inducer
to increase the phosphorylation of P65 and c-Fos in HaCaT
keratinocytes. ENDS and eupafolin in DMSO reduced the
phosphorylation of P65 and c-Fos after PM exposure, but
in contrast eupafolin in PBS showed no obvious effect.
According to these results, ENDS shows greater inhibitory
effects than eupafolin in PBS on MAPK phosphorylation in
PM-induced HaCaT keratinocytes, and this is mediated by
inhibition of the MAPKSs/P65/c-Fos-dependent pathway.

Conclusion

Our results showed that ENDS can effectively overcome the
physicochemical drawbacks of raw eupafolin with respect
to water solubility and skin penetration, through reduc-
tion of particle size and formation of an amorphous state
with hydrogen bonding. The present study also found that
ENDS can suppress PM-induced ROS production, COX-2
expression, and PGE2 content through downregulation of

MAPKs-mediated NF-kB and c-Fos signaling pathways in
HaCaT keratinocytes, which is consistent with the antioxidant
and anti-inflammatory activities of eupafolin. In contrast,
raw eupafolin in PBS did not display significant antioxidant
and anti-inflammatory activity, which is likely due to its
poor water solubility. A schematic diagram summarizing the
findings of this study is presented in Figure 9. In conclusion,
we suggest that ENDS may potentially be used as a medicinal
drug and/or cosmeceutical product to prevent PM-induced
skin oxidative stress and inflammation in the future.
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