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Abstract: Air pollution causes various airway diseases. However, many commonly used treatments
can have high risks of side effects or are costly. To examine the anti-inflammatory properties of Inula
japonica Thunb. and Potentilla chinensis Ser., a mouse model was generated via inhalation of both
particulate matter 10 and diesel particulate matter, and 30% ethanol extracts of either . japonica (IJ)
or P. chinensis (PC) and a mixture of both ethanol extracts (IP) were orally administered to BALB/c
mice for 12 days. IJ, PC, and IP inhibited immune cell numbers and their regulation in both the
bronchoalveolar lavage fluid (BALF) and lungs. These agents suppressed the levels of interleukin (IL)-
1, IL-17, tumor necrosis factor (TNF)-«, C-X-C motif chemokine ligand (CXCL)-1, and CXCL-2 in
BALEF, and also inhibited F4/80 and IL-1 receptor-associated kinase (IRAK)-1 in lungs. They reduced
the gene expression of TNF-a, CXCL-1, inducible NOS, COX-2, Mucin 5AC, and transient receptor
potential cation channel subfamily V member 1 in lungs. These extracts also reduced histopathological
changes and inflammatory progression, manifested as decreased cell infiltration, collagen deposition,
and respiratory epithelial cell thickness. I. japonica and P. chinensis show potential for development as
pharmaceuticals that suppress inflammatory progression and alleviate airway inflammation diseases
caused by air pollutants.

Keywords: Inula japonica; Potentilla chinensis; airway inflammation; cytokines; pro-inflammatory
proteins; particulate matter 10 (PM10); diesel particulate matter (DPM); PM10D

1. Introduction

Air pollution has become a very serious risk factor and a major environmental threat to
human health. Approximately 6.5 million people were dead globally in 2019 because of air
contamination, making it the leading cause of mortality among all types of pollution, where
approximately 9 million people were dead due to all pollution problems [1]. Mortality
related to air pollution is increasing, and approximately nine of ten individuals living in
the urban areas of around 1600 cities in 91 countries are affected by air pollution [1,2].

Air pollutants in urban areas consist of particulate matter (PM), carbon monoxide,
nitrogen oxides, sulfur dioxide, and lead, which can cause serious illness and should
be extensively regulated to protect the public [2]. Air pollutants can affect the human
brain, eyes, nose, lungs, heart, liver, skin, gastrointestinal organs, urogenital organs, bones,
immunological organs, and even mood; they are highly linked to various human diseases
such as allergy, asthma, bronchitis, chronic obstructive pulmonary disease, lung cancer,
systemic inflammation, atherosclerosis, cognitive dysfunction, impaired motor control,
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abortion, premature birth, poor sperm quality, social stress, sleep disorders, and emotional
problems [2,3].

Coarse particulate matter (PM10) and fine particulate matter (PM2.5), with aerody-
namic diameters of 2.5-10 and 0.1-2.5 um, respectively, are very serious concerns along
with diesel particulate matter (DPM) released from diesel-fueled vehicles. These particles
are not filtered by the human upper airway but rather pass the upper and lower airways
and enter the blood circulation to cause harmful effects throughout the body and cause dis-
ease [3,4]. DPM containing PM2.5 and PM10 can stimulate human inflammatory responses
by releasing various pro-inflammatory cytokines and proteins such as interleukin (IL)-1f,
IL-1 receptor-associated kinase 1 (IRAK1), tumor necrosis factor (TNF)-«, C-X-C motif
chemokine ligand (CXCL)-1, CXCL-2, cyclooxygenase (COX)-2, or transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1); increasing nitric oxide synthase (NOS)
to generate oxidative stress; and inducing immune cell differentiation and activation [4,5].

Extracts from plants Inula japonica Thunb. and Potentilla chinensis Ser. were previously
reported to have remedial effects by attenuating specific diseases such as allergy, asthma,
hepatitis, hemorrhagic cystitis, and obesity [6—-10]. However, whether these extracts can
alleviate airway inflammation provoked by pollutants from the ambient air and their
synergic effects remain unclear. Moreover, corticosteroids and long-acting (3-agonists,
which are commonly used to treat airway inflammation, can increase the risk of serious
side effects [11,12]. IL-1 blockade has been considered for preventing lung cancer derived
from airway inflammation, but this treatment is costly and its effectiveness is unclear [13].
Therefore, an affordable and effective therapy is needed. Therefore, in this study, I. japonica
Thunb. and P. chinensis Ser., both individually and in combination, were evaluated for their
pharmaceutical potential to alleviate airway inflammation in a mouse model prepared via
inhalation of both PM10 and DPM (PM10D). The results were compared to those obtained
in mice treated with dexamethasone.

2. Materials and Methods
2.1. Preparation of Ethanol Extracts from I. japonica and P. chinensis

The aerial parts of I. japonica Thunb. and P. chinensis Ser. were collected in Sunchang-
gun, Jeollabuk-do, Republic of Korea, and classified by the MiDNA Genome Research
Institute (Gunsan-si, Jeollabuk-do, Republic of Korea). Each sample was individually
labeled as COS2008 and COS2009 and deposited at the herbarium of COSMAX BIO R&I
Center (Seongnam-si, Gyeonggi-do, Republic of Korea). The aerial parts of the plants were
washed with water and dried completely. They were extracted with 30% EtOH (30-fold
w/v) at 80 °C for 5 h and concentrated up to 35 Brix under reduced pressure using a rotary
evaporator. The extract residues were sterilized for 1 h to obtain 30% EtOH extracts of
I. japonica Thunb. (IJ) and 30% EtOH extracts of P. chinensis Ser. (PC). IJ] and PC were
combined at a 1:1 ratio to prepare mixtures of two extracts. The mixture (IP) of two extracts
was processed through a spray dryer to obtain a 30% EtOH extract mixture of I and PC at
a 1:1 ratio as previously reported [10].

2.2. High-Performance Liquid Chromatography Analysis of Ethanol Extracts of 1], PC, and IP

IJ (200 and 100 g), PC (200 and 100 g), and IP (200 and 100 g) were standardized
as previously described [10]. Standard solutions of 2,3,4,5-tetracaffeoyl-D-glucaric acid
and apigenin 7-O-B-D-glucuronide were prepared in a mixture of dimethyl sulfoxide
and methanol (1:9 ratio, v/v) to a concentration of 2000 ppm. Each standard solution
(500 pL) was aliquoted and gently mixed. Finally, the calibration standard mixture was
serially diluted and adjusted to the following concentrations: 31.25, 62.5, 125, 250, 500, and
1000 ppm. The samples and calibration solutions were filtered through 0.2 um Whatman
PTFE membrane filters (Cat. WHA7582004, Merck, Kenilworth, NJ, USA) and analyzed us-
ing high-performance liquid chromatography (HPLC) on a Waters model 2695 HPLC pump
with photodiode array detector (Waters model 2998) set to 365 nm (Waters, Milford, MA,
USA) with a Gemini NX C18 110A (4.6 x 250 mm, 5 um) (Cat. 00G-4435-E0Q, Phenominex,
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Torrance, CA, USA). The gradient mobile phases were 0.1% formic acid in acetonitrile
(solvent A) and 0.1% formic acid in water (solvent B) with the following gradient elution
as a percent of solvent A at a flow rate of 0.7 mL/min: 15% from 0 to 7 min; 15 to 20%
from 7 to 27 min; 20% from 27 to 45 min; 20 to 25.4% from 45 to 52 min; 25.4 to 35% from
52 to 60 min; 35 to 43% from 60 to 73 min; and 43 to 100% from 73 to 74 min as previously
reported [10].

2.3. Animals and Treatments

Male BALB/c mice, aged 6-8 weeks and weighing 19-22 g, were purchased from
Orient Bio Co., Ltd. (Seongnam-si, Gyeonggi-do, Republic of Korea) and housed under
standard laboratory conditions (light-dark cycle: 12 h, temperature of 22 £ 2 °C, humidity
of 50 = 10%) for 1 week. Water and food were provided ad libitum. The study protocol was
approved by the Committee for Animal Welfare at Daejeon University (DJUARB2022-011,
Approval date: 20 May 2022) and was performed in accordance with the animal guidelines
of Daejeon University. Mice were orally administered the plant extracts every other day
for 12 days and intranasal administration of a fine dust complex (PM10 containing arsenic,
cadmium, lead, and nickel (Cat. ERMCZ120, Sigma-Aldrich, St. Louis, MO, USA) and
DPM (Cat. NIST2975, Sigma-Aldrich)) on days 4, 7, and 10. For this study, 3 mg/mL of
PM10 and 0.6 mg/mL of DPM were respectively dissolved in 1% aluminum hydroxide
gel adjuvant and 99% saline, and nine groups of mice were prepared (1 = 8 per group):
(1) non-treated control group (N); (2) group that inhaled pollutants consisting of PM10D
(P); (3) group treated with 3 mg/kg dexamethasone (Cat. D2915, Sigma-Aldrich, St. Louis,
MO, USA) after inhalation of PM10D (DEX); (4) group treated with 200 mg/kg of IJ after
inhalation of PM10D (IJ200); (5) group treated with 100 mg/kg of IJ after inhalation of
PM10D (IJ100); (6) group treated with 200 mg/kg of PC after inhalation of PM10D (PC200);
(7) group treated with 100 mg/kg of PC after inhalation of PM10D (PC100); (8) group
treated with 200 mg/kg of IP after inhalation PM10D (IP200); and (9) group treated with
100 mg/kg of IP after inhalation of PM10D (IP100). The conditions of the mice, including
their physical appearance, behavior, sensitivity, liveliness, and respiratory conditions, were
observed daily. On day 12, all mice were euthanized, by using a 30% volume per minute
displacement rate of 100% CO, in an induction chamber (Harvard Apparatus, Holliston,
MA, USA) and their blood, bronchoalveolar lavage fluid (BALF), trachea tissues, and lung
tissues were collected.

2.4. Collection of Lung Cells and BALF and Cytological Analysis

Lung tissues were incubated in phosphate-buffered saline (PBS) containing 1 mg/mL
collagenase IV (Cat. C5138, Sigma-Aldrich) at 37 °C for 40 min. The cell suspension was
filtered and centrifuged at 450 x g for 20 min to collect the cell pellets. BALF obtained via
tracheotomy and tracheal cannulation was centrifuged at 400 x ¢ for 5 min at 4 °C. The
collected lung and BALF samples were suspended in PBS, and total cell numbers were
determined via fluorescence-activated cell sorting (FACS) analysis. For further cytological
analysis, cells from the BALF were centrifuged, collected on cytospin slides at 400x g for
4 min, and stained with a modified Diff-Quik stain as previously reported [5].

2.5. Cell Counting by Cytospin

The cells were collected and stained with a Diff-Quick Stain Kit (Baxter Healthcare
Corp., Miami, FL, USA) before counting using a hemocytometer as previously described [5].

2.6. Enzyme-Linked Immunosorbent Assay

Using enzyme-linked immunosorbent assay (ELISA) kits, the concentrations of IL-
la (Cat. DLA5O0), IL-17 (Cat. M1700), TNF-« (Cat. MTAO0B), CXCL-1 (Cat. MKCO00B),
and CXCL-2 (Cat. MM200) in the BALF were determined (R&D Systems, Minneapolis,
MN, USA).
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2.7. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNAs were isolated and reverse-transcribed into cDNA using a First-Strand
cDNA Synthesis kit (Cat. 27926101, Cyvita, Marlborough, MA, USA) with the primer and
probe sequences listed in Table 1. Quantification was performed using SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) and a 7500 Real-Time PCR system
(Applied Biosystems).

Table 1. Sequences of the primers and probe used.

Gene Sequences
IL-1a Forward 5-CAGGGTGGGTGTGCCGTCTTTC-3
Reverse 5-TGCTTCCAAACCTTTGACCTGGGC-3'
IL-17 Forward 5'- TCTCATCCAGCAAGAGATCC-3/
Reverse 5'- AGTTTGGGACCCCTTTACAC-3'
CXCL-1 Forward 5-TCTCAGCACCCACCCGCTCA-3'
Reverse 5-GCCCCGTAGACCCTGCTCGA-3’
CXCL-2 Forward 5-TCTCAGCACCCACCCGCTCA-3'
Reverse 5-GCCCCGTAGACCCTGCTCGA-3'
TNF-« Forward 5-TTGACCTCAGCGCTGAGTTG-3'
Reverse 5/-CCTGTAGCCCACGTCGTAGC-3'
iNOS Forward 5-GCAGCTGAATGGAAAGATCA-3'
Reverse 5'-TCCAGGAGACGTACAACAAT-3
COX-2 Forward 5-TCTCAGCACCCACCCGCTCA-3'
Reverse 5-GCCCCGTAGACCCTGCTCGA-3'
MUC5AC Forward 5-AGAATATCTTTCAGGACCCCTGCT-3'
Reverse 5-ACACCAGTGCTGAGCATACTTTT-3
TRPV1 Forward 5 -TTGGATTTTCCACAGCCGTAGT-3
Reverse 5-CAGACAGGATCTCTCCAGTGAC-3'
GAPDH Forward 5 -CAATGAATACGGCTACAGCAAC-3/
Reverse 5-AGGGAGATGCTCAGTGTTGG-3'

2.8. Flow Cytometry

Cells from the lungs and BALF were incubated with anti-CD3 (145-2C11), anti-CD4
(RM4-5), anti-CD69 (H1.2F3), anti-CD8 (53-6.7), anti-CD62L (MEL-14), anti-CD44 (IM7),
anti-CD21/35 (7G6), anti-B220 (RA3-6B2), anti-CD206 (Y17-505), and anti-CD11c (HL3,
557400) antibodies obtained from BD Biosciences (San Diego, CA, USA) for 30 min, washed
with PBS, and fixed with 0.5% paraformaldehyde solution for 20 min, and cells were
analyzed via two-color flow cytometry on a FACS Caliber using CellQuest software v3.3
(BD Biosciences, San Diego, CA, USA) as previously described [5].

2.9. Immunofluorescence Staining

Frozen lung tissues were cut into 20-um sections with a Cryostat Microtome (CM 3050S,
Leica Microsystems, Wetzlar, Germany). The tissues were fixed with 4% paraformaldehyde
and 4% sucrose in PBS at 20-25 °C for 40 min, permeabilized with IGEPAL CA-630 (Cat.
18896, Sigma-Aldrich) in PBS, and blocked with 2.5% horse serum and 2.5% bovine serum
albumin at 20-25 °C for 16 h. For double immunofluorescence staining, the sections were
exposed to antibodies against IL-1x (#50794, Cell Signaling Technology Inc., Danvers,
MA, USA), F4/80 (#70076, Cell Signaling Technology Inc.), and IRAK-1 (ab238, Abcam,
Cambridge, UK), at 4 °C overnight. A fluorescein-conjugated secondary antibody was
added for 2 h, and Hoechst staining was performed as previously described [5]. The
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sections were visualized using an Eclipse Ti-E inverted fluorescence microscope (Nikon
Instruments, Tokyo, Japan). The mean fluorescence intensity was quantified using images
obtained from three independent experiments with Image] software v1.5.3 (NIH, Bethesda,
MD, USA).

2.10. Histopathological Analysis of Tracheal and Lung Tissues

The lung and tracheal tissues were fixed in formalin, embedded in paraffin, and cut
into 5-um sections. They were stained with hematoxylin and eosin (H&E) and Masson’s
trichrome (MT) as previously described [5].

2.11. Statistical Analysis

The data are presented as mean =+ standard error of the mean (SEM) and analyzed
using the ANOVA test in Prism software v7.0 (GraphPad Inc., San Diego, CA, USA). Values
of p < 0.05 or less were considered statistically significant. Significant differences are
denoted as * p < 0.05, # p < 0.01, and ## p < 0.001 compared to the non-treated group
(N), and * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the group which inhaled
PM10D (P).

3. Results
3.1. Quantification of 2,3,4,5-tetracaffeoyl-D-glucaric Acid and Apigenin 7-O-B-D-glucuronide in
I], PC, and IP

2,3,4,5-Tetracaffeoyl-D-glucaric acid (compound #1) and apigenin 7-O-f-D-glucuronide
(compound #2) were isolated from IJ and PC, respectively, and HPLC analyses were per-
formed on each chemical and extract to determine whether IJ and PC contained compound
#1 and compound #2 as previously reported [10]. Compounds #1 and #2 were detected at
retention times (Rt) of 66.0 and 42.0 min, respectively in the standard (Figure 1A—C), and
showed strong intensities for IJ, PC, and IP (Figure 1D-F). A peak for compound #1 was
detected in IJ and IP at the same retention time when compared to the standard, and its
proportion in IJ was 20.0 mg/g (Figure 1D) and in IP was 10.0 mg/g (Figure 1F). A peak for
compound #2 was also detected at the retention time of 30.0 min in both PC and IP when
compared to the standard, and its proportions in PC and IP were 9.26 mg/g (Figure 1E)
and 4.63 mg/g (Figure 1F), respectively. Both compounds were the major components in I,
PC, and IP.

3.2. Effects of I, PC, and IP on Airway Immune Cell Numbers in the PM10D-Exposed Mice

The total cell numbers in the BALF and lungs of mice exposed to PM10D were potently
reduced compared to those in the controls by treatment with IJ, PC, or IP (Figure 2A,B).
Furthermore, 1], PC, and IP reduced neutrophil infiltration in the BALF, and treatment
with either IJ or IP at a higher concentration resulted in a more significant reduction in
neutrophil infiltration compared to that observed using dexamethasone (Figure 2C,D). For
both cell numbers and neutrophil infiltration, treatment with 1J200 and IP200 showed the
greatest efficacy among treatments.

3.3. Effects of I, PC, and IP on Immune Cell Regulation in the Lungs of PM10D-Exposed Mice

IJ, PC, and IP influenced the activation and differentiation of various immune cells.
According to FACS analysis of lung cells from mice exposed to PM10D, treatment with IJ,
PC, and IP as well as dexamethasone tended to decrease the number of various inflamma-
tory immune cells in the lungs. Neutrophils, which promptly respond during the acute
inflammation phase, were significantly increased by PM10D but suppressed by treatment
with dexamethasone, IJ, PC, and IP (Figure 3A). Lymphocytes, a type of white blood cells,
were decreased by PM10D, dexamethasone, and each plant extract (Figure 3B). However,
the neutrophil-to-lymphocyte ratio (NLR) value, which is the indicator of infection or
inflammation, was increased by PM10D, whereas treatment with IJ, PC, or IP decreased the
NLR value (Figure 3C), strongly indicating that I], PC, and IP exerted anti-inflammatory ef-
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fects through the regulation of immune cells. Because the FACS results of total lymphocytes
did not show distinct differences between PM10D and the plant extracts, subpopulations
of lymphocytes were further sorted and analyzed using FACS (Figure 3D-H). IJ, PC, or
IP suppressed various subsets of lymphocytes including CD4"* helper T cells (Figure 3D),
CD4*CD69" T cells (Figure 3E) for which treatment with IP200 showed a stronger effect
than treatment with the other plant extracts and even dexamethasone, CD8" cytotoxic T
cells (Figure 3F), CD62L -CD44"8" memory T cells (Figure 3G), and CD21/CD35*B220*
marginal zone B cells (Figure 3H).
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Figure 1. High-performance liquid chromatograms of (A) 2,3,4,5-tetracaffeoyl-D-glucaric acid (com-
pound #1), (B) apigenin 7-O-B-D-glucuronide (compound #2), (C) mixture of 2,3,4,5-tetracaffeoyl-D-
glucaric acid and apigenin 7-O-B-D-glucuronide, (D) 30% EtOH extracts of I. japonica Thunb. (IJ),
(E) 30% EtOH extracts of P. chinensis Ser. (PC), and (F) 30% EtOH extracts of the mixture of IJ and PC

at 1:1 ratio (IP).
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Figure 2. IJ, PC, IP, and dexamethasone reduced the number of airway immune cells in mice exposed
to PM10D via inhalation. (A) Total BAL cell numbers, (B) total lung cell numbers, and (C) neutrophils
in BALF centrifuged on cytospin slides were counted. (D) BALF centrifuged on cytospin slides was
photographed at 200x magnification. The scale bar corresponds to a length of 100 uM. BAL: bron-
choalveolar lavage; N: non-treated control group; P: group that inhaled pollutants consisting of PM10D;
DEX: group treated with 3 mg/kg dexamethasone after inhalation of PM10D; IJ200: group treated with
200 mg/kg of IJ after inhalation of PM10D; IJ100: group treated with 100 mg/kg of IJ after inhalation of
PM10D; PC200: group treated with 200 mg/kg of PC after inhalation of PM10D; PC100: group treated
with 100 mg/kg of PC after inhalation of PM10D; IP200: group treated with 200 mg/kg of IP after
inhalation of PM10D; IP100: group treated with 100 mg/kg of IP after inhalation of PM10D. Data are
presented as the mean + SEM, and significant differences are denoted as *## p < 0.001 compared to the
non-treated group (N); * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the group which inhaled
PM10D (P).

3.4. Effects of I, PC, and IP on Immune Cell Requlation in BALF of PM10D-Exposed Mice

Because of the effects of ethanol extracts of I. japonica and P. chinensis on the regulation
of immune cells in the lungs, their effects on immune cells in the BALF of mice were further
investigated. Neutrophils, lymphocytes, and subsets of lymphocytes in the BALF were
analyzed using FACS. Although exposure to PM10D significantly boosted the differen-
tiation of various immune cells in the BALF of model mice, IJ, PC, and IP suppressed
inflammatory effects induced by PM10D and induced anti-inflammatory effects (Figure 4).
For example, neutrophils were significantly decreased by treatment with IJ, PC, and IP,
with IP200 showing stronger effects than dexamethasone (Figure 4A). Lymphocytes were
also decreased by treatment with the plant extracts, and the higher concentration of each
extract showed better efficacy (Figure 4B). Furthermore, treatment with IJ, PC, and IP
resulted in significant decreases in various subtypes of T cells in the BALF, such as CD4*
helper T cells, CD4*CD69* T cells, CD8" cytotoxic T cells, and CD62L-CD44"8" memory
T cells (Figure 4C-F). Additionally, IJ and PC showed pronounced suppression of CD4*
helper T cells, CD8" cytotoxic T cells, and CD206*CD11°* macrophages in the mesenteric
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lymph nodes (MLN) of mice exposed to PM10D, whereas IP showed significant effects on
CD206*CD11" macrophages only in the MLN of the mice (Figure S1).
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Figure 3. IJ, PC, IP, and dexamethasone suppressed the regulation of airway immune cells in the
lungs of mice exposed to PM10D via inhalation. (A) Neutrophils, (B) lymphocytes, (C) neutrophil-
lymphocyte ratio (NLR) value, (D) CD4" helper T cells, (E) CD4*CD69* T cells, (F) CD8* cytotoxic
T cells, (G) CD62L-CD44"8M* memory T cells, and (H) CD21/CD35*B220* marginal zone B cells
were sorted and analyzed by FACS. N: Non-treated control group; P: group that inhaled pollutants
consisting of PM10D; DEX: group treated with 3 mg/kg dexamethasone after inhalation of PM10D;
1J200: group treated with 200 mg/kg of IJ after inhalation of PM10D; IJ100: group treated with 100
mg/kg of IJ after inhalation of PM10D; PC200: group treated with 200 mg/kg of PC after inhalation
of PM10D; PC100: group treated with 100 mg/kg of PC after inhalation of PM10D; IP200: group
treated with 200 mg/kg of IP after inhalation of PM10D; IP100: group treated with 100 mg/kg of IP
after inhalation of PM10D. Data are presented as the mean £ SEM, and significant differences are
denoted as * p < 0.05, # p < 0.01, and ** p < 0.001 compared to the non-treated group (N); * p < 0.05
and ** p < 0.01 compared to the group which inhaled PM10D (P).
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Figure 4. IJ, PC, IP, and dexamethasone suppressed activation and differentiation of airway immune
cells in the BALF of mice exposed to PM10D via inhalation. (A) Neutrophils, (B) lymphocytes,
(C) CD4" helper T cells, (D) CD4*CD69* T cells, (E) CD8* cytotoxic T cells, and (F) CD62L-CD44high+
memory T cells were sorted and counted using FACS. N: Non-treated control group; P: group
that inhaled pollutants consisting of PM10D; DEX: group treated with 3 mg/kg dexamethasone
after inhalation of PM10D; IJ200: group treated with 200 mg/kg of IJ after inhalation of PM10D;
IJ100: group treated with 100 mg/kg of IJ after inhalation of PM10D; PC200: group treated with
200 mg/kg of PC after inhalation of PM10D; PC100: group treated with 100 mg/kg of PC af-
ter inhalation of PM10D; IP200: group treated with 200 mg/kg of IP after inhalation of PM10D;
IP100: group treated with 100 mg/kg of IP after inhalation of PM10D. Data are presented as the
mean + SEM, and significant differences are denoted as # p < 0.05 and *## p < 0.001 compared to the
non-treated group (N); * p < 0.05, ** p < 0.01, and *** p < 0.001 compared to the group which inhaled
PM10D (P).

3.5. Effects of I, PC, and IP on Pro-Inflammatory Cytokines and Chemokines in BALF of
PM10D-Exposed Mice

Since IJ, PC, and IP modulated the PM10D-differentiated immune cells, we expected
that IJ, PC, and IP also suppressed various pro-inflammatory cytokines and proteins in
the PM10D-exposed mice. Based on the results of ELISA, inhalation exposure to PM10D
significantly elevated the levels of several pro-inflammatory cytokines, including IL-1c,
IL-17, and TNF-«, as well as chemokines such as CXCL-1 and CXCL-2 within the BALF of
model mice, whereas IJ, PC, and IP suppressed PM10D-induced protein levels (Figure 5).
Specifically, IL-1cc was strongly inhibited by IJ200 and IP200 compared to the effects of
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other treatments (Figure 5A); IL-17 showed similar suppression levels when exposed to
1J200, 1J100, PC200, or IP200 (Figure 5B). Additionally, 1J200, 1J100, PC200, and IP200 demon-
strated comparable effects to, or even greater effects than, dexamethasone against TNF-o
(Figure 5C). Treatment with IJ, PC, and IP, but not PC100, significantly inhibited CXCL-1,
surpassing the effects of dexamethasone (Figure 5D). The extracts showed comparable
effects as dexamethasone against CXCL-2 (Figure 5E). 1J200 and IP200 most effectively
suppressed the levels of pro-inflammatory cytokines and chemokines in the BALF of
PM10D-exposed mice.
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Figure 5. IJ, PC, IP, and dexamethasone inhibited pro-inflammatory proteins in the BALF of model
mice exposed to PM10D. (A) Interleukin (IL)-1e, (B) IL-17, (C) TNF-&, (D) chemokine (C-X-C
motif) ligand 1 (CXCL-1), and (E) CXCL-2 concentrations were measured using enzyme-linked
immunosorbent assay. N: Non-treated control group; P: group that inhaled pollutants consisting of
PM10D; DEX: group treated with 3 mg/kg dexamethasone after inhalation of PM10D; IJ200: group
treated with 200 mg/kg of IJ after inhalation of PM10D; IJ100: group treated with 100 mg/kg of IJ
after inhalation of PM10D; PC200: group treated with 200 mg/kg of PC after inhalation of PM10D;
PC100: group treated with 100 mg/kg of PC after inhalation of PM10D; IP200: group treated with
200 mg/kg of IP after inhalation of PM10D; IP100: group treated with 100 mg/kg of IP after inhalation
of PM10D. Data are presented as the mean + SEM, and significant differences are denoted as
# p < 0.01 and #* p < 0.001 compared to the non-treated group (N); * p < 0.05, ** p < 0.01, and
** p < 0.001 compared to the group which inhaled PM10D (P).
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3.6. Effects of I], PC, and IP on Gene Expression of Pro-Inflammatory Mediators in the Lungs of
PM10D-Exposed Mice

qRT-PCR analysis of mRNA levels confirmed that the extracts inhibited the transcrip-
tion of pro-inflammatory genes. The mRNA levels of TNF-«, CXCL-1, inducible NOS
(iNOS), COX-2, Mucin 5AC (MUC5AC), and TRPV1 in the lungs were measured (Figure 6).
Similar to the results of protein level analyses, the qRT-PCR data showed that exposure to
PM10D significantly upregulated the mRNA levels of various pro-inflammatory mediators
in the mouse model, whereas IJ, PC, and IP suppressed PM10D-induced mRNA levels
(Figure 6). All plant extracts suppressed TNF-oo mRNA expression, with IJ 200 and 1P200
showing stronger efficacy than dexamethasone (Figure 6A). The plant extracts inhibited
transcription of CXCL-1; particularly, higher concentrations of samples showed greater
efficacy, with IJ200 and IP200 showing significantly stronger effects than dexamethasone
(Figure 6B). The plant extracts also suppressed the transcription of iNOS; higher concen-
trations showed greater efficacy, with IJ200, PC200, and IP200 exhibiting effects similar to
those of dexamethasone (Figure 6C). Transcription of COX-2 and MUC5AC was inhibited
by IJ, PC, and IP, with higher concentrations showing greater efficacy; particularly, IJ200
and IP200 showed equivalent effects to those of dexamethasone (Figure 6D-E). Finally, the
plant extracts repressed the mRNA expression of TRPV-1, with IP200 showing a strong
effect comparable to that of dexamethasone (Figure 6F).

3.7. Effects of I, PC, and IP on IL-1a, F4/80, and IRAK1 in the Lungs of PM10D-Exposed Mice

IL-1e, F4/80, and IRAKI1 are involved in regulating inflammation. The immuno-
histofluorescence data showed that exposure to PM10D via inhalation significantly in-
creased the levels of IL-1«, F4/80, and IRAK; the ethanol extracts of I. japonica and P. chinen-
sis decreased the levels of these proteins (Figure 7). IL-1x and F4/80 were co-localized and
similarly affected by treatment with IJ, PC, and IP; specifically, PC200 reduced F4/80 levels
to a greater extent than that observed using dexamethasone (Figure 7A). IJ, PC, and IP
suppressed the expression of IRAK1 protein, with IJ200 and PC200 showing the strongest
effects (Figure 7B). IJ200 suppressed IRAK1 more effectively than IL-1« or F4/80 to induce
anti-inflammatory effects in the lungs.
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Figure 6. IJ, PC, IP, and dexamethasone inhibited gene expression of pro-inflammatory proteins in
the lungs of mice exposed to PM10D via inhalation. (A) TNF-«, (B) CXCL-1, (C) inducible nitric
oxide synthase (iNOS), (D) cyclooxygenase (COX)-2, (E) Mucin 5AC (MUC5AC), and (F) transient
receptor potential cation channel subfamily V member 1 (TRPV1) mRNA were measured using
qRT-PCR. N: Non-treated control group; P: group that inhaled pollutants consisting of PM10D;
DEX: group treated with 3 mg/kg dexamethasone after inhalation of PM10D; IJ200: group treated
with 200 mg/kg of IJ after inhalation of PM10D; IJ100: group treated with 100 mg/kg of IJ after
inhalation of PM10D; PC200: group treated with 200 mg/kg of PC after inhalation of PM10D;
PC100: group treated with 100 mg/kg of PC after inhalation of PM10D; IP200: group treated with
200 mg/kg of IP after inhalation of PM10D; IP100: group treated with 100 mg/kg of IP after inhalation
of PM10D. Data are presented as the mean £+ SEM, and significant differences are denoted as
#p <0.05,% p <0.01 and ## p < 0.001 compared to the non-treated group (N); * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared to the group which inhaled PM10D (P).
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Figure 7. IJ, PC, IP, and dexamethasone suppressed the expression of IL-1, F4/80, and interleukin-1
receptor-associated kinase 1 (IRAK1) in the lungs of mice exposed to PM10D. (A) IL-1c or F4/80
and (B) expression of IRAK1 were stained and visualized. N: Non-treated control group; P: group
that inhaled pollutants consisting of PM10D; DEX: group treated with 3 mg/kg dexamethasone
after inhalation of PM10D; IJ200: group treated with 200 mg/kg of IJ after inhalation of PM10D;
IJ100: group treated with 100 mg/kg of IJ after inhalation of PM10D; PC200: group treated with
200 mg/kg of PC after inhalation of PM10D; PC100: group treated with 100 mg/kg of PC af-
ter inhalation of PM10D; IP200: group treated with 200 mg/kg of IP after inhalation of PM10D;
IP100: group treated with 100 mg/kg of IP after inhalation of PM10D. The scale bar corresponds to a
length of 100 um. Data are presented as the mean + SEM, and significant differences are denoted as
### 1 < 0.001 compared to the non-treated group (N); * p < 0.05, ** p < 0.01, and *** p < 0.001 compared
to the group which inhaled PM10D (P).

3.8. Effects of I, PC, and IP on Lung and Tracheal Tissue Damage in the PM10D-Exposed Mice

Histological analyses were conducted on lung and tracheal tissues using H&E staining
and MT staining. The results showed that treatment with IJ, PC, and IP led to a significant
decrease in histopathological changes and inflammation in the bronchial respiratory tissues
(Figure 8). The treatments reduced cell infiltration, collagen deposition, and the thickness
of respiratory epithelial cells, compared to the effects observed in mice that inhaled PM10D
without treatment with IJ, PC, or IP. Histological analyses have confirmed that ethanol ex-
tracts from I. japonica, P. chinensis, and a combination of both extracts effectively suppressed
histopathological changes, inflammatory progression, and lung damage in mice exposed
to PM10D.
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Figure 8. IJ, PC, IP, and dexamethasone significantly decreased histopathological changes and in-
flammation in the lungs of model mice exposed to PM10D. (A,B) Hematoxylin and eosin (H&E)
staining at 40x and 200 x magnification, (C) Masson’s trichrome (MT) staining shows inflammation
around the bronchus and the mucus content. The scale bar corresponds to a length of 100 pm.
N: Non-treated control group; P: group that inhaled pollutants consisting of PM10D; DEX: group
treated with 3 mg/kg dexamethasone after inhalation of PM10D; IJ200: group treated with
200 mg/kg of IJ after inhalation of PM10D; IJ100: group treated with 100 mg/kg of IJ after in-
halation of PM10D; PC200: group treated with 200 mg/kg of PC after inhalation of PM10D;
PC100: group treated with 100 mg/kg of PC after inhalation of PM10D; IP200: group treated
with 200 mg/kg of IP after inhalation of PM10D; IP100: group treated with 100 mg/kg of IP after
inhalation of PM10D. The 100 um scale bar corresponds to a length of 100 pum.

4. Discussion

In the present study, the airway anti-inflammatory effects of 1J, PC, and IP were
investigated to determine their pharmaceutical potential against the mouse model, which
was generated through exposure to PM10D via inhalation. Currently, no papers or reports
have been published investigating the collective anti-inflammatory effects of IJ, PC, or
IP in the airway system of a mouse model exposed to air pollution. The other studies
primarily focused on the individual effects of either IJ or PC against specific diseases such as
allergy, asthma, hepatitis, hemorrhagic cystitis, or obesity without exploring their potential
anti-inflammatory effects against inflammation caused by air pollution [6—10]. This study
demonstrated, for the first time, that I] and PC, both individually and in combination, have
the potential to be developed into novel pharmaceuticals for suppressing inflammatory
progression and alleviating airway inflammation diseases provoked by air pollutants in the
ambient air. The previous work only studied the pharmaceutical potential of the mixture of
IJ and PC in regulating specific conditions such as obesity [10], but this study extended the
previous study and further illustrated that both the individual treatments of IJ or PC and
the mixture of IJ and PC displayed pharmaceutical potential when evaluated side by side.

Overall, we showed that PM10D-provoked inflammation was alleviated and sup-
pressed by 1IJ, PC, and IP. Dexamethasone is a synthetic glucocorticoid that mimics the
effects of natural corticosteroids, is well-known for its anti-inflammatory properties, and is
widely used in healthcare practice [14]. As inflammation is a complex process involving
pro-inflammatory molecules that can be triggered by various external factors [15], specific
inflammatory biomarkers were selected and analyzed before and after treatment with IJ,
PC, and IP along with treatment of dexamethasone. The anti-inflammatory effects of IJ, PC,
and IP were comparable to, or even more effective than, dexamethasone in suppressing the
cellular and molecular biomarkers. For example, IJ, PC, and IP alleviated PM10D-induced
inflammation by suppressing the differentiation and regulation of various immune cells,
including neutrophils, lymphocytes, CD4* helper T cells, CD4*CD69* T cells, CD8* cyto-
toxic T cells, CD62L-CD44high+ memory T cells, CD21/CD35*B220* marginal zone B cells,
and CD206"CD11°* macrophages. Furthermore, IJ, PC, and IP improved the NLR value, a
key indicator of the severity of inflammation and inflammatory diseases [16].
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Correlations between inflammation and immune cell regulation are illustrated by pro-
inflammatory cytokines and mediators, as these proteins initiate and amplify inflammation
through the regulation of immune cells. IL-1« is a pro-inflammatory cytokine that promotes
immune cell activation and recruitment [17]. IL-17 activates pro-inflammatory signaling
cascades by upregulating inflammatory mediators and recruiting immune cells [18]. TNF-oc
is an important mediator that triggers cytokine releases and immune cell responses [19].
CXCL-1 and CXCL-2 are chemokines that mediate neutrophil functions via activation of
CXCR-1 and CXCR-2, coupled to G-protein and [3-arrestin-mediated signaling cascades [20].
iNOS orchestrates inflammatory progress via the NF-kB pathway [21]. COX-2 metabolizes
arachidonic acid to form prostaglandin products, which trigger inflammation [22]. Lung
MUCS5AC is a marker of airway diseases such as asthma [23]. TRPV1, a channel protein
found in immune cells such as lymphocytes, macrophages, and neutrophils, is implicated in
immune responses including T cell activation [24]. F4/80 is a macrophage marker that plays
a critical role in the innate immune response [25]. IRAK]1 is a pivotal component for the IL-
1oc and Toll-like receptor signaling pathways [26]. Our results showed that IJ, PC, and IP not
only effectively suppressed activation of the pro-inflammatory proteins described above,
but also inhibited the transcriptional levels. Exposure to PM10D significantly increased
the levels of various pro-inflammatory cytokines and mediators. In contrast, IJ, PC, and
IP effectively countered the inflammatory effects of PM10D by suppressing the levels of
various pro-inflammatory proteins such as IL-1«, IL-17, TNF-&, CXCL-1, and CXCL-2 and
inhibiting the gene expression of CXCL-1, iNOS, COX-2, MUC5AC, and TRPV1. 1J200
suppressed IRAK1 more effectively than IL-1x or F4/80, whereas PC200 more strongly
suppressed F4/80 levels, suggesting a reduction in the murine macrophage population;
both IJ200 and PC200 displayed pronounced effects on IRAK1. Furthermore, IJ, PC, and
IP reduced cell infiltration, collagen deposition, and the thickness of respiratory epithelial
cells, indicating that they prevented histopathological changes, suppressed inflammatory
progression, and reduced lung damage provoked by PM10D.

Due to the side effects and high risks associated with anti-inflammatory drugs, natural
products have gained widespread attention as potential treatments for inflammation [27].
In the preclinical studies, the plant extracts did not exhibit any toxicity in rats. To determine
the lethal dose and assess the potential toxicity of IJ, PC, and IP after a single administration
in six-week-old male and female Sprague-Dawley rats (Study Number: 2301-1-451-2417,
Shriram Institute for Industrial Research Tripartite Guidelines), all animals were monitored
for clinical signs during a 14-day period. No animals succumbed during this period, and no
unusual general clinical features were detected (data not shown). The lethal dose of IJ, PC,
and IP exceeded 15,000 mg/kg in both male and female rats in this study. Consequently,
the body weights of the experimental mice were not further monitored in this experiment.
Furthermore, to evaluate the mutagenic potential of IJ, PC, and IP, histidine regulation
in Salmonella typhimurium (TA98, TA100, TA102, TA1535, and TA1537) was assessed in
the presence or absence of metabolic activation (Study Number: 2301-1-451-2415, Shriram
Institute for Industrial Research Guidelines). The mean number of revertant colonies was
consistently less than twice that of the negative control group at all dose levels of IJ, PC, and
IP, up to doses of 5000 ng/plate, in all strains, both in the presence and absence of metabolic
activation. In this study, IJ, PC, and IP did not exhibit any indication of mutagenic potential.

The HPLC analysis identified 2,3,4,5-tetracaffeoyl-D-glucaric acid and apigenin 7-O-p-
D-glucuronide as the major compounds in IJ, PC, and IP, both of which have been reported
to possess anti-inflammatory effects [28,29]. It is assumed that these compounds play
crucial roles in the anti-inflammatory effects of IJ, PC, and IP. However, a detailed analysis
of the remaining components in IJ, PC, and IP should be conducted in the subsequent study.
Direct comparisons between natural products and dexamethasone, a synthetic chemical,
can be ambiguous due to the presence of various unidentified compounds in the plants.
However, dexamethasone can lead to severe side effects when used over an extended
period, highlighting the urgent need for the development of safer alternatives. In this
study, IJ, PC, and IP demonstrated comparable or preferable effectiveness to 3 mg/kg of
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dexamethasone in this study. It has been reported that 3.3 mg/kg of dexamethasone is
a sufficient concentration to protect mice from severe inflammation induced by Listeria
monocytogenes [30]. The anti-inflammatory effects of IJ, PC, and IP were comparable to
those of 3 mg/kg of dexamethasone in this study. Because the natural compounds having
various components can exhibit pharmacological effects irrespective of dosage, to explore
the concentration-dependent effects of IJ, PC, and IP, as well as to determine their optimal
concentrations for inflammation treatment, further investigations are needed at various
concentrations. These future studies will help to establish the therapeutic window of IJ, PC,
and IP in comparison to different concentrations of dexamethasone.

Evaluation of the anti-inflammatory effects of ethanol extracts from I. japonica and
P. chinensis, as well as a mixture of two plant extracts, demonstrated that PM10D induced
airway inflammation in a mouse model exposed to PM10D through inhalation, and the
plant extracts effectively counteracted and suppressed PM10D-provoked inflammation.
These plant extracts reduced cell numbers, decreased the NLR value, inhibited immune
cells, suppressed pro-inflammatory cytokines and mediators, and prevented histopatholog-
ical changes and lung damage. These results strongly indicate that the plant extracts have
important pharmaceutical potential for suppressing inflammatory progression, treating
airway inflammation, and reducing lung damage. Therefore, ethanol extracts of I. japonica
and P. chinensis, as well as a mixture of two plant extracts, show potential as affordable
and effective therapeutic agents for managing airway inflammation diseases provoked by
pollutants in the ambient air.

5. Conclusions

The ethanol extracts of the plants I. japonica and P. chinensis, as well as a mixture of the
two plant extracts, showed anti-inflammatory effects that counteracted and suppressed
PM10D-provoked airway inflammation. The plant extracts reduced cell numbers, decreased
the NLR value, inhibited immune cells, suppressed inflammatory cytokines and mediators,
and prevented histopathological changes and lung damage. These results strongly suggest
that these plant extracts have pharmaceutical potential for suppressing inflammatory
progression, treating airway inflammation, and reducing lung damage. Furthermore, the
anti-inflammatory effects of the plant extracts were comparable or even preferable to those
of 3 mg/kg of dexamethasone, a commonly used strong anti-inflammatory medication.
Therefore, ethanol extracts of I. japonica and P. chinensis, as well as a mixture of two plant
extracts, can be used as a promising health supplement for managing airway inflammation
diseases provoked by pollutants in the ambient air.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15214599/s1, Figure S1: I], PC, IP, and dexamethasone sup-
pressed activation and differentiation of airway immune cells in the MLN of mice exposed to PM10D
via inhalation..
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