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Abstract: Oyaksoongi-San (OYSGS), which is a combination of 11 herbal ingredients, has long been
used in Asia to relieve symptoms of various diseases conditions, including vomiting and diarrhea. In
this study, we assessed the protective efficacy of OYSGS in a murine model of asthma induced by
ovalbumin (OVA) and explored potential molecular mechanisms. Male C57BL/6 mice were sensitized
with OVA and airway challenged with OVA (1% w/v in PBS) for 1 h. OYSGS (100, 300, and 500 mg/kg
once daily) was administered for 6 days by oral gavage. Our results revealed that OYSGS significantly
decreased the number of inflammatory cells and reduced the concentrations of interleukin (IL)-5 and
IL-13 in bronchoalveolar lavage fluid (BALF). Histological analyses showed that OYSGS substantially
decreased inflammation and mucus hypersecretion in the airway. Further analyses revealed that
OYSGS effectively reduced oxidative stress, as shown by downregulation of malondialdehyde (MDA)
and upregulation of total glutathione (GSSG/GSH), and markedly suppressed the phosphorylation
of p38 mitogen-activated protein kinase (p38 MAPK). Together, these results suggest that OYSGS
effectively inhibits the airway inflammatory responses, mucus secretion, and oxidative stress induced
by OVA.

Keywords: asthma; Oyaksoongi-San; ovalbumin; inflammation; mucus secretion; oxidative stress;
p38 MAPK

1. Introduction

Asthma is a prevalent chronic respiratory condition that impacts millions worldwide
and remains a subject of ongoing research and medical treatments. It manifests as airway
hypersensitivity to various triggers, leading to symptoms such as breathlessness, wheezing,
coughing, and chest tightness [1], and varies across individuals. However, asthma has
common underlying mechanisms, making it a captivating subject for scientific investigation.
The triggers of asthma include environmental and genetic factors. Common environmental
triggers are allergens like pollen, dust mites, and pet dander [1]. Researchers must thor-
oughly understand the disease as they seek to develop innovative treatment approaches
that target both symptom relief and the underlying origins. Pathophysiologically, asthma is
an inflammatory disease in which T-helper type 2 (Th2) cell-secreted cytokines induce the
proliferation of inflammatory cells which migrate to and infiltrate the airways [2]. These
inflammatory cells trigger excessive mucus production, causing further airway constriction
and posing significant challenges to effective airflow [3]. The accumulation of excessive
mucus both obstructs the airways and creates an environment conducive to exacerbations.
Thus, it is important to address mucus-related complications as an integral component of
comprehensive asthma management strategies [4]. Oxidative stress, which is also closely
related to asthma, occurs when the production of reactive oxygen species (ROS) surpasses
the body’s antioxidant capacity, leading to cellular damage and dysregulation of redox
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signaling pathways. This imbalance is implicated in various pathological conditions that
are central to asthma [5]. Oxidative stress also contributes to the chronicity of asthma [6].

Extensive research is underway on the various dosages of corticosteroids to alleviate
asthma symptoms and target its underlying causes, yet comprehensive solutions remain
elusive [7]. Minimizing exposure to triggers, such as allergens and respiratory irritants, can
help manage asthma symptoms. If inhaled corticosteroids are insufficient and symptoms
persist, long-acting beta agonists (LABAs) or anti-leukotriene agents may be added [8].
However, despite the development of various therapies, the rising prevalence of asthma and
its associated mortality continue to underscore the need for a treatment that fundamentally
targets the asthma pathogenesis [9].

The herbal formulation Oyaksoongi-San (OYSGS) is a traditional substance employed
to prevent and treat a wide array of illnesses. For example, patients with cerebral infarction
showed substantial reductions in the secretions of pro- and anti-inflammatory factors by
peripheral blood mononuclear cells following pretreatment with OYSGS [10]. Other studies
have shown that OYSGS inhibits colon cancer cell proliferation [11] and alleviates refractory
chronic pain in trigeminal neuralgia, as shown in a single patient [12]. OYSGS is composed
of 11 extracts: Angelica dahurica root, Aurantii fructus immaturus, Batryticatus bombyx,
Citrus unshiu peel, Cnidium rhizome, Ephedra herb, ginger, jujube, licorice, Lindera root,
and Platycodon root. These constituent herbal ingredients have been shown to exhibit a
range of pharmacological properties [13-20].

Nevertheless, there has been no prior investigation into the potential of OYSGS for
enhancing or managing asthma. Here, we examined the possible therapeutic effects of
OYSGS in a murine model of ovalbumin-induced asthma and explored potential underlying
mechanisms.

2. Materials and Methods
2.1. Chemicals and Reagents

Commercially available OYSGS granules were obtained from Korea Syntex Pharma-
ceutical (Iksan, Republic of Korea). All reference standards (purities > 95%) used to identify
and quantify the phytochemicals in OYSGS were purchased from ChemFaces Biochemical
Co., Ltd. (Wuhan, China), with the exception of ephedrine (Sigma-Aldrich, St. Louis, MO,
USA). The MS-grade water, acetonitrile, methanol, and formic acid were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

2.2. Preparation of Sample and Standard Solutions

OYSGS was dissolved in methanol at 0.05, 0.1, 0.5, and 20 mg/mL and filtered through
a syringe filter (0.2 pm pore size). All reference standards were serially diluted with
methanol to final concentrations of 0.02-10 pg/mL for UPLC-DAD-MS/MS analysis.

2.3. Ultra-Performance Liquid Chromatography—-Diode Array Detector—Tandem Mass
Spectrometry (UPLC-DAD-MS/MS) Conditions

To identify and quantify the compounds in OYSGS, a Dionex UltiMate 3000 system
equipped with a Thermo Q-Exactive mass spectrometer was used. The UPLC-DAD-MS/MS
analysis was performed with slight modifications from the previously reported meth-
ods [21,22]. The compounds were separated on an Acquity BEH C;g column (150 x 2.1 mm,
1.7 um, Waters) at 40 °C. The mobile phase consisting of solvents A (0.1% (v/v) aqueous
formic acid) and B (acetonitrile) was eluted with the following gradient at a flow rate of
0.25 mL/min: 3% B for 0-1 min, 3-15% B for 1-2 min, 15-25% B for 2-10 min, 25-45% B for
10-15 min, 45-100% B for 15-20 min, 100% B for 20-23 min, and 3% B for 24-28 min. The
injection volume was 3 pL. The Q-Exactive mass spectrometer equipped with an electro-
spray ionization (ESI) source was operated in both positive and negative ionization modes
with an ion spray voltage of 3.8 kV, capillary temperature of 320 °C, sheath gas pressure
of 40 arbitrary units (au), auxiliary gas pressure of 10 au, and S-lens RF level of 60. The
resolutions of the MS1 and MS/MS scans were 70,000 and 17,500, respectively. Mass spectra
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were recorded in the range of 100-1500 m/z, and the collision energies of each analyte are
shown in Table S1. Data-dependent acquisition using the full MS-ddMS? setup was used.
Xcalibur v.3.0 and Tracefinder v.3.2 software were used to process the acquired data.

2.4. Animals

Six-week-old male C57BL/6 mice were obtained from a laboratory animal supplier and
acclimated for 1 week with ad libitum access to solid food and water under conditions of
20 £ 2 °C, 50 = 10% relative humidity, and a 12 h light and dark cycle. Animal experiments
were conducted in compliance with the guidelines set forth by the Institutional Animal
Care and Use Committee of Chungnam National University.

2.5. Induction of Asthma

Ovalbumin (OVA, 20 pg) was dissolved in 200 pL of phosphate-buffered saline
(PBS) and mixed with 2 mg aluminum hydroxide (Alum), and 200 pL of the generated
OVA/Alum was administered intraperitoneally to mice on days 0 and 14 for systemic
sensitization. Local sensitization was performed on days 21 and 23 by causing mice to
inhale 1% OVA for 1 h using a nebulizer (NE-U12; Omron Corp., Tokyo, Japan) to create
the asthmatic mouse model. Animals were randomly allocated to the following (1 = 7 per
group): (i) negative control group treated with PBS (NC), (ii) OVA administration group
(OVA), (iii) OVA administration and dexamethasone (DEX) treatment (1 pg/100 mL per
mouse) group as a positive control (OVA+DEX), and (iv, v, vi) OVA administration and
OYSGS treatment (100, 300, and 500 mg/kg, respectively) groups (OVA+OYSGS100, 300,
and 500, respectively). DEX (200 pg, Sigma-Aldrich, St. Louis, MO, USA) and OYSGS were
dissolved in PBS 20 mL and administered daily by oral gavage at 0.125 mL per animal
using a 1 mL syringe with a metal zonde, from days 18 to 23 of the experiment. All mice
were sacrificed on day 25.

2.6. Necropsy and Histopathological Examination

Lung tissues were fixed in 10% buffered neutral formalin, sliced, paraffin embedded,
and sectioned at 4 pm using conventional tissue-processing methods. The sections were
hematoxylin and eosin (H&E) stained. The tissues were examined for inflammatory cell in-
filtration and inflammation scoring [23], which was performed as previously described [24].
In summary, the severity of inflammation was assessed using a 0-5 scale. A score of
0 represented normal tissue with no inflammation. A score of 1 indicated mild inflam-
mation with small clusters of inflammatory cells. A score of 2 corresponded to mild
ring-shaped infiltration of inflammatory cells, forming a layer one cell in thickness. A
score of 3 was given for moderate ring-shaped infiltration with a layer two to four cells
in thickness. A score of 4 represented severe ring-shaped infiltration with a layer four
cells in thickness. Finally, a score of 5 indicated very severe inflammation with extensive
infiltration and a loss of the normal tissue structure. Tissue sections were also exposed to
periodic acid-Schiff (PAS) staining, images were randomly selected, and the positive area
(%) was analyzed relative to the total area of bronchial epithelium.

2.7. Microscopic Analysis of Inflammation-Associated Cells in Bronchoalveolar Lavage
Fluid (BALF)

BALF was obtained by three rounds of aspiration (0.5 mL per round) using a tracheally
inserted cannula, and 100 uL was placed on a slide. The cells were fixed by centrifugation
in a cytospin and stained with trypan blue, and the total number of cells, excluding dead
cells, was calculated using a hemocytometer and measured in triplicate. Inflammatory cell
staining was conducted using Diff Quik reagents (IMEB, San Marcos, CA, USA), followed
by differentiation of individual cells based on their morphology to determine the numbers
of neutrophils, lymphocytes, macrophages, and eosinophils.



Appl. Sci. 2024, 14, 5280

4of 14

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

IL-5 and IL-13 levels in BALF and malondialdehyde (MDA) and total glutathione
(GSSG/GSH) levels in lung tissues were quantified using commercially available ELISA kits
(IL-5, IL-13: R&D Systems, Minneapolis, MN, USA; MDA, total glutathione: Cell Biolabs,
CA, USA) according to the manufacturers’ instructions [25-30]. To summarize, the samples
were lysed and centrifuged, after which 50 pL of the supernatants was promptly dispensed
into the wells of assay plates and incubated at room temperature for 2 h. The plates were
then washed using the wash solution provided in the kit. Following this, conjugates were
added to each well and allowed to incubate for another 2 h. Relative cytokine levels were
quantified by performing duplicate measurements. The plates were incubated in the dark
for 10 min, and absorbance was quantified using a microplate reader (Infinite m200pro;
TECAN, Méannedorf, Switzerland).

2.9. RNA Extraction and Real-Time PCR Analysis

Real-time PCR was utilized to determine the levels of MUC5AC expression in the
lungs [31]. Lung tissues were homogenized, and RNA extraction was carried out using
TRIzol (Invitrogen, Richardson, TX, USA). The RNA concentration was assessed through ab-
sorbance measurement at 260 nm, while its purity was evaluated using the 260 nm /280 nm
ratio. cDNA was synthesized through the use of a commercial kit (Toyobo, Osaka, Japan).
PCR amplification was conducted using a Real-Time PCR machine (Life Technologies, Fred-
erick, MD, USA), SYBR Green (Applied Biosystems, Richardson, TX, USA), and MUC5AC
primers, 5'-CCA CTT TCT CCT TCT CCA CAC C-3' (forward) and 5'-GGT TGT CGA TGC
AGC CTT GCT T-3' (reverse). The data were analyzed utilizing Applied Biosystems PCR
System software (v1.5.3). The fold change in target gene cDNA expression relative to the
endogenous control (GAPDH) was determined using the 2722Ct method.

2.10. Western Blot Analysis

Lysis of lung tissues was carried out with RIPA lysis buffer (Cell Signaling Technology,
Danvers, MA, USA) containing inhibitor cocktails. Equal amounts of lung proteins (30 ug)
were resolved by 8% SDS-PAGE at 60V and transferred to a polyvinylidene fluoride (PVDEF)
membrane at 250V for 2 h. Transferred membranes were treated with PBS containing 0.05%
Tween 20 (PBST) and 5% skim milk for 1 h for blocking, incubated overnight at 4 °C with
anti-p38 MAPK and anti-phospho-p38 MAPK (Cell Signaling Technology, Danvers, MA,
USA), or anti-3-actin (Sigma-Aldrich, St. Louis, MO, USA), and incubated with secondary
antibodies for 2 h at room temperature. The results were visualized using a luminograph
(ATTO, Tokyo, Japan).

2.11. Immunohistochemistry (IHC) Assay

MUCSAC expression in lung tissue was assessed by IHC [32], which was performed as
previously described [33]. Anti-MUC5AC (Sigma-Aldrich, St. Louis, MO, USA) was applied
overnight, and signals were developed and visualized based on the established protocol. The
signal-positive area was quantitatively analyzed using Image J software (v 1.53k).

2.12. Statistical Analysis

The data are expressed as mean =+ standard deviation (SD). Statistical analysis was
conducted using one-way analysis of variance (ANOVA), as applied by the GraphPad Prism
6 software (GraphPad, San Diego, CA, USA), followed by Tukey’s multiple-comparison
test. A p-value < 0.05 was regarded as statistically significant.

3. Results
3.1. UPLC-DAD-MS/MS Analysis of OYSGS
Previous phytochemical studies showed that OYSGS contains various types of sec-

ondary metabolites, such as flavonoids, alkaloids, terpenoids, coumarins, and other phe-
nolic compounds [22,34-42]. By comparing with reference standards’ retention times and
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mass spectra, thirty phytochemical constituents were identified. They were as follows:
18 flavonoids (catechin, epicatechin, rutin, and isoquercitrin/hyperoside from Zizyphi Fruc-
tus [34,35], liquiritin apioside, liquiritin, ononin, liquiritigenin, naringenin, formononetin,
and glabridin from Glycyrrhizae Radix [36], narirutin, hesperidin, didymin, hesperetin,
nobiletin, and tangeretin from Citri Unshius Pericarpium [37,38], and isosinensetin from
Aurantii Fructus Immaturus [39]), three chalcones (isoliquiritin, licochalcone B, and isoliquir-
itigenin from Glycyrrhizae Radix [36]), two alkaloids (ephedrine from Ephedrae Herba [40]
and norisoboldine from Linderae Radix [41]), three terpenoids (glycyrrhizin from Glycyrrhizae
Radix [36], nomilin and obacunone from Aurantii Fructus Immaturus [22]), three coumarins
(byakangelicin, bergapten, and pabulenol from Angelicae Dahuricae Radix [42]), and one
phenylpropanoid (chlorogenic acid from Citri Unshius Pericarpium [37]). Figure 1A presents
the UV spectra at 280 nm and the base peak ion chromatograms of OYSGS in positive
and negative ion modes, while extracted ion chromatograms for individual compounds
are depicted in Figure 1B. The characteristics of the compounds identified in OYSGS,
including the retention time (tg), precursor ion (m/z), error (ppm), molecular formula,
MS/MS fragments, and contents of each, are summarized in Table S1. Flavonoids, chal-
cones, and phenylpropanoid were better detected in the negative ion mode, while alkaloids,
terpenoids, and coumarins were better detected in the positive ion mode. Twenty-three of
the phytochemicals were present in amounts ranging from 0.001 to 1.421 mg/g; the outliers
were isoquercitrin (or hyperoside), formononetin, isoliquiritigenin, glycyrrhizin, bergapten,
pabulenol, and chlorogenic acid.
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Figure 1. UPLC-DAD-MS/MS analysis of OYSGS. (A) UV (280 nm) and base peak ion chromatograms
(positive and negative ion modes) of OYSGS and (B) extracted ion chromatogram (XIC) of the

phytochemicals identified in OYSGS. The numbered compounds are named and presented in detail
in Table S1.

3.2. Histopathologic Analysis of Lung Tissues

H&E staining revealed more inflammatory cells around the bronchi and bronchioles
in the OVA group compared to the NC group, but this enhancement of inflammatory
cell infiltration was reduced in tissues from the OVA+DEX and OVA+OYSGS groups
(Figure 2A,B). The changes did not appear to track with the concentration of OYSGS. These
results show that OYSGS effectively attenuates OVA-induced inflammation.
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Figure 2. Effect of OYSGS on the recruitment of inflammatory cells to the airway. (A) Lung tissues
with H&E staining. Scale bar, 100 um; magnification, 200 (B) Inflammation scored from 0 (absent)
to 4 (severe). NC, negative control; OVA, ovalbumin-exposed mice; OVA+DEX, dexamethasone-
administered and OVA-exposed mice; OVA+OYSGS100, OYSGS- (100 mg/kg) and OVA-exposed
mice; OVA+OYSGS300, OYSGS- (300 mg/kg) and OVA-exposed mice; OVA+OYSGS500, OYSGS-
(500 mg/kg) and OVA-exposed mice. Results are presented as means + SD (* p < 0.01 compared
with the NC group; ** p < 0.01 compared with the OVA group).

3.3. Analysis of Inflammatory Cells in BALF

The numbers of total cells, macrophages, lymphocytes, neutrophils, and eosinophils
were markedly increased in BALF of the OVA group compared to the NC group. These
enhancements were significantly reduced in the OVA+DEX and OVA+OYSGS groups
(Figure 3), without evidence of dose dependence for OYSGS.
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Figure 3. Effect of OYSGS on inflammatory cell counts in BALF. (A-D) Numbers of (A) total
cells, (B) neutrophils, (C) macrophages, (D) lymphocytes, and (E) eosinophils. NC, negative con-
trol; OVA, ovalbumin-exposed mice; OVA+DEX, dexamethasone-administered and OVA-exposed
mice; OVA+OYSGS100, OYSGS- (100 mg/kg) and OVA-exposed mice; OVA+OYSGS300, OYSGS-
(300 mg/kg) and OVA-exposed mice; OVA+OYSGS500, OYSGS- (500 mg/kg) and OVA-exposed
mice. Results are presented as means 4+ SD (¥ p < 0.01 compared with the NC group; * p < 0.05,
** p < 0.01 compared with the OVA group).

3.4. Analysis of Cytokine Production in BALF

Th2 cytokines in BALF were quantified using ELISA. The levels of IL-5 and IL-13 in
BALF were increased in the OVA group compared to the NC group, and these enhance-
ments were notably reduced in the OVA+DEX and OVA+OYSGS groups (Figure 4A,B),
without evidence of dose dependence for OYSGS.

3.5. Analysis of Mucus Production in Lung Tissues

PAS staining of glycoproteins in bronchiolar epithelial cells revealed that the PAS-
positive area was increased in the OVA group when compared with the NC group, and
this enhancement was substantially decreased in the OVA+DEX and OVA+OYSGS groups
(Figure 5A,C). In IHC, the MUC5AC-positive area was increased in the OVA group com-
pared with the NC group, and this enhancement was markedly decreased in the OVA+DEX
and OVA+QOYSGS groups (Figure 5B,D). Consistently, the relative mRNA expression of
MUCSAC in lung tissues was also increased in the OVA group compared to the NC group,
and it was significantly decreased in the OVA+DEX and OVA+OYSGS groups compared
to the OVA group (Figure 5E). The effects of OYSGS did not show evidence of dose de-
pendence. Thus, our results indicated that OYSGS significantly attenuates OVA-induced
mucus secretion in mice.
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Figure 4. Effect of OYSGS on pro-inflammatory cytokine levels in BALE. (A,B) IL-5 (A) and IL-
13 (B) levels, as assessed using ELISA. NC, negative control; OVA, ovalbumin-exposed mice;
OVA+DEX, dexamethasone-administered and OVA-exposed mice; OVA+OYSGS100, OYSGS-
(100 mg/kg) and OVA-exposed mice; OVA+OYSGS300, OYSGS- (300 mg/kg) and OVA-exposed
mice; OVA+OYSGS500, OYSGS- (500 mg/kg) and OVA-exposed mice. Results are presented as
means + SD (* p < 0.01 compared with the NC group; * p < 0.05, ** p < 0.01 compared with the

OVA group).
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Figure 5. Effect of OYSGS on airway mucus production and goblet cell hyperplasia. (A) Representa-
tive images of PAS staining in lung tissues. Black arrow indicates the PAS-positive area significantly
increased in the OVA tissue. Scale bar, 100 um; magnification, 200x (B) Representative images
showing immunohistochemistry of MUC5AC in lung tissues. White arrow indicates the MUC5AC-
positive area significantly increased in the OVA tissue. Scale bar, 100 pm; magnification, 200X.
(C,D) PAS-positive area (C) and MUC5AC-positive area (D) were calculated based on the total area
of the airway epithelium. (E) MUC5AC expression levels assessed by real-time RT-PCR. NC, negative
control; OVA, ovalbumin-exposed mice; OVA+DEX, dexamethasone-administered and OVA-exposed
mice; OVA+OYSGS100, OYSGS- (100 mg/kg) and OVA-exposed mice; OVA+OYSGS300, OYSGS-
(300 mg/kg) and OVA-exposed mice; OVA+OYSGS500, OYSGS- (500 mg/kg) and OVA exposed
mice. Results are presented as means 4+ SD (¥ p < 0.01 compared with the NC group; * p < 0.05,
**p < 0.01 compared with the OVA group).

3.6. Analysis of Oxidative Stress in Lung Tissues

A significant decrease in MDA concentration was observed in the OVA+OYSGS group
compared to the OVA group (Figure 6A). Total glutathione was considerably higher in the
OVA+DEX and OVA+OYSGS groups compared to the OVA group (Figure 6B). The changes
did not differ across the tested concentrations of OYSGS, but they do indicate that OYSGS
treatment reduces oxidative stress in lung tissues.
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Figure 6. Effect of OYSGS on oxidative stress. (A,B) MDA (A) and total glutathione (GSSG/GSH)
(B) levels in lung tissues, as assessed using ELISA. NC, negative control; OVA, ovalbumin-exposed
mice; OVA+DEX, dexamethasone-administered and OVA-exposed mice; OVA+OYSGS100, OYSGS-
(100 mg/kg) and OVA-exposed mice; OVA+OYSGS300, OYSGS- (300 mg/kg) and OVA-exposed
mice; OVA+OYSGS500, OYSGS- (500 mg/kg) and OVA-exposed mice. Results are presented as
means £ SD (* p < 0.01 compared with the NC group; * p < 0.05, ** p < 0.01 compared with the
OVA group).
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3.7. Analysis of p38 MAPK Expression

To begin elucidating the molecular action mechanism of OYSGS, we explored its
potential effects on the p38 MAPK pathway. This investigation was prompted by reports
indicating that p38 MAPK phosphorylation plays a critical role in triggering inflammatory
responses in the lungs [43—45]. Western blot analysis revealed that phosphorylated p38
MAPK was notably decreased in the OVA+DEX and OVA+OYSGS groups compared to the
OVA group (Figure 7).
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Figure 7. Effect of OYSGS on p38 MAPK activity in lung tissues. Phospho-p38 MAPK, p38
MAPK, and B-actin expression in lung tissues, as assessed by Western blotting. NC, negative
control; OVA, ovalbumin-exposed mice; OVA+DEX, dexamethasone-administered and OVA-exposed
mice; OVA+OYSGS100, OYSGS- (100 mg/kg) and OVA-exposed mice; OVA+OYSGS300, OYSGS-
(300 mg/kg) and OVA-exposed mice; OVA+OYSGS500, OYSGS- (500 mg/kg) and OVA-exposed
mice. Results are presented as means &= SD (* p < 0.05, ** p < 0.01 compared with the OVA group).

4. Discussion

In this study, we investigated the potential ability of OYSGS to inhibit asthma symp-
toms in an OVA-induced mouse model. In OVA-exposed mice, OYSGS was found to inhibit
inflammatory cell recruitment and cytokine levels in BALF and lung tissues, reduce mucus
production and oxidative stress, and attenuate p38 MAPK phosphorylation.

Asthma is a chronic respiratory condition typified by enduring inflammation of the
airways. It arises from a multifaceted interplay of diverse factors that act upon intricate
pathogenic mechanisms. When administered in the respiratory system, ovalbumin acts
as a specific allergen to provoke immune responses, including T-cell sensitization [46,47].
Upon activation, T cells initiate a Th2 cell response that is characterized by phosphory-
lation of p38 MAPK, which, in turn, prompts the secretion of diverse pro-inflammatory
cytokines [43-45,48]. Key Th2 cell-secreted cytokines, such as IL-5 and IL-13, contribute
to the induction of airway inflammation [27,49]. Activated p38 MAPK may also recruit
neutrophils and lymphocytes [50,51]. At sites of inflammation, neutrophils rapidly infiltrate
and function as significant modulators of both inflammation and immune responses [52].
Lymphocytes, including T cells and B cells, contribute to adaptive immunity [53]. Their
recruitment regulates the production of cytokines and chemokines to intensify inflamma-
tion [54]. In the current study, OYSGS treatment of OVA-induced mice was found to notably
diminish inflammatory cell infiltration into lung tissues, decrease inflammatory cell counts
in BALF, and reduce pro-inflammatory cytokine levels in BALF. It can be inferred from
these observations that OYSGS inhibits the inflammatory response associated with asthma.

The asthma-related inflammatory response also leads to excessive mucus secretion.
As mucus production increases, there are marked increases in the levels of glycoprotein in
goblet cells and those of MUC5AC within the airway [55,56]. This heightened production
of MUCS5AC in the airways is a hallmark of asthma [3]. Increased mucus production
exacerbates airflow obstruction in several ways. Initially, the surplus mucus physically
constricts the airway passages, complicating the flow of air in the lungs. The increased
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mucus also provides an ideal environment for the entrapment of airborne particles, such
as allergens and pathogens, further contributing to worsened airway inflammation and
bronchoconstriction [57]. Moreover, the chronic presence of mucus provides a breeding
ground for bacterial colonization, which can lead to recurrent infections and perpetuation
of the inflammatory response [58]. Here, we show that OYSGS treatment of OVA-induced
mice significantly reduced the lung levels of both glycoprotein and MUC5AC expression,
indicating that OYSGS inhibits asthma-related mucus production.

In the context of asthma, excess oxidative stress is intimately linked to reactive oxygen
species (ROS) in the lungs. Th2-generated p38 MAPK recruits infiltrated neutrophils,
which release ROS to enhance tissue damage [8]. The increased oxidative stress caused
by neutrophils leads to re-escalation of p38 MAPK phosphorylation, thereby enhancing
the destructive response characteristic of asthma [59]. ROS can impair the lungs’ natural
antioxidant defenses, which, in turn, disrupts the balance of redox processes [60]. More
specifically, ROS can harm cellular components, such as by causing lipid peroxidation,
protein oxidation, and DNA histone modification [61]. Inflammation further amplifies
the production of ROS, which alters transcription factor profiles to initiate cellular stress
responses [61]. Thus, it is crucial to effectively manage oxidative stress when seeking to
improve asthma. In this report, we reveal that OYSGS treatment significantly attenuated
oxidative stress in lung tissues, as shown by improvement in the levels of MDA and total
glutathione.

Regarding potential underlying mechanisms of such effects, a previous study showed
that OYSGS inhibits colon cancer cell proliferation by regulating the MAPK pathway [11].
Since the p38 MAPK pathway is known to play a significant role in asthma [43], we
hypothesized that OYSGS might influence p38 MAPK. Indeed, we found that mice exposed
to ovalbumin exhibited increased p38 MAPK phosphorylation, which has been linked to
the elevation of inflammatory factors, such as IL-5 and IL-13, as well as recruitment of
neutrophils and lymphocytes. We found that OYSGS appears to mitigate asthma-related
inflammatory processes by inhibiting p38 MAPK phosphorylation to downregulate its
downstream signaling pathways and thereby decrease pro-inflammatory cytokine levels
and inflammatory cell recruitment. Downregulation of IL-5 and IL-13 also contributes to
reducing mucus production, as evident from the differences observed in the lung tissue
levels of glycoprotein and MUC5AC. OYSGS is also effective in attenuating oxidative stress,
as indicated by improvements in the levels of MDA and total glutathione.

One limitation of this study is that we did not address the side effects of the substances
comprising OYSGS. For instance, ephedrine, which makes up the second largest portion,
has bronchodilator effects but also causes cardiovascular side effects [62,63]. Narirutin,
the third largest component, has anti-inflammatory properties but is known to cause
headaches and liver failure [64,65]. Therefore, further research is needed to understand the
comprehensive impact of these side effects.

In summary, we have revealed that OYSGS has a protective effect against OVA-induced
asthma in mice by reducing inflammation, oxidative stress, and mucus production. These
improvements could be related to the inhibition of the p38 MAPK pathway. Although
further research is needed to explore the side effects, these findings suggest that OYSGS
can be considered a promising candidate for asthma treatment.

Supplementary Materials: The following supporting information can be downloaded at https:
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