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Abstract: Allergic asthma is a chronic inflammatory disease characterized by the infiltration of
leukocytes, particularly eosinophils, into the airways, resulting in respiratory dysfunction. To
develop new asthma treatment materials with minimal side effects and excellent bioactivities, we
evaluated the efficacy of immature Asian pear extract (IAP extract; 400-100 mg/kg) in alleviating
ovalbumin (OVA)-induced asthma in female C57BL/6] mice. This study assesses various parameters
associated with OVA-induced allergic asthma including lung weight, macroscopic necropsy findings,
the total cell count in bronchoalveolar lavage fluid (BALF), the total leukocyte count and leukocyte
differential count, serum ovalbumin-specific Ig E (OVA-slg E) levels, interleukin (IL)-4 and IL-5
contents in BALF, histopathological changes in the lungs, and alterations in oxidative stress and
inflammation-related mRNA expressions. The results of this study demonstrate clear asthma-related
findings in the OVA control group. However, the oral administration of IAP extract (at doses
ranging from 400 to 100 mg/kg) significantly suppressed the anti-inflammatory and antioxidant
activities by regulating the expressions of phosphoinositide 3-kinase/protein kinase B/phosphatase
and TENsin homolog deleted on chromosome 10 (PI3K/Akt/PTEN), p38 mitogen-activated protein
kinase (p38 MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«kB) in
a dose-dependent manner. These effects are comparable to those observed with dexamethasone at
a concentration of 0.75 mg/kg. As a result, the oral administration of an appropriate dose of IAP
extract holds promise as a potential natural drug or health-functional food material for improving
respiratory function.

Keywords: Asian pears; asthma; functional food; in vivo; Pyrus pyrifolia Nakai

1. Introduction

Allergic asthma is a chronic inflammatory respiratory disease characterized by hy-
persensitivity of the respiratory tract to various allergens and irritants [1]. It is marked
by the infiltration of eosinophils into the airways, leading to bronchiolar constriction,
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increased airway hyperresponsiveness, excessive mucus production, and elevated im-
munoglobulin E (IgE) levels, along with significant goblet cell hyperplasia [2,3]. The global
prevalence of allergic asthma has been rising, particularly in developing countries with
higher levels of air pollution [4]. The key signaling pathways implicated in allergic asthma
include nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), phospho-
inositide 3-kinase/protein kinase B (PI3K/Akt), and p38 mitogen-activated protein kinases
(MAPK) [5-7]. Additionally, Type 2 helper T (Th2) cells and related cytokines like inter-
leukin (IL)-4, IL-5, and IL-13 play a crucial role in asthma pathogenesis [8-10]. Among
these, IL-4 is responsible for driving allergic inflammation and airway remodeling by pro-
moting the differentiation of IgE-producing B lymphocytes [11,12]. IL-5, on the other hand,
is specific to eosinophilic leukocytes and plays a critical role in their proliferation, differen-
tiation, migration, activity, recruitment, and survival [13]. The accumulation of eosinophilic
leukocytes in tissue contributes to various allergic reactions, including asthma [14]. As a
result, the regulation of IL-4 or IL-5 has emerged as a significant target in the development
of therapeutic agents for allergic asthma [15,16].

Currently, the most commonly employed treatments for asthma involve the inhalation
of 32 receptor agonists or the inhalation and oral administration of glucocorticosteroids.
However, their prolonged usage is constrained by the fact that they fail to address the root
cause of asthma and are associated with diverse side effects [17]. Consequently, there exists
a compelling need to formulate novel asthma treatment options that exhibit a comparatively
reduced incidence of side effects while delivering heightened efficacy [18]. Within the realm
of corticosteroids, dexamethasone (DEXA) stands out as one of the extensively utilized
benchmark drugs in the progression of new asthma therapies [19-22]. Therefore, this study
employs DEXA (0.75 mg/kg) as a control substance. This selection has been reported by a
wide array of respiratory disease models available for evaluating drug efficacy, including
allergic asthma [20-23].

The ovalbumin (OVA) sensitization and re-exposure (boosting) induced C57BL/6
mouse asthma model ranks among the extensively employed experimental animal models
for assessing the effectiveness of asthma treatment candidates. This model is preferred due
to its capability to induce distinct allergic asthmatic symptoms in animals within a mere
three days subsequent to the topical re-exposure to OVA [20,21,24]. Through the utilization
of this animal model, drug efficacy has primarily been gauged by monitoring alterations
in the lung weight, the levels of inflammatory cytokines in lung tissue and the blood-
stream, and the presence of cellular components like eosinophils and neutrophils within
the bronchoalveolar lavage fluid (BALF). Additionally, a histopathological examination
of the airways, encompassing the lungs, constitutes an essential aspect of this evaluation
process [20,21,24].

Bioactive compounds derived from natural sources are renowned for their ability to
elicit relatively low side effects while demonstrating exceptional anti-inflammatory and
antioxidant properties [25,26]. Consequently, the development of respiratory protective
drugs using natural substances within diverse asthma experimental animal models, includ-
ing OVA-induced C57BL/6 mice, is currently advancing [20-22]. Among the spectrum of
natural products, pears (Pyrus spp.) stand out as one of the most frequently consumed
fruits worldwide [27]. In Korea, Asian pears (Pyrus pyrifolia Nakai) hold a prominent place
as extensively cultivated oriental pear varieties [28]. A multitude of chemical compounds,
including phenylpropanoid malate derivatives [28], caffeoyl triterpenes [29], and various
phenolic compounds, including flavonoids, have been successfully isolated and identified
as major bioactive constituents within P. pyrifolia [30-33]. The content of key components
like the total caffeic acid, chlorogenic acid, arbutin, total phenolic compounds, malaxinic
acid, and total flavonoids, which collectively constitute the primary ingredients within
pears, diminishes during fruit maturation and ripening [34]. Therefore, phenolic com-
pounds and antioxidant activity are significantly more pronounced in immature pears
compared to their mature counterparts [35]. Considering the annual pear production in
Korea [36], a substantial amount of thinned out superfluous fruits and immature pears,
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approximately 15,000 tons per year [35], are completely discarded as waste [35]. It is note-
worthy that the alcohol detoxification properties and hangover relief effects of P. pyrifolia
have been extensively documented [37,38]. This contest highlights the strong potential for
isolating physiologically active components from immature pears and their subsequent
utilization in the development of functional food materials [35].

While the pharmacological benefits of Asian pears have been documented in relation
to various ailments, it is worth noting that, to the best of our current understanding, the po-
tential lung-function-improving effects of immature Asian pear extract (IAP extract) within
the context of an OVA-induced mouse asthma model remain unexplored. Consequently,
in pursuit of the development of potential solutions for enhancing respiratory functions,
whether in the form of health-promoting functional food materials or naturally derived
new drugs, this study endeavors to assess the dose-dependent impact of IAP extract on
ameliorating lung impairment. To achieve this objective, an OVA-induced C57BL/6 mouse
asthma model was employed, drawing upon well-established methodologies [20,21,24].

2. Materials and Methods
2.1. Test Material

Immature Asian pear extract (IAP extract; P. pyrifolin Nakai cv. Shingo) was procured
from Bioport Korea Inc., Yangsan, Republic of Korea. The IAP powdered extract, char-
acterized by its light brown color, exhibited solubility of up to 40 mg/mL in distilled
water. The powdered extract was stored at a temperature of —20 °C for subsequent uti-
lization. A portion of the IAP powdered extract was cataloged and stored as a specimen
within the herbarium of the Medical Research Center for Herbal Convergence on Liver
Disease, Daegu Haany University, Gyeongsan, Republic of Korea, under the designation
of sample no. IAP2022BPKO01. For the purpose of comparison, DEXA at a concentration
of 0.75 mg/kg (Sigma-Aldrich, St. Louise, MO, USA) was used as a reference drug, as
reported by previous studies [21-23,39].

2.2. HPLC Analyses

The quantification of arbutin within the IAP extract was performed utilizing an Agilent
HPLC-1200 series instrument, which was equipped with a variable wavelength detector
(Agilent Technologies, Inc., Santa Clara, CA, USA). This analysis was conducted employing
a Capcell Pak C18 UG120 column (4.6 mm X 250 mm, 5 pm; Osaka Soda Co. Ltd., Osaka,
Japan). The IAP extract, alongside standard arbutin (L14945; Alfa Aesar, Ward Hill, MA,
USA), was dissolved within a mobile phase solvent. The solvent comprised a mixture
of 10 mM monopotassium phosphate (KH,PO,) and acetonitrile at a ratio of 98.9:1.1,
respectively. The HPLC samples were filtered through 0.45 um membrane filters. During
the course of analysis, the column was maintained at a consistent temperature of 30 °C
and the sample assessment was performed at 280 nm. A sample volume of 10 pL was
injected at a flow rate of 0.8 mL/min. Subsequently, the resulting data were quantified by
comparison with the established standard arbutin.

2.3. Laboratory Animals

A total of 66 six-week-old SPF/VAF inbred (C57BL/6JBomTac) female mice from
Daehan Bio Link, Eumseong, Republic of Korea, were acclimatized for seven days at
laboratory conditions characterized by a temperature range of 20-25 °C, humidity levels
of 30-35%, and a 12:12 h light-dark cycle. After one week of rearing the experimental
animals, only those displaying consistent body weight gains and exhibiting behavioral
abnormalities on the functional observational battery test were selected and included in this
study. For proper grouping, the mice were categorized based on their measured average
body weights, which were as follows: intact vehicle control group (16.91 + 0.51 g) and
OVA-induced asthma test group (16.90 £ 0.56 g). This categorization was performed one
day before the initiation of the first sensitization and the initial administration of the test
substance. Asthma was induced through intraperitoneal (IP) injection of a 10 mg OVA
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solution (A5503; Sigma-Aldrich). Notably, a prior study involving Asian pear extract [40]
revealed that female C57BL/6] mice were more susceptible to PM; 5-induced lung damage,
with their neonatal offspring also demonstrating toxicity upon PM; 5 exposure during
pregnancy. Similar trends were also observed by Chen et al. [41] and Guo et al. [42], thus
leading us to anticipate a parallel trend in the present study. Furthermore, it is important to
note that female mice were chosen as the experimental animal model in this study due to
their suitability for group life, docile nature, relatively lower weight compared to males,
and ease of handling. These factors collectively contribute to the practicality of using female
C57BL/ 6] mice for this experimental investigation.

A total of six animal groups were included in this study, each consisting of ten animals
(n = 10). The animal experiments were conducted under the prior approval of the Animal
Experiment Ethics Committee of Daegu Haany University (approval no. DHU2022-120;
approved on 20 December 2022). All experimental animals underwent an 18 h fasting
period prior to the initiation of test substance administration (first sensitization by OVA)
and the final necropsy day. Importantly, it should be noted that access of drinking water
remained unrestricted for the duration of this fasting period.

The experimental animals were categorized into the following test groups:

1. Intact vehicle control: Vehicle-treated normal control mice;
. OVA control: OVA-sensitized and boosted mice with oral administration of vehicle;

3. DEXA: OVA-sensitized and boosted mice with oral administration of 0.75 mg/kg
of DEXA;

4. TAP40: OVA-sensitized and boosted mice with oral administration of 400 mg/kg of
IAP extract;

5. IAPyp0: OVA-sensitized and boosted mice with oral administration of 200 mg/kg of
IAP extract;

6. IAPq90: OVA-sensitized and boosted mice with oral administration of 100 mg/kg of
TIAP extract.

2.4. Induction of Asthma

The laboratory animals were sensitized following well-established procedures [20,21,24].
Briefly, the sensitization process involved the IP injection of a solution comprising 10 mL/kg
of a 10 mg OVA solution that was saturated in 20 mL of physiological saline solution
containing 0.9 mg of aluminum hydroxide (AI(OH)3; A8222; Sigma-Aldrich). This injection
was administered into the lower right abdomen of the experimental animals, and the
sensitization was repeated twice with a 7-day interval between administrations. Subsequent
to the final sensitization, asthma induction was achieved through a process of re-exposure
(boosting). This involved the nasal cavity application of an OVA solution (10 pug of OVA
dissolved in 50 uL of physiological saline) twice daily for a continuous period of 2 days
(resulting in a total of 4 exposures).

To ensure uniform calibration and dosing across the intact vehicle control group, a
parallel approach was taken. During sensitization, an Al(OH)3 solution was administered
via IP injection at the same dose. In the context of boosting, only physiological saline
(without OVA) was introduced into the nasal cavity, adhering to the same dosing and
administration procedure.

2.5. Administration of Test Material

The IAP extract, the test material, was dissolved in sterile distilled water at con-
centrations of 40, 20, and 10 mg/mL. These solutions were orally administered to the
experimental animals via gastric gavages once daily at a dose of 10 mL/kg (subsequent
final concentrations of 400, 200, and 100 mg/kg) for 16 days. The IAP extract dosages of
400, 200, and 100 mg/kg and the treatment duration were selected based on a prior study
involving Asian pear extract [40]. In parallel, DEXA (Sigma-Aldrich) was also dissolved
in sterile distilled water at a concentration of 0.075 mg/mL and was orally administered
once daily for 16 days, with each animal receiving 10 mL/kg, corresponding to a dosage of
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0.75 mg/kg [21-23,39,43,44]. To ensure consistent handling, restraint, and administration
stress, the control groups underwent the same process. However, instead of the test sub-
stance or DEXA, these control groups received oral administration of sterile distilled water
as a vehicle.

2.6. Removal of Lung Tissue

Twenty-four hours after the 16th administration of the test material, a comprehensive
lung examination was conducted. This involved the removal of the entire lung from each
experimental animal, followed by a measurement of its total weight using an automatic
scale (XB320M; Precisa Instrument, Dietikon, Switzerland). The left secondary bronchus
and the right lower lobe secondary bronchus were ligated using sterilized 3-0 nylon thread
(NB 324; AILEE, Busan, Republic of Korea). The left lobe of the lung was utilized for
both gross and histopathological observation, and the middle lobe and right upper lobe
were used for BALF collection, facilitating the extraction of important biological material
for analysis. Additionally, the right lower lobe was reserved for reverse transcription
polymerase chain reaction (RT-PCR) analysis, which focused on examining gene expression
patterns related to NF-«xB, p38 MAPK, phosphatase, and TENsin homolog deleted on
chromosome 10 (PTEN), Akt, and PI3K.

2.7. Observation Items

Body weight, weight gain, lung weight, gross autopsy finding, total cell counts in
BALE total leukocyte counts and leukocyte fraction counts, OVA-slg E content in serum,
IL-4 and IL-5 contents in lung tissue, BALF and IL-5 contents, histopathological changes
in lungs, and changes in oxidative stress and inflammation-related gene expressions were
evaluated using a CFX96TM Real-Time PCR System (Bio-Rad, Hercules, CA, USA). These
parameters were investigated based on methods that were previously established in our
earlier studies [20,21,45]. Each method is briefly described below.

2.7.1. Body Weight and Weight Gain

Variations in body weight and weight gain were meticulously tracked throughout
the study timeline using an electronic scale (Precisa Instrument). The measurements were
recorded at one day prior to the commencement of the initial test material administration, on
the day of the first test material administration, and at intervals of 1, 7, 14, 15, and 16 days
following the initiation of the test material administration. To minimize the potential
influence of feed intake on weight deviation, fasting was implemented on both the day
before and the final day of test material administration.

2.7.2. Lung Gross Necropsy Findings

After the lungs were separated and weighed, two 3-0 nylon ligations (AILEE) were
performed on the left secondary bronchus and the right lower secondary bronchus. The
left lung was used for both gross and histopathological evaluations. The middle and right
upper lobes of the lung were used for BALF collection, and the right lower lobes of the lung
were preserved for subsequent analyses involving cytokines and mRNA expression. Fur-
thermore, the acquired gross digital images of individual lungs were subject to calculation
to determine the percentage of congestion regions using a computer-assisted automated
image analyzer (iSolution FL, ver. 9.1, IMT i-solution Inc., Bernaby, BC, Canada).

2.7.3. BALF Leukocyte Fractionation

BALF was collected from the bloodstream by following the protocol established by
Glynos et al. [46]. Subsequently, an automatic cell counter (Countess C10281; Invitrogen,
Carlsbad, CA, USA) was used to perform a comprehensive analysis of cellular constituents
present within the BALF. The number of various types of white blood cells, including
lymphocytes, neutrophils, acid neutrophils, and monocytes were analyzed in accordance
using the previously established protocol of Shu et al. [47].
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2.7.4. Histopathological Changes in Lung Tissue

The left lobe was fixed in 10% neutral buffered formalin for 24 h. Subsequently,
paraffin blocks were employed to prepare tissue slides using an automatic microtome
(RM2255; Leica Biosystems, Nussloch, Germany). The prepared tissue slides were stained
with hematoxylin and eosin (H&E; Sigma-Aldrich) for general histopathology, toluidine
blue (TB; Sigma-Aldrich) for mast cells, and Congo red (CR; Sigma-Aldrich) for eosinophils,
as reported in the previously established protocols [20,21]. The stained tissue sections were
then subjected to histomorphometrical analysis, utilizing a computer-based image analysis
program and camera system (iSolution). The studied parameters included the mean
alveolar septal thickness (um), the mean alveolar surface area (ASA; %/ mm?) reflected by
the pulmonary functions’ gas exchange capacities [21,39,40], the number of PAS-positive
mucus-producing cells on the secondary bronchus, and the number of inflammatory
cells in the alveolar regions (cells/ mm?) [21,39,40]. The selection of histological fields for
inspection was consistent, with the upper regions of the secondary bronchus being chosen.
A minimum of one field from each tissue of the left lung was selected, amounting to a total
of ten histological lung fields per group.

2.7.5. mRNA Expression in Lung Tissue

In lung tissue, the assessment of the mRINA expression levels for genes related to
oxidative stress (NF-«B, p38 MAPK, PTEN, PI3K, and Akt) and inflammation (IL-4 and
IL-5) was conducted using established methods, as demonstrated by Deng et al. [48]
and Duong et al. [49]. The primer pairs were synthesized from OriGene Technologies
(Rockville, MD, USA), and the specific oligonucleotides employed in this study are detailed
in Table S1. Briefly, the procedural steps were as follows: RNA was extracted using
Trizol reagent (15596018; Invitrogen, Carlsbad, CA, USA) and the extracted RNA was
treated with recombinant DNase I (AM1906; DN A-free DNA Removal Kit; Thermo Fisher
Scientific Inc., Rockford, IL, USA) to remove DNA contamination. A High-Capacity cDNA
Reverse Transcription Kit (4368813; Thermo Fisher Scientific Inc.) was utilized for the
reverse transcription of RNA, adhering to the manufacturer’s instructions. A real-time
PCR analysis was performed using the Bio-Rad real-time system (Bio-Rad). The thermal
cycle conditions consisted of multiple steps: activation at 50 °C for 2 min, pre-soaking
at 95 °C for 10 min, denaturation at 95 °C for 15 s, annealing at 60 °C for 1 min, and a
melting curve process involving cycles of 95 °C for 15 s, 60 °C for 15 s, and 95 °C for 15 s.
The acquired data were normalized using (3-actin (Actb) mRNA expression as a reference.
The expression patterns were quantified using the comparative threshold cycle (2~44¢4)
method of Schmittgen and Livak [50].

2.8. Statistical Analysis

All reported values are presented as means and standard deviations (S.D.) derived
from a sample size of ten mice within each experimental group (1 = 10). The statistical
significance between these groups was undertaken through a one-way analysis of variance
(ANOVA) test using the SPSS ver. 18 (SPSS Inc., Chicago, IL, USA). The assessment of vari-
ance homogeneity was conducted using the Levene test. In situations where no significant
differences were observed, a subsequent verification of significance was performed using
Tukey’s honest significant difference (THSD) test. However, if a significant deviation was
identified in the Levene test, the significance was instead verified using Dunnett’s T3 (DT3)
test, as previously demonstrated in our earlier studies [20,21,45].

3. Results
3.1. Arbutin Content in IAP Extract

An HPLC analysis of the IAP extract revealed the presence of arbutin at a concentration
of 9.10 mg/g (Figure S1).
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3.2. Changes in Body Weight

At the fourteen days after the initial administration of the test substance, a statistically
significant weight loss (p < 0.01) was observed in the group administered with DEXA in
comparison to the intact vehicle control group. During the course of the experimental
period, there was a significant reduction in weight gains as well. Conversely, no signifi-
cant changes in body weights and weight gains were evident in any of the groups with
OVA-induced asthma. Furthermore, at the seventh day after the initial administration, a
significant weight loss (p < 0.01) was observed in the DEXA-administered group, and there
was a noteworthy decrease (p < 0.05) in weight gain as compared to the OVA control group.
Notably, no significant changes in body weights or weight gains were recorded among the
groups administered with different doses of IAP extract in comparison to the OVA control
group (Figure 1 and Table S2).

—&— Intact vehicle control mice

—O— OVA control mice

—%— DEXA 0.75 mg/kg administered to OVA challenged mice
—2— |AP 400 mg/kg administered to OVA challenged mice
—— |AP 200 mg/kg administered to OVA challenged mice
—{1— IAP 100 mg/kg administered to OVA challenged mice

L] L] L] L]

-1 0 1 7 14 15 16

Days after initial test article treatment

Figure 1. Changes in body weight in intact or OVA-induced allergic asthma mice. Arrow indicates
significant (p < 0.01) decreases in body weights in DEXA-administered mice 14 days after initial oral
administration. Dotted arrow indicates significant (p < 0.01) decreases in body weights in DEXA-
administered mice 7 days after initial oral administration. All animals were fasted overnight before
initial test material administration and sacrifice (t). # p < 0.01 compared with intact vehicle control
using THSD test; b p < 0.01 compared with OVA control using THSD test; © p < 0.01 compared with
intact vehicle control using DT3 test; 9 p < 0.01 compared with OVA control using DT3 test.
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3.3. Lung Gross Necropsy Findings and Changes in Lung Weight

The OVA control group showed evident lung enlargement coupled with pronounced
local congestion. This was substantiated by a significant (p < 0.01) augmentation in the
visually assessed congestion area, as well as the absolute and relative lung weights, when
contrasted with the intact vehicle control group. In contrast, significant (p < 0.01) decreases
in the gross lung congestion, as well as the absolute and relative lung weights, were
distinctly observed in all three doses of IAP-extract-administered groups, following a dose-
dependent pattern. In particular, the IAPoy group demonstrated a remarkable inhibitory
effect against OVA-induced lung congestion, enlargement, and an increase in absolute and
relative lung weights. This was comparable to that exhibited by the DEXA-administered
group (Figure 2 and Table S3).

D- E- R 1

Figure 2. Representative gross lung—left lobe images taken from intact or OVA-induced allergic
asthma mice. (A) Vehicle-treated normal control mice (intact vehicle control); (B) OVA-sensitized
and boosted mice with oral administration of vehicle (OVA control); (C) OVA-sensitized and boosted
mice with oral administration of 0.75 mg/kg of DEXA (DEXA); (D) OVA-sensitized and boosted mice
with oral administration of 400 mg/kg of IAP extract (IAP,); (E) OVA-sensitized and boosted mice
with oral administration of 200 mg/kg of IAP extract (IAP;q); (F) OVA-sensitized and boosted mice
with oral administration of 100 mg/kg of IAP extract (IAPqp). Arrows indicate congestional regions.
Scale bars: 5.00 mm.

3.4. Changes in Total Cell Count, Total Leukocyte Count, and Leukocyte Count in BALF

In the OVA control group, a statistically significant (p < 0.01) increase in the counts
of total cells, total leukocytes, lymphocytes, neutrophils, coral leukocytes, and monocytes
within the BALF was evident when compared to the intact vehicle control group. In a
contrasting pattern, substantial reductions (p < 0.01; p < 0.05) in the counts of total cells, total
leukocytes, lymphocytes, neutrophils, coral leukocytes, and monocytes in the BALF were
consistently observed across all three doses of IAP-extract-administered groups, following a
dose-dependent trend. In particular, the IAP4qy group exhibited significant inhibition of the
increase in total cells and leukocytes counts within OVA-induced BALEF, and a comparable
response was observed in the DEXA-treated group (Table 1).
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Table 1. Cytology of BALF in intact or OVA-induced allergic asthma mice.

Total Differential Counts

G

SRS Total Cells Leukocytes Lymphocytes Neutrophils Eosinophils Monocytes
Controls

Intact vehicle 15.00 £ 1.94 10.60 £ 2.01 6.90 &+ 1.60 220+ 0.79 0.21 +£0.19 0.21+0.13

OVA 57.80 £3.552 51.50 £3.47 ¢ 32.00 £3.74° 1140 +1.26°€ 2.99 +£0.80 ¢ 312£0.79 ¢
Reference

DEXA 25.30 + 4.14 2 20.10 £2.73 <€ 12.10 + 1.52 2P 4.80 +2.10de 0.81 £ 0.27 ¢ 0.87 £0.19

Test material groups

25.60 £3.503> 2060 £3.60%€  12.30 + 1.64 2P 490 + 1.66 0.84 4 0.32 c¢ 0.89 4 0.31
3340 £ 5273 2700 +4.71°€  16.50 & 3.03 2 6.20 £+ 1.55 <@ 1.33 £ 0.33 < 1.69 + 0.40 c¢
4230+ 4243 3480 +249%€ 2140 + 24673 7.60 £+ 1.17 <€ 1.64 +0.22 ¢ 212 +021¢

IAP 490
TIAPg
IAPwO

Cell number: 1 x 10* cells/mL. ? p < 0.01 compared with intact vehicle control using THSD test; ® p < 0.01
compared with OVA control using THSD test; © p < 0.01 and ¢ p < 0.05 compared with intact vehicle control using
DT3 test; © p < 0.01 and { p < 0.05 compared with OVA control using DT3 test.

3.5. Changes in Serum OVA-slg E Content

Within the OVA control group, a statistically significant augmentation (p < 0.01) in the
content of serum OVA-slg E was evident when contrasted with the intact vehicle control
group. In contrast, a significant and consistent decline (p < 0.01) in the serum OVA-slg
E content was distinctly observed across all three doses of the [AP-extract-administered
groups, in accordance with a dose-dependent pattern. In particular, the IAP,y group
exhibited an inhibitory effect against the OVA-induced increase in the serum OVA-slg E
content, which is a response that is comparable to that elicited by the DEXA-administered
group (Figure 3).

600 -
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] ] ]
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Serum OVA-slg E (ng/ml)

o
L

Intact OVA DEXA 400 200 100

0.75
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Figure 3. Serum OVA-slg E levels in intact or OVA-induced allergic asthma mice. # p < 0.01 compared
with intact vehicle control using DT3 test; ® p < 0.01 compared with OVA control using DT3 test.
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3.6. Changes in Cytokine IL-4 and IL-5 Contents in BALF and Lung Tissue

Within the OVA control group, a statistically significant increase (p < 0.01) in the levels
of cytokine IL-4 and IL-5 was observed in both the BALF and lung tissue compared to
the intact vehicle control group. In contrast, a significant and dose-dependent decrease
(p < 0.01) in the contents of IL-4 and IL-5 within both the BALF and lung tissue was evident
across all three doses of IAP-extract-administered groups. In particular, the IAP4y group
exhibited an inhibitory effect against the OVA-induced surge in the IL-4 and IL-5 levels
within the BALF and lung tissue, which is a response that is comparable to that observed
of the DEXA-administered group (Table 2).

Table 2. BALF and lung tissue cytokine (IL-4 and IL-5) contents in intact or OVA-induced allergic
asthma mice.

BALF Contents (pg/mL) Lung Tissue Contents (pg/mL)

Groups
1L-4 IL-5 1L-4 IL-5
Controls
Intact vehicle 18.80 = 4.24 21.00 + 6.22 39.70 + 11.53 4490 + 12.85
OVA 98.70 + 12.532 148.30 + 12.652 158.50 + 18.78 @ 174.80 +23.38 @
Reference
DEXA 35.60 + 12.75 be 59.80 + 14.56 a¢ 62.30 + 14.45 b¢ 78.40 + 19.73 ac

Test material groups
IAPq0
IAP;o

36.20 & 10.77 be
49.60 + 12.99 a¢

60.60 £ 17.68 a¢
87.30 &+ 18.54 a¢

62.70 + 18.18 b¢
91.50 &+ 18.42 &

79.20 + 14.62 ¢
100.10 £ 10.76 €

68.20 £ 10.30 ¢ 102.90 + 16.88 ¢ 110.40 + 12.77 ¢ 119.70 + 11.29 @¢

2p <0.01 and ® p < 0.05 as compared with intact vehicle control by THSD test; ¢ p < 0.01 as compared with OVA
control by THSD test.

3.7. Changes in Oxidative Stress and Inflammation-Related Gene Expressions in Lung Tissue

In the OVA control group, statistically significant (p < 0.01) increases in the mRNA
expressions of genes associated with oxidative stress and inflammation were observed
within the lung tissue. Notably, the expressions of NF-«kB, p38 MAPK, PI3K, Akt, IL-4,
and IL-5 genes were markedly increased, while the mRNA expression of the PTEN gene
exhibited a significant reduction (p < 0.01). In contrast, the groups administered with all
three doses of IAP extract displayed a significant (p < 0.01) and dose-dependent reduction
in the mRNA expressions of NF-«B, p38 MAPK, PI3K, Akt, IL-4, and IL-5 genes within the
lung tissue. Simultaneously, a significant (p < 0.01) and dose-dependent increase in the
mRNA expression of the PTEN gene was noted. In particular, the IAP4qy group exhibited a
pattern of gene expression comparable to that observed in the DEXA-administered group,
particularly with respect to the regulation of oxidative stress and inflammation-related
genes (Table 3).

3.8. Histopathological Changes in Lung Tissues

In the OVA control group, notable sarcomatous lesions were evident, characterized
by the thickening of the alveolar septa due to the infiltration of inflammatory cells,
along with the presence of inflammatory cells within the alveoli and bronchioles. A
statistically significant (p < 0.01) increase was observed in the average thickness of the
alveolar septa, as well as in the infiltration of inflammatory cells into the alveolar and
peribronchiolar regions. Moreover, there was an increase in the presence of eosinophilic
leukocytes and mast cells, coinciding with a decrease in the ASA within the OVA control
group. Conversely, in all three doses of IAP-extract-administered groups, a significant
(p < 0.01) and dose-dependent increase was noted in the ASA, the average alveolar sep-
tum thickness, as well as in the infiltration of inflammatory cells within the alveolar and
peribronchiolar regions. In addition, there was a dose-dependent increase in the number
of eosinophilic leukocytes and mast cells. In particular, the IAP499 group demonstrated
an inhibitory effect against OVA-induced reduction in the thickening of the alveolar
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septal, the infiltration of inflammatory cells, including eosinophilic leukocytes and mast
cells, and the related reduction in ASA. These findings are comparable to those observed
in the DEXA-administered group (Figure 4 and Table 4).

Table 3. mRNA expressions in lung tissue of intact or OVA-induced allergic asthma mice.

Controls Reference Test Material —IAP Extract
Groups Intact Vehicle OVA DEXA 400 mg/kg 200 mg/kg 100 mg/kg
IL-4 1.00 + 0.07 9.154+0.962 2.78 +1.04 20 2.79 + 0.58 ab 454 +1.182b 6.32 +£1.312
IL-5 1.00 + 0.05 713+ 1202 2.10 + 0.40 @b 212+ 048 3.40 £ 0.80 2P 428 + 0.97 2
NF-«B 1.00 + 0.07 14.40 £3.472 3.21 £+ 0.99 ab 3.25+0.922b 6.07 + 1.53 2P 8.24 + 1.08 2P
p38 MAPK 1.00 + 0.06 9.86 +2.68 2 2.82 +0.61% 2.85+0.71 2 3.96 +1.23 2 5.72 +1.94 2
PTEN 1.00 + 0.06 0.18 +0.042 0.62 £ 0.16 2P 0.61 £+ 0.10 2P 0.42 +0.09 @b 0.35 =+ 0.09 2P
PI3K 1.00 + 0.04 7.94 +0.772 2.61 +0.54 2.65 + 0.60 4.05+1.212p 5.13 + 1.02 2
Akt 1.00 + 0.06 7.02+1.312 2.36 + 0.64 2P 2.38 +0.53 2 3.53 + 0.49 ab 435+ 0.64 20
2 p < 0.01 compared with intact vehicle control using DT3 test; ® p < 0.01 compared with OVA control using
DT3 test.
Table 4. Histomorphometrical changes in lung—Ileft lobe tissue in intact or OVA-induced allergic
asthma mice.
Mean Alveolar Mean IF .Mearl CR+ Mean TB+ Mast
Groups Mean ASA Septal Thickness Cell Numbers Eosinophil Numbers  Cell Numbers
p (%/mm?) p Infiltrated on Infiltrated on Infiltrated on
(um) BAR (cells/mm?2) BAR (cells/mm?) BAR (cells/mm?2)
Controls
Intact vehicle 87.55 + 6.24 743 4+ 1.74 43.80 + 11.17 5.20 + 2.70 2.60 +1.35
OVA 50.28 + 6.90 2 55.23 +5.80 4 1008.00 +211.414  352.00 + 78.05 4 2050 +2.172
Reference
DEXA 77.87 £7.28¢ 18.43 4 4.53 de 121.20 + 38.16 de 34.40 + 14.78 de 5.80 + 2.20 be
Test material groups
IAP4 77.07 + 10.00 b¢ 18.81 +5.88 de 128.80 + 77.59 35.00 + 14.88 de 6.10 £ 1.52 ¢
APy 74.68 + 6.55 ¢ 25.19 +4.11 de 377.20 + 166.739¢  106.00 + 18.60 9e 10.00 + 2.31 a¢
IAPqg 69.02 + 6.48 ¢ 34.31 + 5.41 de 510.00 + 134.63 ¢ 195.90 & 51.90 de 12.20 £ 2.74 a¢

2p <0.01 and ® p < 0.05 compared with intact vehicle control via THSD test; ¢ p < 0.01 compared with OVA control
via THSD test; ¢ p < 0.01 compared with intact vehicle control via DT3 test; © p < 0.01 compared with OVA control

via DT3

test.



Appl. Sci. 2023,13, 9342 12 0of 19

Hematoxylin and eosin

Figure 4. Representative general histopathological profiles of the lung—Ileft lobe tissues taken from
intact or OVA-induced allergic asthma mice. (A) Vehicle-treated normal control mice (intact vehicle
control); (B) OVA-sensitized and boosted mice with vehicle oral administration (OVA control);
(C) OVA-sensitized and boosted mice with oral administration of 0.75 mg/kg of DEXA (DEXA);
(D) OVA-sensitized and boosted mice with oral administration of 400 mg/kg of IAP extract (IAP4q);
(E) OVA-sensitized and boosted mice with oral administration of 200 mg/kg of IAP extract (IAPyq);
(F) OVA-sensitized and boosted mice with oral administration of 100 mg/kg of IAP extract (IAP1gp).
Arrows indicate CR-positive eosinophils or TB-positive mast cells. Scale bars: 200 um.
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4. Discussion

The occurrence of significant weight loss is a recognized side effect associated with the
administration of DEXA [20,21,39,51]. Similar to previous studies, the DEXA-administered
group exhibited a significant decline in body weight, which commenced either 7 days or
14 days following the initiation of test substance administration. The amount of weight gain
during the 16-day administration period also showed a significant decrease. This reduction
in weight was statistically significant in comparison to both the intact vehicle control group
and the OVA control group. In contrast, no significant variations in body weights and
weight gains were observed in all three IAP-extract-administered groups. These outcomes
suggest that the administration of IAP extract did not induce any significant side effects, as
the changes in the body weights remained within the range of weight gain that is typically
exhibited by C57BL/6 mice of the same age [52,53].

The lung weight index, which is a measure of the lung weight relative to the body
weight, is a valuable parameter for assessing the pulmonary edema resulting from in-
creased vascular leakage [21,54]. In this context of OVA-induced asthma in mice, part of the
inflammatory response involves the weakening of the binding forces between vascular en-
dothelial cells, leading to increased vascular leakage, pulmonary edema, and a subsequent
increase in lung weight [55-57]. In contrast to this study, lung enlargement accompanied
by noticeable local congestion, a manifestation of lung edema, was observed in the OVA-
sensitized mice subjected to local re-exposure through nasal cavity injection. This was
reflected in a significant increase in visual congestion, as well as in the absolute and relative
lung weights, compared to the intact vehicle control group. Conversely, in comparison
to the OVA control group, the groups administered with all three doses of IAP extract
demonstrated significant reductions in the gross lung congestion and in both absolute and
relative lung weights. These reductions occurred in a dose-dependent manner and was
evident across all three doses of IAP-extract-administered groups. These results provide
compelling evidence that the oral administration of IAP extract has a dose-dependent
suppressive effect on OVA-induced pulmonary edema. This suppression is likely attributed
to the anti-inflammatory properties of IAP extract, which result in a reduction in vascular
leakage and subsequent pulmonary edema.

The observed findings align with the outcomes of previous studies using OVA-induced
allergic asthma mouse models [20,21,56]. Consistent with these earlier investigations, the
present study also reveals a notable increase in the total cell counts within the BALF.
This increase encompasses higher counts of total leukocytes, lymphocytes, neutrophils,
coral leukocytes, and monocytes. These elevated cell counts serve as markers of allergic
inflammation, which is attributable to the process of OVA sensitization followed by topical
re-exposure through nasal cavity injection. Conversely, significant decreases in the counts
of lymphocytes, total leukocytes, total cells, neutrophils, coral leukocytes, and monocytes
were noted within the BALF. These reductions exhibited a dose-dependent suppression
of OVA-induced allergic inflammatory responses in the IAP-administered groups. These
findings serve as indirect yet compelling evidence that the administration of IAP extract
effectively curtails allergic inflammatory outcomes and re-exposure, underscoring the
anti-inflammatory potential of IAP extract in the context of allergic asthma.

Allergic asthma stands as a prominent exemplar of chronic inflammatory respiratory
diseases, with sustained hypersensitivity reactions derived by elevated levels of slg E
and the induction of mucus-producing goblet cell proliferation within the airway epithe-
lium [58]. Experimental animal models of allergic asthma induced by OVA have consis-
tently demonstrated marked increases in both the serum and BALF IgE content [18,20,21,58].
Similarly, the current study shows a significant increase in the OVA-slg E content within
the serum, representing a hallmark of the allergic inflammation triggered by OVA sensi-
tization and subsequent nasal re-exposure. In contrast, the groups treated with various
doses of IAP extract exhibited a significant decrease in the serum OVA-sIg E content in
a dose-dependent manner when compared with the OVA control group. This outcome
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underscores the anti-allergic inflammatory potential of IAP extract, as evidenced by its
ability to suppress the OVA-induced increase in the serum OVA-slg E content.

Th2 cells and the corresponding inflammatory cytokines play pivotal roles in the
pathogenesis of allergic asthma [58,59]. In particular, IL-4 promotes the differentiation of
IgE-producing B lymphocytes, thereby fostering the development of allergic inflammation
and airway remodeling [11,12]. IL-5 is specifically associated with eosinophilic leukocytes,
contributing to their proliferation, differentiation, migration, activity, replenishment, and
survival. The differentiation of eosinophilic leukocytes within tissues is associated with
the induction of various allergic reactions, including asthma [14]. This study employed an
enzyme-linked immunosorbent assay (ELISA) and real-time RT-PCR analyses to ascertain
the levels of IL-4 and IL-5 both in the BALF and lung tissue. The results indicate noteworthy
increases in the IL-4 and IL-5 contents, alongside increased IL-4 and IL-5 mRNA expres-
sions, following OVA sensitization and topical re-exposure through nasal administration.
Conversely, the administration of various doses of IAP extract led to significant reductions
in the IL-4 and IL-5 contents and in the mRNA expressions within both the BALF and
lung tissue, demonstrating a dose-dependent pattern. These findings collectively pro-
vide compelling evidence that the oral administration of IAP extract effectively mitigates
OVA-induced allergic asthma in a dose-dependent manner by modulating the activity of
Th2-cell-associated inflammatory cytokines, especially IL-4 and IL-5.

The pathological manifestations of asthma have been primarily centered around
excessive mucus production, airway obstruction, and the infiltration of various inflam-
matory cells including lymphocytes, eosinophilic leukocytes, and mast cells [20,21,60].
Histopathological examinations have consistently revealed significant alterations, such
as the thickening of the alveolar septa due to the presence of inflammatory cells, and the
infiltration of various inflammatory cells including mast cells and eosinophilic leukocytes
around the alveoli and bronchioles in the lungs of allergic asthma mouse models induced
by OVA sensitization and local re-exposure through nasal administration [20,21,24,56].
The assessment of the ASA (%/mm?) serves as a critical indicator of indirect lung gas
exchange capacity. A reduction in the ASA corresponds to a decline in the gas exchange
surface area within the lung, resulting in diminished lung function. A decreased ASA
has been histopathologically reported in different lung diseases [20,21,39,43,44,61]. In line
with previous findings from drug efficacy experiments conducted on OVA-induced allergic
asthma models [20,21,24,56], the current study observed significant sarcomatous lesions
characterized by the thickening of the alveolar septum due to the infiltration of inflamma-
tory cells around the alveoli and bronchioles in response to OVA sensitization and local
re-exposure through nasal administration. Furthermore, a histomorphometric analysis
demonstrated significant increases in the thickness of the mean alveolar septum, as well
as the presence of infiltrating inflammatory cells within the alveoli and peribronchiolar
regions, including eosinophilic leukocytes and mast cells. These changes were associated
with a reduction in the ASA compared to the intact vehicle control group. In contrast, com-
pared to the OVA control group, the IAP-extract-administered groups showed significant
and dose-dependent increases in the ASA, the average alveolar septal thickness, infiltrating
inflammatory cells within the alveoli and peribronchiolar regions, eosinophilic leukocytes,
and mast cell numbers. These findings provide compelling direct evidence suggesting that
the oral administration of IAP extract has the potential to suppress OVA-induced allergic
asthma in a dose-dependent manner through its anti-inflammatory effects.

NF-kB, a crucial player in inflammation linked to reactive oxygen species (ROS), exerts
its effects by binding to promoters encoding tumor necrosis factor (TNF)-«, ILs (IL-1 and
IL-6), and certain adhesion molecules [62,63]. Moreover, NF-«B regulates the expression
of various cytokines that are directly involved in the inflammatory response [64,65]. Its
overexpression is well documented in allergic asthma, and the upregulation of p38 MAPK,
PI3K, and Akt is also observed alongside an increase in NF-kB expression [5-7,66,67].
Furthermore, PTEN serves as a pivotal suppressor of tumorigenesis within the PI3K/ Akt
signaling pathway. Abnormalities in the PTEN gene contribute to the pathogenesis of
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various malignancies [68-70]. PTEN gene expression is modulated by the MAPK signal-
ing pathway [71], where inhibiting the MAPK signaling pathway substantially curtains
malignant tumor development by maintaining PTEN expression [70,72]. Currently, the
enhanced PTEN expression or suppression of PI3K activity has emerged as a potential
strategy to alleviate allergic asthma through the regulation of various signal transduction
pathways [66,73,74]. In this study, OVA sensitization and local re-exposure through nasal
administration led to a significant increase in oxidative stress and inflammation-related
NEF-«B, p38 MAPK, PI3K, and Akt mRNA expressions, coupled with a decrease in PTEN
mRNA expression within lung tissue. Conversely, a dose-dependent attenuation of oxida-
tive stress-induced inflammatory lung damage was evident through the modulation of
OVA-induced PI3K/AKT/PTEN, p38 MAPK, and NF-kB mRNA expressions in all three
doses of IAP-administered groups.

The findings of this study collectively provide compelling evidence supporting the
potential of the oral administration of IAP extract in the dose-dependent mitigation of
OVA-induced allergic asthma, oxidative stress, and inflammatory lung damage. This effect
is likely medicated through the anti-inflammatory and antioxidant activities, achieved by
regulating key signaling pathways including p38 MAPK, NF-«B, and PI3K/Akt/PTEN.
Nevertheless, it is important to acknowledge the several limitations of this study. Further
research could delve deeper into elucidating the specific mechanisms by which IAP extract
influences the PI3K-Akt pathway, possibly involving phosphorylation events, in the context
of the OVA-induced in vivo asthma model. Additionally, conducting electron microscopic
studies on lung tissues might offer valuable insights into the ultrastructural changes
underlying the observed effects. While the present study contributes valuable insights
into asthma research, it is essential to recognize that further rigorous clinical studies are
necessary to corroborate these findings before considering the incorporation of Asian pear
extract into health-functional foods or pharmaceutical products.

5. Conclusions

The results of this study, conducted on female C57BL/6] mice, offer compelling ev-
idence that the allergic asthma induced by OVA sensitization and topical re-exposure in
the nasal cavity can be effectively inhibited in a dose-dependent manner through the oral
administration of IAP extract at concentrations ranging from 400 to 100 mg/kg. These bene-
ficial effects are attributed to the anti-inflammatory and antioxidant activities of IAP extract,
which are facilitated by the regulation of key gene expressions including PI3K/Akt/PTEN,
p38 MAPK, and NF-«B. Importantly, the inhibitory impact observed in the groups adminis-
tered with IAP extract at 400 mg/kg was comparable to that of the group treated with DEXA
at 0.75 mg/kg. This highlights the potential of IAP extract, particularly in a higher dose, as
a promising candidate for the development of a more effective natural therapeutic agent
or health-functional food ingredient aimed at enhancing respiratory function. It should
be emphasized, however, that while these findings are promising, further research and
clinical validation are necessary to establish the safety, efficacy, and potential applications
of IAP extract in addressing allergic asthma and respiratory health. This study lays a robust
foundation for future endeavors in this area, signaling the potential for the development of
innovative approaches to respiratory wellness utilizing natural compounds.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app13169342/s1, Figure S1: HPLC analysis of standard arbutin
(A) and arbutin in IAP extract (B); Table S1: Oligonucleotides for quantitative RT-PCR analysis;
Table S2: Body weight gains in intact or OVA-induced allergic asthma mice; Table S3: Lung weights
and gross inspections in intact or OVA-induced allergic asthma mice.
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Abbreviations

Akt: Protein kinase B; AI(OH)3: Aluminum hydroxide; ANOVA: One way anal-
ysis of variance test; ASA: Alveolar surface area; BALF: Bronchoalveolar lavage fluid;
BAR: Bronchiole-alveolar region; CR: Congo red; Day-1: One day before initial test ar-
ticle administration; Day 10: The day of sacrifice, 24 h after last 16th test material ad-
ministration; DEXA: Dexamethasone; DT3: Dunnett’s T3 test; ELISA: Enzyme-linked
immunosorbent assay; H&E: Hematoxylin and eosin; HPLC: High-performance liquid chro-
matography; IAP: Immature Asian pear extract; IF: Inflammatory; IgE: Immunoglobulin E;
IL: Interleukin; IP: Intraperitoneal; KH,PO4: Monopotassium phosphate; MAPK: Mitogen-
activated protein kinases; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated
B cells; OVA: Ovalbumin; p38 MAPK: p38 mitogen-activated protein kinase; pB: Primary
bronchiole; PI3K: Phosphoinositide 3-kinase; PTEN: Phosphatase and TENsin homolog
deleted on chromosome 10; RT-PCR: Reverse transcription polymerase chain reaction;
sB: Secondary bronchus; slg: Specific immunoglobulin; TA: Terminal respiratory bronchiole-
alveoli; TB: Toluidine blue; Th2: Type 2 helper T cells; THSD: Tukey’s honest significant
difference test; TNF: Tumor necrosis factor.
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