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ABSTRACT

Asthma, characterized by persistent inflaimmation and increased sensitivity of the airway, is
the most common chronic condition among children. Novel, safe, and reliable treatment strategies
are the focus of current research on pediatric asthma. Amygdalin, mainly present in bitter almonds,
has anti-inflammatory and immunoregulatory potential, but its effect on asthma remains
uninvestigated. Here, the impact of amygdalin on the thymic stromal lymphopoicetin (TSLP)—
dendritic cell (DC)—OX40L axis was investigated.

A BALB/c mouse model for allergic asthma was established using the ovalbumin-
sensitization method. Amygdalin treatment was administered between days 21 and 27 of the
protocol. Cell numbers and hematoxylin and eosin (H&E) staining in bronchoalveolar lavage fluid
(BALF) were used to observe the impact of amygdalin on airway inflammation. TSLP, IL.-4, IL-5,
IL-13, and IFN-y concentrations were determined via Enzyme-linked immunosorbent assay
(ELISA). TSLP, GATA-3, and T-bet proteins were measured using western blotting. Cell-surface
receptor expression on DCs (MHC II, CD80, and CD86) was assessed via flow cytometry. OX40L
mRNA and protein levels were detected using western blotting and qRT-PCR, respectively.

Amygdalin treatment attenuated airway inflammation decreased BALF TSLP levels, inhibited
DC maturation, restrained TSLP-induced DC surface marker expression (MHCII, CD80, and
CDS86), and further decreased OX40L levels in activated DCs. This occurred together with
decreased Th2 cytokine levels (IL-4, IL-5, and IL-13) and GATA3 expression, whereas Thl
cytokine (IFN-y) levels and T-bet expression increased.

Amygdalin thus regulates the Th1/Th2 balance through the TSLP-DC-OX40L axis to
participate in inflaimmation development in the airways, providing a basis for potential allergic
asthma treatments.
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Amygdalin Improves Asthma via TSLP-DC-0X40L

INTRODUCTION

Asthma is a chronic condition marked by persistent
inflammation and increased airway reactivity, resulting
in symptoms that include cough, wheezing,
breathlessness, and chest tightness.® It is the most
frequently occurring chronic ailment in children,
affecting approximately 14% of children worldwide, and
its prevalence is increasing. Among chronic respiratory
diseases, asthma ranks second as a cause of mortality.*
Since the 1970s, inhaled corticosteroids (ICSs) have
been widely recognized as the primary treatment for
asthma.? However, drug-related side effects include
ophthalmic effects, hypothalamic—pituitary—adrenal axis
suppression, diabetes, respiratory infections, slower
growth, and osteoporosis.®* The likelihood of
experiencing these negative consequences is particularly
significant in cases of severe asthma, impacting
approximately 5% to 10% of patients who necessitate
high dosages of ICSs.* Therefore, investigations of
novel, safe, and reliable treatment strategies are the
focus of current research on pediatric asthma.

Allergic asthma typically begins during childhood,
and it is linked to immune responses mediated by T
helper 2 (Th2) cells.® Thymic stromal lymphopoietin
(TSLP), a cytokine predominantly released by cells of
bronchial and lung epithelium, plays a central role in
preserving immune balance and modulating type 2
inflammatory reactions in different allergy conditions.®
Targeting TSLP and its signaling pathway presents a
promising therapeutic approach.”® Dendritic cells (DCs)
are widely regarded as pivotal regulators of immune
response initiation in asthma.® TSLP plays a crucial role
as an upstream cytokine for DCs,’® promoting
expression of the OX40 ligand (OX40L) and
subsequently inducing differentiation of Th2 cells.*t
Thus, the TSLP-DC-0OX40L pathway appears to be
involved in airway inflammation in asthma.*?

Natural traditional herbal medicines and plant-derived
metabolites are well known for treating asthma, with low
toxicity.*>  Amygdalin, a prominent bioactive
compound found in Chinese raw bitter almonds, has
long been widely used in various diseases.'® Figure 1A
depicts a structural representation of amygdalin, and its
molecular formula is CyH27NOw (MW: 457.43).
Amygdalin has antitumor, antifibrosis, pain-relieving,
immunomodulatory, and anti-atherosclerosis
activities.'” Notably, amygdalin has the ability to reduce
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epithelial-mesenchymal transition, inflammation, and
apoptosis of bronchial airway epithelial cells.®
Nevertheless, the specific anti-allergic asthma effects of
amygdalin remain unexplored. Here, we sought to
explore the impact of amygdalin on asthma, as well as
its possible molecular mechanisms, using an ovalbumin
(OVA)-induced asthma mouse model.

MATERIALS AND METHODS

Animals, Asthma Mouse Model Establishment, and
Treatment Protocol

Male BALB/c mice (6 to 8 weeks), purchased from
Shanghai Slac Laboratory Animal Co., Ltd, had
unrestricted access to food and water in standard
transparent plastic cages. Housing conditions were
maintained at 21°C with a 12-hour light-dark cycle. All
animal experiments were approved by the Institutional
Animal Care and Use Committee of Shanghai Municipal
Hospital of Traditional Chinese Medicine (No.
2022017).

Mice were randomly assigned to 4 groups, each
containing 6 mice, as follows: control (normal saline;
NS), OVA (OVA+ NS), DEX (OVA + dexamethasone;
Dex), and amygdalin (OVA+amygdalin). We
established an OVA-induced asthma mouse model,
conducted as described previously*® with modifications
(Figure 1B). In the OVA, DEX, and amygdalin groups,
mice were sensitized via intraperitoneal injection of
OVA (50 pg, Sigma-Aldrich, St. Louis, USA)
emulsified in aluminum peroxide (1 mg, Sigma-Aldrich)
on day 0 and 14. The challenge was performed with 5%
OVA inhalation for 30 minutes using an ultrasonic
nebulizer (OMRON Co., Tokyo, Japan) over days 21 to
27. Mice in the DEX or amygdalin group were
administered 200 pL Dex (2 mg/kg, Shanghai Xinyi
Pharmaceutical Co., Ltd., Shanghai, China) or
amygdalin (15 mg/kg, Sigma-Aldrich) via gavage, 1
hour before the challenge. The OVA group was sham-
treated with NS. The control group underwent
sensitization, challenge, and treatment, all with NS. All
mice were euthanized 24 hours following the last OVA
challenge on day 28.

Bronchoalveolar Lavage Fluid (BALF) Collection
and Total Cell Counting

BALF was obtained 24 hours after the final
challenge, as described previously.*® Briefly, mice were

Iran J Allergy Asthma Immunol/ 431

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

W. Cui, et al.

euthanized, and the tracheae were isolated. Phosphate-
buffered saline (PBS) containing 0.1% bovine serum
albumin was instilled into the lungs 3 times, BALF was
collected and centrifuged at 1250¢g for 5 minutes at 4°C.
The supernatants were gathered and preserved at —80 °C
for analysis. To perform differential cell counts, the cell
pellets were resuspended in 200 pL. NS and centrifuged
onto slides using a cytospin device (Shandon Cytospin
4, Thermo Fisher Scientific, USA) at 200g for 10
minutes at 4°C. The slides were then stained with
Wright-Giemsa Staining Solution (Beyotime, Shanghai,
China) to determine total cell counts.

Enzyme-linked Immunosorbent Assay (ELISA)

The concentration of TSLP, interferon (IFN)-y,
interleukin (IL)-4, IL-5, and IL-13 in the BALF
supernatant were quantified using ELISA kits (R&D
Systems,  Minneapolis, USA) following the
manufacturer’s instructions.

Lung Histopathology

Lung tissue was fixed with 10% formaldehyde,
dehydrated, made transparent, dipped in wax,
embedded, sliced into paraffin slices with a 5 mm
thickness, and stained with hematoxylin and eosin
(H&E; BASO, Shanghai, China). Finally, lung tissue
samples were examined under an optical microscope
(Olympus 2H12003, Tokyo, Japan) to assess
pathological changes.

Western Blotting

Briefly, lung tissues were fragmented into small
pieces and homogenized in radio-immunoprecipitation
assay buffer (RIPA) lysis buffer (Beyotime). The lyzed
samples were centrifuged at 12000g for 15 minutes at
4°C, and the supernatant was collected. Protein
concentrations were assessed utilizing a bicinchoninic
acid (BCA) protein assay kit (Beyotime). Protein lysates
(25 pg) were loaded onto an 8-15% sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
gel and electrophoresed onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Germany). Then, the
membranes were blocked with 5% skim milk for 1 hour
at 23°C.

The blots were incubated at 4°C overnight with
antibodies against TSLP, OX40L, GATA-3, T-bet, and
GAPDH (Abcam, USA). After washing with 1xTris-
Buffered Saline with Tween (TBST), the membranes
were exposed to goat anti-rabbit 1gG or goat anti-mouse
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1gG (Abcam). Finally, an enhanced chemiluminescence
reagent kit (Beyotime) was used for color development.
Relative protein quantification was performed using
Quantity One software (Bio-Rad, USA). All
experiments were independently repeated thrice.

Generation of DCs Derived from Bone Marrow

On day 28, the mice were euthanized, and the femur
and tibia were removed. Bone marrow cells were flushed
out using a syringe containing 5 mL of PBS. Red blood
cell elimination was carried out using Red Blood Cell
Lysis Buffer (Solarbio, China). The remaining cells
were resuspended in Roswell Park Memorial Institute
1640 (RPMI1640) medium (Hyclone, USA)
supplemented with 10% fetal bovine serum (FBS)
(Gibco, USA), 1 mM sodium pyruvate (Solarbio), 1%
Non-essential amino acids (NEAA) (Gibco), 50 uM 2-
mercaptoethanol (Gibco), 1% penicillin-streptomycin
(Solarbio), recombinant murine IL-4 (1000 U/mL;
Sigma) and  granulocyte-macrophage  colony-
stimulating factor (GM-CSF) (500 U/mL; Sigma) with a
concentration of 2x10%/mL. Cells were cultured at 37°C
in a humidified atmosphere containing 5% CO,. Every 2
days, half of the medium was exchanged with fresh,
complete medium. Cell morphology was observed on
days 0, 3, 6, and 9. Cells were collected and resuspended
in RPMI11640 on day 9.

Flow Cytometric Analysis of DC Surface Markers

DCs were centrifuged, washed, and resuspended in
PBS. Single-cell suspensions of DCs were stained with
Anti-Mouse major histocompatibility complex class Il
(MHCIN-FITC (eBioscience, USA), Anti-mouse cluster
of differentiation (CD80)-FITC (BD Biosciences,
USA), and Anti-mouse CD86-FITC (BD Biosciences) in
the dark at 4°C for 1 hour. A total of 10,000 cells per
sample were measured using a flow cytometer (BD
Accuri™ C6, BD Biosciences).

Quantitative Real-time Polymerase Chain Reaction
(PCR)

Total RNA from DCs was extracted using TRIzol
reagent (Invitrogen, California, USA) following the
manufacturer’s instructions. Subsequently, reverse
transcription was carried out using Superscript Il
Reverse Transcriptase (Fermentas, CAN). Real-time
analysis was performed with Maxima SYBR
Green/ROX gPCR Mix (Thermo Fisher, USA) with a
PCR detection system (Applied Biosystems™ 7500,
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Applied Biosystems, USA). PCR was performed using
the following specific primers: OX40L (forward, 5'-
ACCCTCCAATCCAAAGAC-3; reverse, 5'-
TCGCACTTGATGACAACC-3") and GAPDH
(forward, 5'-ATCACTGCCACCCAGAAG-3'; reverse,
5'- TCCACGACGGACACATTG-3’). GAPDH was
used for normalization, and relative gene expression was
estimated using the 2724t method.

Sensitization(i.p.)
NS/OVA:Alum NS/OVA

Statistical Analysis

All data are presented as the mean * standard
deviation (SD). Statistical comparisons were performed
via one-way analysis of variance (ANOVA) using SPSS
software (version 18.0, USA), followed by Dunnett’s
multiple comparison test. Results with p<0.05 were
considered statistically significant.

Challenge(i.n.)

a b

:

21222324 252627 28

trreets

NS/Dex/Amygdalin(p.o.)
1h after challenge
Sacrifice

Figure 1. Chemical structure of amygdalin and experimental design of the murine asthma model and treatment with
amygdalin. (A) Illustration of the amygdalin molecule, as obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov). (B)
Mice were sensitized on days 0 and 14 through intraperitoneal injection of ovalbumin (OVA; 50 pg/L mg aluminum peroxide)
and challenged on days 21 to 27 via OVA nebulization (5% OVA,; 30 min). Amygdalin (15 mg/kg) or dexamethasone (2 mg/kg)
treatments occurred from day 21 to 27 of the protocol. Mice were euthanized on day 28.

RESULTS

Amygdalin Attenuates Airway Inflammation in
OVA-induced Allergic Asthma

To evaluate the impact of amygdalin on airway
inflammation, inflammatory cell counts in BALF were
quantified (Figure 2A). Compared with the control
group, total counts of cells, as well as macrophages,
eosinophils, neutrophils, and lymphocytes, exhibited a
significant increase in OVA-sensitized mice (p<0.01).
However, Dex or amygdalin administration led to a
notable decrease in both total and inflammatory cells
(p<0.01 and p<0.05, respectively).

Furthermore, H&E staining of lung tissues was
performed (Figure 2B). Lung tissue histology of OVA-
treated mice exhibited notable indicators of increased
mucus hypersecretion, inflammatory cell invasion, and
goblet cell proliferation. However, histopathological
changes were significantly ameliorated in DEX or
Amygdalin groups. Collectively, these findings suggest
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that amygdalin might alleviate airway inflammation in
OVA-challenged mice.

Amygdalin Downregulates TSLP Levels in OVA-
Induced Allergic Asthma

Western blotting revealed significant elevation in
TSLP protein levels in lung tissues of the OVA group
(p<0.01, Figures 3A and 3B). However, TSLP levels
were markedly reduced in both DEX and amygdalin
groups (p<0.01, Figures 3A and 3B).

Meanwhile, TSLP levels in BALF showed consistent
results (Figure 3C). ELISA showed that TSLP cytokines
were markedly enhanced in the OVA group (p<0.01).
The administration of Dex or amygdalin led to a notable
decrease in TSLP levels (p<0.01). These data indicate
that amygdalin could reduce TSLP expression within the
respiratory passages of mice experiencing allergic
asthma.
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Figure 2. Impact of amygdalin on airway inflammation. (A) Effect of amygdalin on cell counts in bronchoalveolar lavage fluid.
# or * p<0.05; ## or ** p<0.01; # vs. Control group; * vs. ovalbumin (OVA) group. (B) Histopathological changes in the lung
tissues stained with hematoxylin and eosin. Bars = 100 pm.
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Figure 3. Amygdalin counteracts thymic stromal lymphopoietin (TSLP) expression in ovalbumin (OVA)-sensitized mice. (A
and B) TSLP expression in lung tissues was assessed using western blotting, with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) utilized as the internal control. (C) The concentration of TSLP in bronchoalveolar lavage fluid (BALF) was measured
using enzyme-linked immunosorbent assay (ELISA). # or ** p<0.01; # vs. Control group; * vs. OVA group.

Amygdalin Slows Dendritic Cell Maturation and Dex or amygdalin administration resulted in a reduction
Inhibits the DC-OX40L Axis in MHCII, CD80, and CD86 expression, indicating a
We assessed the cell-surface receptors of DCs notable impact on the maturation and activation of DCs
(MHCII, CD80, and CD86), which are required for T- mediated by amygdalin.
cell activation (Figure 4). Results showed that MHCII, We further evaluated the capacity of amygdalin to
CD80, and CD86 (Figures 4A to 4C) expressed by DCs activate DCs to produce OX40L (Figure 5). Western
were significantly increased in the OVA group (p<0.01). blotting showed that OX40L protein levels in DCs were
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elevated in the OVA group (p<0.01, Figures 5A and 5B).
Treatment with Dex or amygdalin resulted in
significantly decreased OX40L levels (p<0.01). OX40L
mMRNA levels in DCs showed the same results (Figure
5C). These findings demonstrate that amygdalin
inhibited DC maturation, restrained the TSLP-induced
DC surface marker expression, and further decreased
OX40L levels in activated DCs.

Th2 cytokine (IL-4, IL-5, and IL-13) levels in BALF
exhibited a significant increase in the OVA group
(p<0.01, Figure 6A). Conversely, levels of Thl cytokine
(IFN-y) were markedly decreased (p<0.01, Figure 6B).
Treatment with Dex or amygdalin restored Th2 cytokine
and Thl cytokine expression (p<0.01). These results

indicate that amygdalin could attenuate the Th2 response
in the airways of mice with OVA-induced allergic
asthma.

Moreover, in the OVA group, an increase in the
protein levels of GATA-3, a critical regulator of Th2
cells, was observed, while a decrease in the protein
levels of T-bet, a crucial regulator of Thl cells, was
noted (p<0.01, Figure 6C and 6D). GATA-3 expression
was decreased, and T-bet expression was increased after
treatment with Dex or amygdalin (p<0.01). These
findings align with the impact of amygdalin on the
production of Thl and Th2 cytokines.
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Figure 4. Amygdalin decreases the expression of cell-surface receptors in dendritic cells (DCs). Bone marrow-derived DCs were
obtained from the 4 mouse groups. The expression of major histocompatibility complex class 11 (MHC II) (A), the cluster of
differentiation (CD)80 (B), and CD86 (C) on the DC surface was assessed via flow cytometry. # or ** p < 0.01; # vs. Control
group; * vs. ovalbumin (OVA) group.
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Figure 5. Amygdalin counteracts the effects on OX40L expression in dendritic cells (DCs) in ovalbumin (OVA)-sensitized mice.
(A and B) OX40L expression in DCs derived from bone marrow was accomplished using western blotting, with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) employed as the internal control. ¢ The mRNA levels of thymic stromal lymphopoietin
(TSLP) in DCs were measured via quantitative real-time polymerase chain reaction (PCR). # or ** p<0.01; # vs. Control group;
*vs. OVA group.
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Figure 6. Effect of amygdalin on the T helper (Th)1/Th2 balance in ovalbumin (OVA)-sensitized mice. (A) Th2 cytokines levels
(interleukin (IL)-4, IL-5, and IL-13), b Th1 cytokines levels (interferon (IFN)-y) in bronchoalveolar lavage fluid (BALF) were
determined via enzyme-linked immunosorbent assay (ELISA). ¢, d Western blotting analysis of GATA-3 and T-bet protein
expression in lung tissues. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. ## or **
p<0.01; # vs. Control group; * vs. OVA group.
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DISCUSSION

Asthma is a common chronic inflammatory disorder
among the pediatric population. Over the years, there has
been a steady increase in its prevalence.?’ Although
various treatments are available, new drugs for improving
inflammation must be actively explored.?*?? Herein, we
demonstrated that amygdalin, derived from the Chinese
raw bitter almond, a traditional herbal medicine, could
ameliorate allergic asthma in OVA-induced mouse
models. Results showed that amygdalin attenuated airway
inflammation through the TSLP-DC-OX40L axis and
further regulated Th1/Th2 balance. Thus, amygdalin is a
potential therapeutic agent for asthma.

Airway obstruction, primarily caused by persistent
airway inflammation, is the principal characteristic of
asthma.>® We generated an allergic asthma mouse
model via OVA sensitization. Airway inflammation in
asthma is distinguished by infiltration and activation of
various immune cells, including DCs, eosinophils,
neutrophils, and lymphocytes.®® Our findings
demonstrate that amygdalin effectively mitigates airway
inflammation in mice with OVA-induced allergic
asthma.

TSLP is a cytokine most commonly found in the
lungs, skin, and intestine.?® Furthermore, it also assumes
a substantial role in the development of allergic
diseases.?® TSLP is believed to play a role, at least in
part, in various aspects of asthma pathophysiology,
including increased airway sensitivity, excessive mucus
generation, and structural changes to the airways. TSLP
operates by engaging pro-inflammatory pathways that
encompass cytokines like IL-4, IL-5, and 1L-13.2"28 Our
study provided evidence that amygdalin effectively
decreases TSLP expression in the airways of mice with
allergic asthma. We hypothesized that amygdalin might
modulate OVA-induced asthma by regulating TSLP
expression. Given its central role in the initial stages of
the inflammatory process, TSLP is a promising target for
potential therapeutic interventions.?’

Allergic asthma can be associated with TSLP
overexpression to promote the activation of CD4* T
lymphocytes by DCs.?° The critical aspect of the
immune response to allergens involves the regulation of
DC activation.*® CD80 and CD86, MHCII costimulatory
molecules present on DCs, contribute to the
differentiation of ThO into Thl or Th2 cells.
Additionally, they play a central role in the initiation and
progression of airway primary immune responses and
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allergic reactions.®*? The expression of MHCII, CD80,
and CD86 was reduced on the surface of DCs after
amygdalin treatment. TSLP binds to TSLPR on the DC
surface to activate MHCII, CD80, and CD86 expression
on the surface at a high level, promoting ThO cell
differentiation into Th2 cells and resulting in increased
release of inflammatory factors and airway
inflammation aggravation. Here, we found that this
might be obstructed by amygdalin.

OX40L is primarily expressed in mature DCs,
activated B cells, and macrophages and is virtually not
expressed in immature or non-activated states. TSLP
directly activates DCs through MHCII  and
costimulatory molecule upregulation, enhancing
OX40L expression, promoting cell survival, and
inducing chemokine secretion.3® OX40L combined with
OX40 (the receptor of OX40L) can regulate the
activation and expansion of native CD4* T cells into Th2
cells.®* Amygdalin downregulated OX40L expression at
both protein and mRNA levels. Collectively, amygdalin
regulates the TSLP-DC-OX40L axis in an OVA-
induced allergic mouse model.

Th1/Th2 cell imbalances are considered the key
mechanism of asthma pathogenesis.*® Th2 cells carry out
these functions by secreting a range of cytokines,
including IL-4, IL-5, and IL-13, whereas Thl cells
suppress Th2 immune responses by secreting IFN-y.%6
High GATAS (crucial regulator of Th2 cells) expression
and low T-bet (selectively expressed in Thl cells)
expression indicate localized imbalance in Thl and Th2
cell differentiation.3” Here, IL-4, IL-5, and I1L-13 levels
in the BALF were significantly higher, whereas IFN-y
levels were lower in the model group. Meanwhile,
GATA-3 protein levels were upregulated, and those of
T-bet were downregulated. Amygdalin treatment
reversed this pattern, thereby restoring Th1/Th2 immune
imbalance and improving signs of asthma.

In summary, we showed that amygdalin affects the
polarization of  TSLP-mediated DCs among
lymphocytes, which can slow the maturation of DCs and
reduce the OX40L expression. These results suggest that
amygdalin might regulate the Th1/Th2 balance through
the TSLP-DC-OX40L axis to participate in
pathogenesis and airway inflammation in asthma,
providing an experimental and theoretical basis for
asthma treatment. By targeting the TSLP pathway to
ameliorate airway inflammation, amygdalin emerges as
an innovative therapeutic strategy for the clinical
management of asthma.
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