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of T lymphocytes and reduction of IL-13, and, consequently, 
mucin production.
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Introduction

Asthma is a common, noncommunicable, chronic disease 
that affects ~ 334 million people worldwide (Bonser and 
Erle 2017). It is mainly characterized by airway inflamma-
tion, immunoglobulin E (IgE) generation, and production of 
type 2 helper T cell (Th2) cytokines (Sethi et al. 2019; Yeon 
et al. 2019). Various inflammatory cells, including lympho-
cytes, mast cells, eosinophils, and sputum granulocytes, 
are recruited and aggravate asthma by releasing granule 
proteins or inflammatory mediators (Kim et al. 2016; Chen 
et al. 2020a). The combination of airway smooth-muscle 
constriction and inflammation of the bronchi causes air-
way obstruction in asthma and the consequent symptoms of 
cough, shortness of breath, chest tightness, and wheezing 
(Fanta 2009).

Asian sand dust (ASD) is a sandstorm that originates from 
the northwest desert of Mongolia and China and blows into 
Korea, Taiwan, and Japan by way of the westerlies, especially 
in the spring season (Shin et al. 2019). The exposure of air-
way epithelial cells to ASD can reduce cellular viability and 
promote proinflammatory responses. Furthermore, it can exac-
erbate respiratory and immunological diseases (Honda et al. 
2014). A previous study showed that ASD enhanced allergic 
inflammatory responses in an allergic asthma model (Lee et al. 
2018). A panel study reported a negative association of expo-
sure to ASD with pulmonary function (Watanabe et al. 2016). 
Another study in a murine model found that ASD enhances the 
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infiltration of eosinophils in the airway, suggesting that ASD 
in the atmosphere may contribute to the aggravation of asthma 
(Ichinose et al. 2006).

Cyclic adenosine monophosphate (cAMP) plays an 
important role in the pathogenesis of asthma. cAMP sign-
aling leads to airway smooth muscle relaxation and bron-
chodilation (Ha et al. 2017). It inhibits a number of immune 
and inflammatory responses, including T-cell activation and 
proliferation, tumor necrosis factor (TNF)-α production in 
monocytes and macrophages, superoxide anion production 
in eosinophils, and eosinophil chemotaxis via inflammatory 
mediators (Jin et al. 2010). Intracellular cAMP is degraded 
and inactivated by numerous phosphodiesterases (PDEs), a 
superfamily of isoenzymes that consists of 11 families (Tor-
phy 1998). There are many trials being conducted on the use 
of PDE inhibitors for the treatment of asthma because of 
their bronchodilatory and antiinflammatory activities (Mat-
era et al. 2014). For example, roflumilast is a PDE4 inhibitor 
reported to ameliorate airway inflammation, inhibit allergen-
induced airway hyperresponsiveness (AHR), and bronchoc-
onstriction induced by allergens and exercise (Al-Sajee et al. 
2019). Recently, several studies have been conducted target-
ing PDE to alleviate COVID-19 (Yim et al. 2021).

PDE7 exists in two isoforms, 7A and 7B, both known to 
be cAMP-specific enzymes. Furthermore, PDE7 has been 
found in a broad range of cells and tissues, including the 
spleen, brain, lung, kidney, and lymphoid and myeloid cells, 
particularly T lymphocytes (Page 2014). PDE7A is involved 
in normal T-cell activation, and PDE7 inhibitors influence 
lymphocyte function and certain types of inflammatory 
responses (Maurice et al. 2014).

PDE7 inhibitors, such as BRL-50481 (BRL), have phar-
macological effects on proinflammatory responses in human 
blood monocytes, lung macrophages, and CD8+ T-lympho-
cytes believed to contribute to inflammation (Smith et al. 
2004). Neuroprotective effects of BRL on sevoflurane-
induced neurodegeneration have also been reported recently 
(Chen et al. 2020b).

Previous studies suggest that ASD may exacerbate the 
inflammation of allergic asthma. However, the relationship 
between asthma and PDE7 is poorly understood. In this 
study, the relationship between ASD-exacerbated asthma 
and PDE7 was investigated by administering BRL to an 
ovalbumin (OVA)-induced asthmatic lung inflammation 
mouse model co-exposed to ASD.

Materials and methods

Materials

Ovalbumin (grade V from chicken egg white, lyophilized 
powder, ≥98%), BRL-50481 (≥98%), dexamethasone (DEX, 

≥98%), and xylazine were purchased from Sigma-Aldrich 
(St Louis, MO, USA). Aluminum hydroxide (Imject® Alum) 
gel was purchased from Thermo Fisher Scientific (Rockford, 
IL, USA), Zoletil®50 from Virbac Korea (Seoul, Republic 
of Korea), and acetyl-β-methylcholine chloride (Methacho-
line chloride) from Santa Cruz Biotechnology (Dallas, TX, 
USA).

Animals

A total of 70 specific pathogen-free BALB/c mice (5 weeks 
old) were purchased from Youngbio (Kyunggido, Repub-
lic of Korea). They were housed under standard laboratory 
conditions for 7 days for acclimation. The environment was 
maintained at 24 ± 2 °C at 50 ± 5% humidity with a 12:12 h 
light/dark cycle. Pathogen-free food and water and sterilized 
bedding were provided. The mice were randomly divided 
into seven groups (n = 10 per each group): (1) a vehicle con-
trol group; (2) a BRL group; (3) an OVA group; (4) an ASD 
group; (5) an OVA+ASD group; (6) an OVA+ASD+BRL 
group; and (7) an OVA+ASD+DEX group (positive con-
trol). Their weights ranged from 18 to 22 g, and there were 
no significant differences among the groups before starting 
the study.

The animal studies were performed according to the rel-
evant ethical guidelines and regulations established by the 
IACUC (Institutional Animal Care and Use Committee of 
the Institute for Molecules-Based New Drug Development), 
Approval No. #IACUC-2018-00124.

Preparation of ASD

ASD (Yellow soil, Hongikbio, Republic of Korea) samples 
were purified by heating at 250 °C for 30 min and used as 
the standard base for the samples in this study. The size dis-
tribution peaks were observed at 2.6 and 3.9 μm; according 
to the manufacturer’s description, the chemical elements in 
ASD consisted of 48.2% SiO2, 34.6% Al2O3, 13.4% Fe2O3, 
0.01% CaO, 0.4% MgO, 0.7% TiO2, and 2.7% K2O. In terms 
of chemical components, the heavy metal content, and par-
ticle sizes, the sand dust purchased was nearly identical to 
the sand dust collected during the dust storm season in the 
Republic of Korea.

Experimental protocol

The experimental protocol was modified from a previous 
study protocol (Lee et al. 2020). A systemic sensitization 
step was conducted to establish the OVA-induced asthmatic 
lung inflammation mouse model. First, 25 µg of OVA and 
1 mg of alum were mixed with 3 mL of saline. Then, 150 
µL of the mixture was injected into a peritoneal cavity, and 
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another 150 µL was simultaneously injected into subcutane-
ous cavities of the mouse. Sensitization was performed three 
times on days 0, 7, and 14. After sensitization, the OVA, 
OVA+ASD, OVA+ASD+BRL, and OVA+ASD+DEX 
groups were challenged with a 2% OVA aerosol generated 
by a nebulizer (Aerogen Pro nebulizer, Aerogen®, Galway, 
Ireland) for 30 min. The control group was exposed to nor-
mal saline. BRL or DEX (2 mg/kg, positive control) were 
administered through intraperitoneal injection (i.p.) 1 h 
before the start of the challenge. The mice were anesthetized 
by intramuscular injection (i.m.) with a mixture of 40 mg/
kg Zoletil®50 and 5 mg/kg xylazine. Then, 1 h after the 
end of the aerosol inhalation, 30 µL of ASD (10 mg/mL) 
was instilled intratracheally (i.t.) in the ASD, OVA+ASD, 
OVA+ASD+BRL, and OVA+ASD+DEX groups. The chal-
lenge step was performed every other day from days 21 to 31 
for a total of six times. After six challenges, a methacholine 
test was performed on day 32, and the mice were sacrificed 
on day 33 (Fig. 1). 

Methacholine test

A methacholine test was performed on day 32. The specific 
airway resistance (sRAW) and tidal volume (TV) values 
were measured to determine the AHR level and the extent 
to which asthma was induced in mice. The conscious mice 
were nebulized with 8, 16, 32, 64, and 128 mg/mL metha-
choline for 30 s; the total nebulized volume was 0.02 mL. 
After nebulizing, sRAW and TV values were measured for 
3 min by barometric double-chambered plethysmography 
(DSI NAM 2-site Station, Buxco®, NC, USA). All meas-
urements were done using a NAM system, and the analyzer 
was linked to FinePointe Systems Software (Buxco Research 
Systems, Wilmington, NC, USA).

Bronchoalveolar lavage fluid (BALF) collection and cell 
counts

On day 33, the mice were anesthetized with a mixture of 
40 mg/kg Zoletil and 5 mg/kg xylazine. BALF was col-
lected by flushing the lungs twice with 700 µL of ice-cold 
Dulbecco’s Phosphate-buffered Saline (DPBS) and then 

centrifuged (1500×g, 10 min, 4 °C). Each supernatant was 
stored at − 78 °C for further analysis. The pellet from the 
BALF was reconstituted with 200 µL of RBC lysis buffer 
(eBioscience™ 1× RBC Lysis Buffer, Invitrogen, Carlsbad, 
CA, USA) for 10 min at room temperature and centrifuged at 
the above-mentioned conditions. After removal of the RBC 
lysis buffer, the pellet was suspended with 200 µL of DPBS 
and centrifuged again under the same conditions for wash-
ing. The pellet was resuspended with 250 µL of DPBS, and 
the total number of inflammatory cells in the BALF was 
counted with a hemocytometer (Paul Marienfeld GmbH & 
Co. KG, Lau-da-Königshofen, Germany). Differential cell 
counts were performed based on standard morphological cri-
teria with images of staining on glass slides prepared using 
the Kwik-Diff™ Stain kit (Thermo Fisher Scientific) after 
the cytocentrifuge preparation with Cytospin 2 (Thermo 
Fisher Scientific).

Measurement of cytokine levels in BALF

BALF levels of IL-4, IL-5, IL-13 levels, TNF-α, IL-1β, IFN-
γ, and MCP-1 were measured using a colorimetric sandwich 
ELISA kit (Quantikine® ELISA, R&D Systems, MN, USA). 
The BALF stored at − 78 °C was used directly for measuring 
IL-13. The absorbance was measured using a Synergy HTX 
multimode plate reader (BioTek®, VT, USA).

Quantification of mRNA levels in lung tissue

The level of mRNA expression was measured in the lung 
tissue by quantitative reverse transcription PCR (RT-qPCR). 
Total RNA was isolated from lung tissue using TRIzol® rea-
gent (Ambion®, Life Technologies™, Carlsbad, CA, USA) 
according to the manufacturer’s protocol. After isolating the 
RNA, an iScript™ cDNA synthesis kit (Bio-Rad, Hercules, 
CA, USA) was used to synthesize cDNA by reverse tran-
scription. The cDNA was used for quantitative PCR with 
specific primers and iQ™ SYBR® green supermix (Bio-
Rad, Hercules, CA, USA). Threshold cycle (Ct) values were 
calculated and used to quantify the relative mRNA levels. 
The following primer sequences were used for RT-qPCR: 
5′-AAA​GAC​ACC​AGT​AGT​CAC​TCA​GCA​A-3′ (forward) 

Fig. 1   Study protocol for 
asthmatic mouse model.   OVA 
Ovalbumin, ASD Asian sand 
dust, BRL BRL-50481, DEX 
dexamethasone, Mch Methacho-
line, i.t. intratracheal injection, 
i.p. intraperitoneal injection
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and 5′- CTG​GGA​AGT​CAG​-TGT​CAA​ACCA-3′ (reverse) 
for Muc5ac and 5′-CAT​CAC​TGC​CAC​CCA​GAA​GACTG-
3′ (forward) and 5′-ATG​CCA​GTG​AGC​TTC​CCG​TTCAG-3′ 
(reverse) for Gapdh.

Measurement of immunoglobulin level in serum

Blood samples were obtained from the inferior vena cava, 
and 40 µL of 3.2% sodium citrate was used as an antico-
agulant in each syringe. The obtained blood samples were 
centrifuged at 1500×g and 4 °C for 10 min. The separated 
serum samples were stored at − 78 °C and used to measure 
immunoglobulin levels. OVA-specific IgE and IgG1 (Cay-
man Chemical, Ann Arbor, MI, USA) enzyme-linked immu-
nosorbent assay (ELISA) kits were used according to the 
manufacturer’s instructions.

Histopathological analysis of lung tissue

For histopathologic analysis, lung tissue samples were fixed 
using 10% neutral phosphate-buffered formalin and embed-
ded in paraffin using the Tissue-Tek® TEC™ 5 Tissue 
Embedding Console System (Sakura Finetek®, Torrance, 
CA, USA). The embedded lung tissue samples were sec-
tioned at 4-µm thickness and stained with hematoxylin and 
eosin (H&E) to visualize the degree of inflammatory cell 
infiltration, other inflammatory responses, and pathological 
changes in the lung tissue. The degree of inflammation in the 
lung tissues was determined using the histologic grading cri-
teria (Curtis et al. 1990) with 0 = no inflammation, 1 = occa-
sional cuffing with inflammatory cells, 2 = most bronchi or 
vessels surrounded by a thin layer (1–5 cells) of inflamma-
tory cells, and 3 = most bronchi or vessels surrounded by a 
thick layer (>5 cells) of inflammatory cells. The sections 
were also stained with periodic acid-Schiff (PAS) to evalu-
ate the mucin production in the bronchial epithelium. Mucus 
secretion was evaluated by measuring area fraction of red-
stained regions in the bronchoalveolar tissue using ImageJ 
software. Each stained tissue section was observed under a 
microscope (Leica Microsystems, Wetzlar, Germany), and 
images were taken with a Leica DM 480 camera.

cAMP assay

The cAMP level was measured in liver tissue using a 
cAMP assay kit (abcam®, Cambridge, UK). The lung tis-
sues were frozen in liquid nitrogen and stored at − 78 °C. 
The tissues were lysed using a homogenizer, and then 
centrifuged (1500×g, 10 min, 4 °C). The collected super-
natants were used for the cAMP assay. The absorbance 
was measured using a microplate reader (BioTek®, VT, 
USA).

Immunofluorescence

The sections were stained with a fluorescein isothiocyanate 
(FITC)-conjugated anti-MUC5AC antibody (Santa Cruz 
Biotechnology, TX, USA) to evaluate MUC5AC production 
in the bronchial epithelium. Each stained tissue section was 
observed under a microscope (Leica Microsystems, Wetzlar, 
Germany), and images were taken with a Leica DM 480 
camera.

Statistical analysis

All values are presented as a mean ± standard error of the 
mean (SEM) of data (n = 10). Statistical analysis was per-
formed using one-way and two-way ANOVA. Differences 
among groups were determined as statistically significant 
at P < 0.05 and P < 0.01.

Results

Effect of BRL on AHR

A methacholine test was performed to measure the AHR 
level. The sRAW, an indicator metric of AHR, increased in 
a dose-dependent manner after methacholine application. 
Airway resistance was significantly increased in the OVA 
group (151.1 ± 4.5%) (P < 0.01) and the OVA+ASD group 
(166.4 ± 8.6%) (P < 0.001) at 128 mg/mL of methacholine. 
Furthermore, the sRAW level of the OVA+ASD group 
was also significantly higher than that of the OVA group 
(P < 0.01), which suggests that ASD exacerbated AHR. 
The elevation in sRAW was significantly decreased in the 
OVA+ASD+BRL group (133.3 ± 9.9%) (P < 0.001) and the 
OVA+ASD+DEX group (134.1 ± 8.7%) (P < 0.001), which 
served as a positive control (Fig. 2A). There was no signifi-
cant difference in TV among the groups (Fig. 2B).

Effect of BRL on inflammatory cell infiltration

To measure the infiltration of inflammatory cells into the 
lungs, BALF was collected, and inflammatory cells were 
counted (Fig. 3A). There was a significant increase in the 
total number of inflammatory cells in the OVA group (31.0 
[± 9.8] × 104 cells) (P < 0.05) and OVA+ASD group (66.3 
[± 7.7] × 104 cells) (P < 0.01) compared to the control group 
(2.0 [± 0.3] × 104 cells). Furthermore, the total number of 
inflammatory cells increased significantly in the OVA+ASD 
group compared to the OVA group (P < 0.05). The cell 
counts in the OVA+ASD+BRL group (32.1 [± 10.3] × 104 
cells) (P < 0.05) and the OVA+ASD+DEX group (29.3 [± 
6.7] × 104 cells) (P < 0.01) were significantly lower than 
those in the OVA+ASD group but comparable to those in 
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the OVA group (Fig. 3B). Differentiated inflammatory cells 
were also counted, and macrophage and eosinophil numbers 
were decreased in in the OVA+ASD+BRL group and the 
OVA+ASD+DEX group. BRL and DEX did not cause any 
decrease in neutrophil counts (Fig. 3C).

Effect of BRL on IL‑13 level in BALF

Concentrations of interleukin (IL)-13 were analyzed using 
the ELISA kit to investigate the signaling processes in asth-
matic lung inflammation and the role of IL-13 in mucin pro-
duction. IL-13 levels were significantly increased in the OVA 
group (13.2 ± 3.2 pg/mL) (P < 0.05) and the OVA+ASD 
group (22.9 ± 2.7 pg/mL) (P < 0.01) compared to the control 
group (2.8 ± 0.2 pg/mL). Furthermore, the IL-13 level of the 
OVA+ASD group was also significantly increased compared 
to the OVA group (P < 0.05), which suggests that ASD exac-
erbated inflammation signaling. The IL-13 level significantly 
decreased in the OVA+ASD+BRL group (7.6 ± 1.4 pg/mL) 
(P < 0.01) and the OVA+ASD+DEX group (6.8 ± 1.5 pg/
mL) (P < 0.01) (Fig. 4). There were no significant differences 
in IL-4 and IL-5 levels among the groups (data not shown).

Effect of BRL on cytokine and chemokine levels 
in BALF

TNF-α levels were significantly increased in the OVA+ASD 
group (25.9 ± 1.4 pg/mL) (P < 0.01) compared to the con-
trol group (2.9 ± 0.1 pg/mL). In contrast, the TNF-α level 
had significantly decreased in the OVA+ASD+BRL group 
(2.8 ± 0.1 pg/mL) (P < 0.01) and the OVA+ASD+DEX 
group (3.4 ± 0.1 pg/mL) (P < 0.01) (Fig. 5A). Similarly, 
the MCP-1 levels were significantly increased in the OVA 

group (43.3 ± 3.4 pg/mL) (P < 0.01) and OVA+ASD group 
(154.0 ± 6.0 pg/mL) (P < 0.001) compared to the control 
group (3.3 ± 0 pg/mL). Furthermore, the MCP-1 level of 
the OVA+ASD group was significantly higher than that 
of the OVA group (P < 0.01). However, the MCP-1 level 
had significantly decreased in the OVA+ASD+BRL group 
(26.7 ± 0.1 pg/mL) (P < 0.001) and the OVA+ASD+DEX 
group (11.4 ± 0.1 pg/mL) (P < 0.001) (Fig. 5B). There were 
no significant differences in the IL-1β and INF-γ levels 
among the groups (data not shown).

Effect of BRL on immunoglobulin level in serum

Immunoglobulin levels were analyzed using the ELISA kits 
to investigate the degree of systemic allergy and inflamma-
tion. OVA-specific IgE levels were significantly increased 
in the OVA group (40.7 ± 15.3 ng/mL) (P < 0.05) and the 
OVA+ASD group (83.1 ± 13.6 ng/mL) (P < 0.01) com-
pared to the control group (0.4 ± 0.1 ng/mL). Moreover, the 
OVA-specific IgE level of the OVA+ASD group was sig-
nificantly higher than that of the OVA group, although the 
difference was not significant. In contrast, the OVA-specific 
IgE level was significantly lower in the OVA+ASD+BRL 
group (29.4 ± 7.5 ng/mL) (P < 0.05) and OVA+ASD+DEX 
group (36.1 ± 11.9 ng/mL) (P < 0.05) (Fig. 6A). Similarly, 
the OVA-specific IgG1 level was significantly higher in the 
OVA group (67.9 ± 10.5 ng/mL) (P < 0.01) and OVA+ASD 
group (116.0 ± 5.6 ng/mL) (P < 0.01) than the control group 
(1.4 ± 0.1 ng/mL). Furthermore, the OVA-specific IgG1 
level of the OVA+ASD group was significantly higher than 
that of the OVA group (P < 0.05). The OVA-specific IgG1 
level had significantly decreased in the OVA+ASD+BRL 

Fig. 2   Measurement of AHR by methacholine test.  sRAW (A) and TV (B) were measured by barometric double-chambered plethysmog-
raphy (DSI NAM 2-site Station, Buxco®, NC, USA). All measurements were made using a NAM system and an analyzer (FinePointe Sys-
tems Software Buxco Research Systems, Wilmington, NC, USA). * and ** represent significant differences from the control group (*P < 0.01, 
**P < 0.001). # and ## represent significant differences from the OVA+ASD group (#P < 0.01, ##P < 0.001). † and †† represent significant dif-
ferences between the OVA and the OVA+ASD group (†P < 0.01, ††P < 0.001). BRL BRL-50481, OVA Ovalbumin, ASD Asian sand dust, DEX 
Dexamethasone, sRAW​ specific airway resistance, TV tidal volume, NAM noninvasive airway mechanics



56	 H. J. Kim et al.

1 3

group (64.0 ± 10.7 ng/mL) (P < 0.01) and OVA+ASD+DEX 
group (69.1 ± 7.6 ng/mL) (P < 0.01) (Fig. 6B).

Effect of BRL on histopathological changes in lung 
tissue

H&E staining was performed to visualize and monitor 
histological changes, and inflammation scores were deter-
mined. There was an infiltration of macrophages and eosino-
phils in the OVA, ASD, and OVA+ASD groups, and the 
inflammation scores were significantly increased in these 
groups (P < 0.01). Furthermore, the inflammation score of 
OVA+ASD (2.6 ± 0.2) was also significantly higher than 
that of the OVA (2.0 ± 0.1) group (P < 0.05), which suggests 
that ASD exacerbated OVA-induced lung inflammation. The 

increase in the inflammation score significantly decreased in 
the OVA+ASD+BRL group (1.5 ± 0.2) (P < 0.05) and the 
OVA+ASD+DEX group (1.4 ± 0.3) (P < 0.05) (Fig. 7).

Effect of BRL on mucin production in lung tissue

PAS staining was performed to monitor mucin production 
and goblet cell proliferation. The PAS-positive area was 
also measured using ImageJ software. Hypersecretion of 
mucin and the PAS-positive area were significantly higher 
in the OVA group (7.1 ± 1.5%) and the OVA+ASD group 
(16.2 ± 2.2%) (P < 0.01). Furthermore, mucin produc-
tion of the OVA+ASD group also increased significantly 
compared to the OVA group (P < 0.01), suggesting that 
ASD exacerbated OVA-induced mucin production. The 

Fig. 3   Infiltration of inflammatory cells in BALF.  Inflammatory cells were stained using the KWIK-DIFF™ stain kit, Shandon, Thermo Scien-
tific, MA, USA (A). Red arrows indicate eosinophils, black arrows indicate neutrophils, and yellow arrows indicate lymphocytes. Images were 
obtained using a Leica DM 480 camera (Leica Microsystems, Wetzlar, Germany, magnification ×400, scale bars = 50 μm). Total cells (B) and 
differentiated inflammatory cells (C) in BALF were counted in the images using a hemocytometer. * and ** represent significant differences 
from the control group (*P < 0.05, **P < 0.01). # and ## represent significant differences from the OVA+ASD group (#P < 0.05, ##P < 0.01). † and 
†† represent significant differences between the OVA and the OVA+ASD group (†P < 0.05, ††P < 0.01). BRL BRL-50481, OVA ovalbumin, ASD 
Asian sand dust, DEX dexamethasone
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increase in mucin secretion was significantly decreased in 
the OVA+ASD+BRL group (1.7 ± 0.8%) (P < 0.01) and the 
OVA+ASD+DEX group (1.2 ± 0.5%) (P < 0.01) (Fig. 8).

Immunofluorescence (IF) analysis was performed to 
observe MUC5AC production. MUC5AC was labeled green 
by the FITC-conjugated antibody and determined by ImageJ 
software. MUC5AC production was significantly higher in 
the OVA+ASD group (7.0 ± 1.5%) (P < 0.05) and signifi-
cantly lower in the OVA+ASD+BRL group (0.7 ± 0.1%) 
(P < 0.01) and the OVA+ASD+DEX group (0.9 ± 0.5%) 
(P < 0.05) (Fig. 9A, B).

The Muc5ac mRNA level was analyzed by RT-qPCR 
and found to be significantly increased in the OVA group 
(2.6 ± 0.4-fold compared to the control) (P < 0.01) and 
OVA+ASD group (4.7 ± 0.7-fold compared to the control) 
(P < 0.01). Furthermore, the Muc5ac mRNA level of the 
OVA+ASD group was significantly higher than that of the 
OVA group (P < 0.05). The elevation of the Muc5ac mRNA 
level significantly decreased in the OVA+ASD+BRL 
group (2.3 ± 0.4-fold compared to control) (P < 0.05) and 
the OVA+ASD+DEX group (1.7 ± 0.3-fold compared to the 
control) (P < 0.01) (Fig. 9c).

Fig. 4   Th2-mediated cytokine IL-13 level in BALF.  IL-13 level was measured in BALF using an ELISA kit. * and ** represent significant 
differences from the control group (*P < 0.05, **P < 0.01). # and ## represent significant differences from the OVA+ASD group (#P < 0.05, 
##P < 0.01). † and †† represent significant differences between the OVA and the OVA+ASD group (†P < 0.05, ††P < 0.01). BRL BRL-50481, Th2: 
T helper 2 cell, OVA Ovalbumin, ASD Asian sand dust, DEX Dexamethasone, BALF Bronchoalveolar lavage fluid

Fig. 5   Cytokine and chemokine levels in BALF.  TNF-α (A), and MCP-1 (B) in BALF were measured using ELISA kits. ** and *** represent 
significant differences from the control group (**P < 0.01, ***P < 0.001). ## and ### represent significant differences from the OVA+ASD group 
(##P < 0.01, ###P < 0.001). †† represent significant differences between the OVA and the OVA+ASD group (††P < 0.01). BRL BRL-50481, OVA 
Ovalbumin, ASD Asian sand dust, DEX Dexamethasone, BALF Bronchoalveolar lavage fluid, TNF-α: tumor necrosis factor-alpha, MCP-1 mono-
cyte chemoattractant protein-1, ELISA enzyme-linked immunosorbent assay
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Discussion

In this study, the effects of the administration of a PDE7 
inhibitor in a mouse model were investigated along with 
co-exposure to ASD, which exacerbated OVA-induced asth-
matic lung inflammation. Sensitization and the challenge 

with OVA increased AHR, infiltration of inflammatory cells 
into the lung, and IL-13, immunoglobulin, and mucin pro-
duction. These results suggest that OVA allergen exposure 
leads to asthmatic lung disease. Furthermore, all these aller-
gic responses were exacerbated in a synergistic manner by 
ASD co-exposure. These results are consistent with those of 

Fig. 6   OVA-specific IgE and IgG1 levels in serum.  OVA-specific IgE (A) and IgG1 (B) levels in serum were measured using ELISA kits. * and 
** represent significant differences from the control group (*P < 0.05, **P < 0.01). # and ## represent significant differences from the OVA+ASD 
group (#P < 0.05, ##P < 0.01). † and †† represent significant differences between the OVA and the OVA+ASD group (†P < 0.05, ††P < 0.01). BRL 
BRL-50481, OVA ovalbumin, ASD Asian sand dust, DEX dexamethasone, Ig immunoglobulin, ELISA enzyme-linked immunosorbent assay

Fig. 7   H&E staining of ASD-exacerbated asthmatic lung tissue.  Black arrows indicate infiltration of inflammatory cells (magnification ×100, 
scale bars: 100 μm in the left column, ×400, scale bars: 100 μm in the right column) (A). The inflammation scores were determined based 
on histologic grading criteria (B). * and ** represent significant differences from the control group (*P < 0.05, **P < 0.01). # and ## represent 
significant differences from the OVA+ASD group (#P < 0.05, ##P < 0.01). † and †† represent significant differences between the OVA and the 
OVA+ASD group (†P < 0.05, ††P < 0.01). H&E hematoxylin and eosin, BRL BRL-50481, OVA ovalbumin, ASD Asian sand dust, DEX dexa-
methasone
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a previous study reporting that ASD enhanced several dis-
eases, such as asthma (Honda et al. 2017), atopic dermatitis 
(Takeshita et al. 2015), and pneumonia (He et al. 2012), in 
a murine model.

Meanwhile, ASD-exacerbated lung inflammation was 
significantly ameliorated by the administration of the PDE7 
inhibitor BRL-50481. BRL significantly alleviated AHR; 
infiltration of inflammatory cells into the lung; production 
of proinflammatory cytokines such as IL-13, MCP-1, and 
TNF-α; and the production of mucin and antigen-specific 
immunoglobulins such as IgE and IgG1. However, BRL 
did not reduce the inflammatory factors to normal levels or 
levels similar to or below those of the OVA group. These 
results suggest that BRL could reduce ASD-exacerbated, 
allergy-induced lung inflammation. This may be due to the 
effects of the PDE7 inhibitor on T lymphocytes (Page 2014), 
which are the main producers of IL-13 (Zurawski and de 
Vries 1994). Many studies suggest that PDE7 inhibitors 
could be used as anti-inflammatory drugs to treat chronic 
obstructivege pulmonary disease (Fortin et al. 2009), smooth 
muscle constriction, cough (Mokry et al. 2013), hepatitis, 
endotoxemia, arthritis, and encephalomyelitis (Rucilova 
et al. 2020).

IL-13 production in the airway is involved in the survival 
and migration of eosinophils, activation of macrophages, 

AHR, production of inducible nitric oxide synthase by air-
way epithelial cells, and especially goblet cell metaplasia 
with mucus hypersecretion (Ingram and Kraft 2012). Airway 
mucus, secreted by the submucosal glands and goblet cells, 
protects the underlying epithelium by trapping potentially 
harmful inhaled particles and pathogens (Kim 1997). Mucus 
hypersecretion, frequently observed in asthma patients 
and especially in severe disease, has been associated with 
chronic upper airway disease, poor asthma control, and a 
greater degree of exacerbation (Martínez-Rivera et al. 2018).

In the current study, PAS staining showed a significant 
increase in mucin production in the OVA+ASD group, while 
ELISA results revealed a similar trend in the IL-13 level. 
The mRNA level of Muc5ac in the OVA+ASD group was 
significantly increased, suggesting that mucin hypersecre-
tion is due to the increase in MUC5AC. IL-13 increases 
the expression of Muc5ac, leading to mucus hypersecre-
tion (Seibold 2018). A previous study also reported that 
IL-13 stimulates conjunctival goblet cell proliferation and 
MUC5AC production (Tukler Henriksson et al. 2015). How-
ever, the genes and mechanisms by which these transcription 
factors drive IL-13-induced mucus metaplasia and increase 
Muc5ac expression are poorly understood (Seibold 2018). 
In vitro studies on human airway epithelial cells have shown 
that there are two mechanisms of IL-13 regulating Muc5ac 

Fig. 8   PAS staining of ASD-exacerbated asthmatic lung tissue.  Black arrows indicate hypersecretions of mucin (magnification ×100, scale 
bars: 100 μm in the left column, ×400, scale bars: 100 μm in the right column) (A). PAS-positive area in HPF was determined by ImageJ soft-
ware (B). * and ** represent significant differences from the control group (*P < 0.05, **P < 0.01). # and ## represent significant differences from 
the OVA+ASD group (#P < 0.05, ##P < 0.01). † and †† represent significant differences between the OVA and the OVA+ASD group (†P < 0.05, 
††P < 0.01). PAS Periodic acid-Schiff, BRL BRL-50481, OVA Ovalbumin, ASD Asian sand dust, DEX dexamethasone, HPF high-power field
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expression. Specifically, the enzymatic activity of arachido-
nate 15-lipoxygenase (ALOX15) in generating 15-hydrox-
yeicosatetraenoic acid species has been implicated in IL-
13-based MUC5AC expression, while extracellular signaling 
by chloride channel accessory 1 (CLCA1) protein has been 
found to drive MUC5AC expression through the activa-
tion of mitogen-activated protein kinase (MAPK) signaling 
(Zhao et al. 2009; Alevy et al. 2012).

Notably, PAS staining did not reveal any increase in 
mucin production in the ASD group despite the infiltration 
of inflammatory cells, a result that is in agreement with that 
of a previous study (Kang et al. 2012). This suggests that 
ASD may not induce allergy on its own and may act as an 
adjuvant or cofactor in allergic inflammation.

This study differs from others because we found no sig-
nificant differences between IL-4 and IL-5. Nevertheless, 
IL-13 induced asthmatic lung inflammation, which was 
synergistically exacerbated by ASD, and there was a char-
acteristic overexpression of mucin. A previous study had 
reported that transgenic overexpression of IL-13 alone in the 
airways of mice caused an asthmatic inflammatory response 
characterized by inflammatory cell infiltration, goblet cell 
hyperplasia, mucus hyperproduction, and AHR (Zhu et al. 
1999). BRL alleviated ASD-driven exacerbation by reducing 
IL-13 levels. However, other signaling mechanisms between 
mucin and PDE7 is unclear, and further studies are needed to 
investigate PDE7 inhibitors as treatments for asthma.

Fig. 9   MUC5AC production in ASD-exacerbated asthmatic lung tissue.  FITC-conjugated antibody detected MUC5AC (magnification ×1600, 
scale bars: 50 μm) (A). The intensity of green fluorescence was measured by ImageJ software (B). The mRNA levels of Muc5ac in lung tissue 
were measured by RT-qPCR (C). * and ** represent significant differences from the control group (*P < 0.05, **P < 0.01). # and ## represent 
significant differences from the OVA+ASD group (#P < 0.05, ##P < 0.01). † and †† represent significant differences between the OVA and the 
OVA+ASD group (†P < 0.05, ††P < 0.01). FITC fluorescein isothiocyanate, BRL BRL-50481, OVA Ovalbumin, ASD Asian sand dust, DEX Dexa-
methasone
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Interestingly, the concentration of cAMP in lung tissue 
significantly decreased in all BRL-treated groups (Sup-
plementary 1). Based on the evidence from other reports, 
there is an increase in cAMP concentration with short-term 
(2 min) treatment with a PDE4 inhibitor rolipram. How-
ever this elevation in cAMP concentration with long-term 
treatment (>8 h) with rolipram increased the expression 
and activity of PDE4, which speed up cAMP degradation 
in HUVEC cells (Lugnier et al. 2021). Furthermore, the 
increase in cAMP concentration with treatment with for-
skolin, IBMX, or db-cAMP reduced IL-4, IL-5, IL-13 pro-
duction through the inhibition of T cell activation (Borger 
et al. 1996; Grader-Beck et al. 2003). Thus, the decrease 
in cAMP concentration in the lung tissue of BRL-treated 
groups might be due to the long-term treatment with BRL in 
the 33-day experimental protocol. Moreover, the antiinflam-
matory effect of BRL seems to depend on T cell inactivation 
due to an increase in the cAMP concentration in the early 
phase, which, in turn, could lead to the inhibition of Th2-
mediated production of proinflammatory cytokines such as 
IL-13, TNF-α, and MCP-1. However, further study is needed 
on cAMP‒PDE activity cellular signaling mediated by BRL 
because this was not the focus of this study.

In conclusion, this study demonstrated that BRL, a selec-
tive PDE7 inhibitor, effectively ameliorates ASD/OVA-
induced asthmatic lung inflammation via the inhibition of 
Th2-mediated IL-13 production. Thus, this study suggests 
the potential of PDE7 as a therapeutic target for asthmatic 
lung inflammation.
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