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Abstract. ORMDL sphingolipid biosynthesis regulator  3 
(ORMDL3) has been previously implicated in asthma 
pathogenesis, its effect on airway remodeling remains to be 
elucidated. The present study examined the expression levels 
of ORMDL3 in a mouse model of asthma. Mice were divided 
into three groups: Asthmatic model (n=10), budesonide‑treated 
(n=10) and a control group (n=8). Asthma was induced by 
sensitization with ovalbumin (OVA) and aluminum hydroxide 
on day 1, 7 and 14. Subsequently mice were exposed to OVA 
three times per week from day 28. In order to investigate 
the mechanism of airway remodeling 100  µg/kg aerosol 
budesonide was administered to 6 animals prior to exposure 
to OVA. The condition of lung tissues was assessed through 
histology, and the expression levels of ORMDL3, phosphory-
lated‑extracellular‑signal regulated kinase (p‑ERK) and matrix 
metallopeptidase‑9 (MMP‑9) were quantified using immuno-
histochemistry, reverse transcription‑quantitative polymerase 
chain reaction and western blotting. A severe inflammatory 
response and airway remodeling were pretreatment with 
budesonide. Expression levels of ORMDL3, phosphory-
lated (p)‑ERK and MMP‑9 were significantly greater in the 
asthma‑model group; however, in the group pretreated with 
budesonide their expression was reduced. Expression levels of 
ORMDL3, p‑ERK and MMP‑9 were significantly positively 
correlated with bronchial wall thickness. ORMDL3 expres-
sion was significantly positively correlated with p‑ERK and 
MMP‑9. Therefore, increased ORMDL3 expression may 

induce the p‑ERK/MMP‑9 pathway to promote pathological 
airway remodeling in patients with asthma.

Introduction

Asthma is characterized by airway inflammation, bronchial 
hyper‑responsiveness and airway remodeling. Airway 
remodeling entails a wide array of pathophysiological events, 
including epithelial damage, mucus gland and goblet cell 
hyperplasia, subepithelial fibrosis, smooth muscle hypertrophy 
and hyperplasia, vascular changes and disturbances in the 
homeostasis of the extracellular matrix (ECM)  (1). These 
factors contribute to persistent bronchial hyper‑responsiveness 
and airway remodeling and may negatively impact pulmonary 
function  (1). However, despite extensive previous studies 
aiming to elucidate the pathological processes responsible 
for airway remodeling, few therapeutic strategies have proved 
to be effective in reversing the remodeling (1‑3). Therefore, 
novel therapeutic strategies targeting airway remodeling are 
required.

Genetic and environmental factors may influence devel-
opment and clinical presentation of asthma and airway 
remodeling. Previous genome‑wide association studies 
reported that the orosomucoid‑like 3 (ORMDL3) gene was 
strongly associated with development asthma and recurrent 
wheezing (3‑5). However, the biological role of ORMDL3 in 
asthma remains to be elucidated. In 2007 the role of ORMDL3 
in asthma development was confirmed and abnormal expres-
sion of ORMDL3 was detected in over a third of asthmatic 
children under the age of 7  years  (6). In particular, the 
rs7216389 site was closely correlated with childhood asthma 
susceptibility.

As in human asthma patients, ORMDL3 gene expression 
in bronchial epithelial cells was identified to be substan-
tially elevated in wild‑type mice exposed to allergens (by 
127‑fold) (7). Additionally, ORMDL3 expression was induced 
by allergen and cytokine [interleukin (IL)‑4 and IL‑13] stimu-
lation and was reported to promote matrix metalloproteinase‑9 
(MMP‑9) expression in asthmatic mice (2,8‑10). MMPs are 
proteolytic enzymes that degrade ECM components under 
physiological conditions and during pathological processes (3). 
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Upregulation or inappropriate secretion of MMP‑9 by struc-
tural or inflammatory cells has been reported to contribute 
to the pathophysiology of asthma, particularly airway remod-
eling (11). Activation of the ROS proto‑oncogene 1, receptor 
tyrosine kinase (ROS)‑extracellular signal‑regulated kinase 
(ERK)‑MMP‑9 signaling pathway was also reported to induce 
cell migration, proliferation and extracellular matrix collagen 
synthesis (12‑14). Monocyte migration was associated with 
MMP‑9 activity; however, the activation of ERK1/2 signaling 
pathways and overexpression of ORMDL3 in eosinophils was 
reported to increase ERK1/2 phosphorylation in vivo (11). The 
present study used a mouse model of asthma to determine 
the role of ORMDL3 in asthmatic airway remodeling and 
investigate the potential association between ORMDL3 and 
ROS‑ERK‑MMP‑9 signaling pathway in this process.

Materials and methods

Animals. BALB/c female mice, 8‑weeks old weighing 20±2 g 
were purchased from the Experimental Animal Center of 
Shandong University Medical College (Jinan, China). The 
mice were housed in a specific pathogen‑free animal facility 
at the animal center. All animals were reared under relative 
conditions at 20 to 26˚C, a humidity of 60 to 70% (cage pres-
sure difference between inside and outside, +15 Pa; ventilation 
speed, 55 times/h) and were housed in a room with a 12 h 
light/dark cycle. In addition, the animals had access to chow 
and water ad libitum. All experimental procedures described 
in this work were performed in accordance with the guidance 
suggestions for the care and use of laboratory animals, formu-
lated by the Animal Ethics Committee of Shandong Medical 
University.

Mouse model of asthma. A total of 28 mice were maintained 
in the absence of environmental pathogens for 1 week prior 
to the experiments in the present study. They were divided 
into three groups: i)  An asthmatic model group (n=10); 
ii) budesonide‑treated group (n=10); and iii) control group 
(n=8). The mice in the asthmatic and budesonide treatment 
groups were sensitized with 100 µg ovalbumin (OVA; grade V; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) and 4 mg 
aluminum hydroxide (Sigma‑Aldrich; Merck KGaA) emulsi-
fied in phosphate‑buffered saline (PBS) on days 1, 7 and 14, 
then exposed to 1% OVA 3 times a week for 30 min from 
day 28. Mice in the budesonide treatment group were exposed 
to aerosol budesonide (100 µg/kg) 3 times per week for 30 min 
from day 21. Mice in the control group were sensitized and 
challenged with PBS instead. Aerosol budesonide was gener-
ated using a Germany Berry nebulizer (Inqua Neb PLUS). 
Following 6  weeks, the mice were anesthetized by intra-
peritoneal injection with 1% pentobarbital sodium (50 mg/kg; 
Wuhan Yitai Technology Co., Ltd., Wuhan, Hubei, China)  and 
then sacrificed to collect the lung tissues samples. The mouse 
asthma model was established as previously described (8).

Hematoxylin and eosin staining. The lungs were harvested 
and tissue sections were prepared as previously described (15). 
Standard hematoxylin and eosin staining techniques were 
applied, and each specimen with a complete tracheal cross was 
observed via microscope (DM4000B; Leica Microsystems, 

Inc., Buffalo Grove, IL, USA), and Leica IM 50 Image 
Manager software (DM4000B; Leica Microsystems, Inc.) 
was used to measure the bronchial wall inner perimeter (Pi), 
bronchial wall peripheral area (Wat1), the bronchial wall area 
(Wat2). The total bronchial wall area (Wat) and bronchial 
wall thickness were calculated as follows: Wat=Wat1+Wat2; 
bronchial wall thickness=Wat/Pi. These measurements were 
used to evaluate airway remodeling (10).

Masson staining. Masson staining was performed as previ-
ously described  (15). To estimate the extent of collagen 
fiber deposition, staining was categorized into four levels: 
i) Level 0, no collagen or only a small quantity of filamentous 
collagen; ii) level 1, few slender and fasciculate collagen fibers; 
iii) level 2, collagen fiber fusion into a thin strip; and iv) level 
3, broad collagen fibers or collagen fibers molded into small 
flakes. A total of 5 high‑powered fields of each specimen were 
reviewed and the indices of collagen deposition in the 3 groups 
were calculated.

Immunohistochemistry. Expression levels of ORMDL3, 
MMP‑9 and ERK in the formalin‑fixed, paraffin‑embedded 
lung tissue sections were assessed by immunohistochemical 
staining. Samples were incubated with antibodies specific 
to ORMDL3 (dilution, 1:200; cat. no.  ab107639; Abcam, 
Cambridge, UK), ERK (dilution, 1:200; cat. no. 9102; Cell 
Signaling Technology, Inc., Danvers, MA, USA), phos-
phorylated (p)‑ERK (dilution, 1:200; cat. no.  9103; Cell 
Signaling Technology, Inc.) and MMP‑9 (dilution, 1:200; cat. 
no. AB19016; Merck KGaA) overnight, at 4˚C, then staining 
was detected with biotinylated secondary antibodies (goat 
anti‑rabbit horseradish peroxidase‑IgG secondary antibodies; 
dilution, 1:2,000; cat. no. SP‑9001; Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd., Beijing, China) and DAB reagent 
(Beijing Zhongshan Jinqiao Biotechnology Co., Ltd.) at 37˚C 
in the incubator for 30 min. A total of 10 fields of each spec-
imen were reviewed, in 10 random visual fields, and staining 
was assessed using ImageJ software v.10.2 (https://imagej.nih.
gov/ij/).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from lung tissues 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). mRNA was transcribed into cDNA 
using the PrimeScript RT Master Mix Perfect Real‑Time kit 
(Takara Biotechnology Co., Ltd., Dalian, China). qPCR was 
performed with the Step One Plus Real‑Time PCR system 
(Biosystems 7500; Takara Biotechnology Co., Ltd.), using 
cDNA and SYBR-Green (Takara Biotechnology Co., Ltd.). 
Expression levels of ORMDL3 and MMP‑9 were normal-
ized to GAPDH. The primers for qPCR were as follows: 
ORMDL3, sense 5'‑GGG​GGT​GGT​CAG​GAA​AGA​GGC​T‑3', 
antisense 5'‑GGG​TTG​CCA​GGA​AGC​CCA​CAA​A‑3'; GAP​
DH, sense 5'‑CCA​GGT​GGT​CTC​CTC​TGA​CTT‑3', antisense 
5'‑GTT​GCT​CGT​AGC​CAA​ATT​CGT​TGT‑3'; and MMP‑9 
sense 5'‑CCT​CTG​GAG​GTC​GAC​GTG​A‑3'; antisense 
5'‑TAG​GCT​TTC​TCT​CGG​TAC​TGG​AA‑3'. PCR amplifica-
tion conditions were as follows: initial denaturation 95˚C for 
10 min, followed by 95˚C for 30 sec and 60˚C for 1 min, for 
a total of 40 cycles.
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Western blotting. Lung tissue protein content was assessed 
using a Bio‑Rad protein assay (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) to which proteinase inhibitors were 
added. Subsequently, 4xSDS sample buffer was added and 
40 µg protein was loaded on to a 15% SDS‑PAGE, which was 
probed with primary antibodies against ORMDL3 (dilution, 
1:500; cat. no. ab107639; Abcam), ERK (dilution, 1:500; cat. 
no. 9102; Cell Signaling Technology, Inc.), p‑ERK (dilution, 
1:500; cat. no. 9106; Cell Signaling Technology, Inc.), MMP‑9 
(dilution, 1:500; cat. no. AB19016; Merck KGaA) and β‑actin 
(dilution, 1:2,000; dilution, 1:5,000; cat. no. SC‑130300; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C on a shaker 
for12 h. It was then probed with the secondary antibody, goat 
anti rabbit horseradish peroxidase‑IgG (dilution, 1:5,000; cat. 
no. ZB230; Beijing Zhongshan Jinqiao Biotechnology Co., 
Ltd.), at 24˚C for 1 h. The scanned intensities were quantified 
using an electrochemiluminescence kit (cat. no. WBKLS0050; 
EMD Millipore, Billerica, MA, USA) and scanning the gels 
using the Step One Software v2.1 (Bio‑Rad Laboratories, Inc.). 
The band intensity was analyzed by Image J software v 10.2 
(https://imagej.nih.gov/ij/). Relative absorbance values of each 
target protein were normalized relative to β‑actin expression 
and experiments were repeated in triplicate.

Statistical analysis. Statistical analysis was performed using 
SPSS version 20.0 (IBM SPSS, Armonk, NY, USA). Data are 
presented as the mean ± standard deviation. Multiple groups 
were compared using one‑way analysis of variance and the 
Kruskal‑Wallis test. Pearson correlation analysis was used to 
analyze the correlation between various factors. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Asthma mouse model. A mouse model of asthma was estab-
lished as previously described  (8). Briefly, animals were 
pre‑sensitized with OVA and aluminum hydroxide, then 
exposed to OVA 3 times per week for 6 weeks. To investigate the 
capacity of budesonide to modify airway inflammation some 
mice were treated with aerosol budesonide. After 6 weeks, the 
mice were euthanized and the lungs were collected to assess 
airway inflammation and damage.

Airway inflammation. In the asthmatic model group, tracheal 
epithelial cells were shed, the small airway layer was doubled, 
smooth muscle layer was thickened and a large number of 
lymphocytes and macrophages had infiltrated the bronchoal-
veolar walls (Fig. 1A‑C). Airway structures in the lungs of 
healthy control mice were intact and there were no signs of 
epithelial cell proliferation, tube wall edema or inflammatory 
cell infiltration. As indicated in Fig. 1D, bronchial hyperplasia 
and airway wall thickness was significantly increased in 
the model group compared with the control group (19.9±0.4 
vs. 12.1±0.2 µm; P<0.01). In the budesonide‑treated group 
bronchial hyperplasia and airway wall thickness was signifi-
cantly reduced compared with the model groups (15.1±0.3 
vs.  19.9±0.4 µm; P<0.01). However, budesonide treatment 
did not entirely ameliorate asthma‑induced airway wall 
thickening to the same level as the control group (15.1±0.3 
vs.  12.1±0.2  µm; P<0.05; P=0.011; Fig.  1D); however, 

infiltration of inflammatory cells and damage to airway struc-
tures was substantially alleviated following administration of 
budesonide (Fig. 1).

Airway remodeling. The airway walls were thin and mucosal 
structures were intact, without obvious proliferation of smooth 
muscle hyperplasia or collagen deposition in the control group. 
In the asthmatic model group, the airway walls were thick-
ened compared with the control group and smooth muscle 
hyperplasia and hypertrophy were observed. Large deposits of 
collagen surrounded the vessels and alveolar interstitium, and 
the collagen‑staining index was significantly higher compared 
with the control group (3.50±0.21  and  0.8±0.24; P<0.01). 
Following budesonide treatment, the tracheal wall hyperplasia 
was reduced and the collagen‑deposition index was signifi-
cantly reduced compared with the asthmatic model group 
(1.90±0.23 and 3.50±0.21; P<0.01); however, it was still higher 
than the control group (1.90±0.23 and 0.8±0.24, respectively; 
P<0.01; Fig. 2).

ORMDL3 expression level. ORMDL3 expression level in 
lung tissues was detected by immunohistochemical staining. 
ORMDL3 was primarily located in the nucleus and cytoplasm 
of inflammatory and epithelial cells, as indicated in Fig. 3A‑C. 
The level of ORMDL3 immunohistochemical staining was 
quantified using ImageJ (Fig. 3D). ORMDL3 expression level 
was low in the control group; however, ORMDL3 expression 
increased in asthmatic mice (67.98±9.85 and 26.08±12.18%; 
P<0.05, P=0.026). Compared with the asthmatic model group, 
administration of budesonide significantly reduced ORMDL3 
expression (67.98±9.85 and 57.56±7.57%; P<0.05, P=0.021); 
however, the treatment did not entirely reduce the level of 
ORMDL3 expression to healthy control levels (57.56±7.57 and 
26.08±12.18%; P<0.01; Fig 3D). Western blotting confirmed 
these observations (Fig. 3E), and to further confirm these 
results, the level of ORMDL3 mRNA in lung tissues was 
assessed by RT‑PCR (Fig. 3F). The ORMDL3 mRNA level 
in the lung tissues of asthmatic model mice was significantly 
elevated when compared with healthy control mice (P<0.01) 
and administration of budesonide to asthmatic mice signifi-
cantly reduced the mRNA expression of ORMDL3 (P<0.01), 
however, not to healthy control levels (P<0.01). Upregulation 
of ORMDL3 protein was significantly positively correlated 
with bronchial wall thickness (r=0.968, P<0.01; Fig. 3G). As 
bronchial wall thickening is a characteristic feature of asthma 
airway remodeling, these data indicated that ORMDL3 may 
serve a key role in airway remodeling.

MMP‑9 expression level. MMP‑9 expression level of lung 
tissues was detected by immunohistochemical staining. 
MMP‑9 was primarily located in the nucleus and cytoplasm of 
epithelial cells, as indicated in Fig. 4A‑C. The level of MMP‑9 
immunohistochemical staining was quantified using ImageJ 
software. Low levels of MMP‑9 expression were detected in 
the control group; however, MMP‑9 expression was greater in 
asthmatic mice (85±13.57 and 20.28±7.33%, P<0.01; Fig. 4D). 
Administration of budesonide significantly reduced MMP‑9 
expression level (85±13.57 and 64.07±9.53%, P<0.01; Fig. 4D); 
however, did not reduce the level of MMP‑9 expression to 
healthy control levels (64.07±9.53 and 20.28±7.33%, P<0.05; 
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P=0.013 Fig 4D). Western blotting confirmed these observa-
tions (Fig.  4E). Additionally, the mRNA MMP‑9 level in 
lung tissues was assessed by RT‑qPCR (Fig. 4F). MMP‑9 
mRNA level in the lung tissues of asthmatic model mice was 
significantly increased compared with healthy control mice 
(P<0.01; Fig. 4F) and treatment with budesonide of asthmatic 
mice significantly reduced the mRNA expression of MMP‑9 
(P<0.05; P=0.011); however, not to healthy control levels 
(P<0.01). Upregulation of MMP‑9 protein expression was 
significantly positively correlated with bronchial wall thick-
ness (r=0.887, P<0.01; Fig. 4G).

ERK and p‑ERK expression. p‑ERK level in lung tissues 
was detected by immunohistochemical staining. p‑ERK 
was primarily located in the nucleus and cytoplasm of 
inflammatory and epithelial cells, as indicated in Fig. 5A‑C. 

p‑ERK immunohistochemical staining was quantified using 
ImageJ. The p‑ERK level was low in the control group; 
however, p‑ERK was significantly increased in asthmatic 
mice (66.79±15.7 and 31.04±9.39%, respectively; P<0.01). 
Administration of budesonide significantly reduced the 
p‑ERK level (52.38±10.42%) compared with the model 
group (P<0.05; P=0.015), but did not entirely reduce the 
level of p‑ERK to healthy control levels (52.38±10.42 and 
31.04±9.39%, respectively; P<0.01; Fig. 5D). Western blot-
ting confirmed that while the expression level of ERK did 
not differ between the groups, the level of p‑ERK protein was 
higher in asthmatic mice (P<0.01), and significantly reduced 
by administration of budesonide (P<0.01; Fig. 5E). p‑ERK 
levels, measured using western blotting, were also signifi-
cantly positively correlated with bronchial wall thickness 
(r=0.813, P<0.01; Fig. 5F).

Figure 2. Increased collagen deposition in lung tissue was determined using Masson staining. (A) Substantial collagen deposition was observed in the inter-
stitium of the asthmatic group. (B) Collagen deposition was reduced in the budesonide‑treated group when compared with the asthmatic group. (C) Small 
quantity of collagen deposition in pulmonary interstitial was observed in the healthy control group. Magnification, x100.

Figure 1. Bronchial hyperplasia in lung tissue was observed using hematoxylin and eosin staining. (A) Tracheal structures were damaged and inflammatory 
cell infiltration was observed in the asthmatic group. (B) Tracheal structural damage and inflammatory cell infiltration was alleviated in the budesonide‑treated 
group. (C) Tracheal structures were not compromised and inflammatory cell infiltration was not observed in the healthy control group. Magnification, x100. 
(D) Quantification of airway wall thickness. *P<0.05 and **P<0.01 vs. control group; #P<0.05 vs. treated group.
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Correlation between ORMDL3, MMP‑9 and p‑ERK levels. 
Correlational analysis was performed according to the results 
of western blotting. The present study determined that protein 
levels of ORMDL3 were significantly positively associated 
with p‑ERK (r=0.727; P<0.01; Fig. 5G) and MMP‑9 (r=0.914, 
P<0.01; Fig. 5H).

Discussion

ORMDL3 was previously defined as a novel oncogene, that 
may contribute to airway remodeling (16). The current study 
determined that ORMDL3 was upregulated in the lung tissues 
of an asthma mouse model. ORMDL3 was primarily located 
in the nucleus and cytoplasm of inflammatory and epithelial 
cells. Expression of ORMDL3 occurred along with markers 
of airway remodeling and pathological signs of airway remod-
eling, including epithelial cell shedding, tube wall edema, 
smooth muscle hyperplasia, collagen deposition and inflam-
matory cell infiltration were observed.

Airway remodeling may be a secondary process occur-
ring in response to a chronic inflammatory environment and 
involves increased proliferation of inflammatory cells, epithe-
lial cells and cytokine release. These factors affect the airway 
structures and pulmonary functions (11,17). The present study 
identified exacerbated airway modeling in the OVA‑induced 
asthma model, which was reduced by the administration of 
budesonide.

In the asthma mouse model established in the present 
study the expression of ORMDL3, MMP‑9 and p‑ERK was 
positively associated bronchial wall thickness, an indicator 
of airway remodeling severity. ORMDL3 was previously 
reported to be associated with asthma  (18,19). Allergen 
challenge was reported to induce a 127‑fold increase in 
ORMDL3 mRNA expression in the bronchial epithelium 
of wild‑type mice  (20‑24). Previous studies have also 
revealed that ORMDL3 increased expression of proteases, 
including MMP‑9, which is also associated with asthma 
pathogenesis (25‑30). MMP‑9 is produced by epithelial and 

Figure 3. Expression levels of ORMDL3 protein in lung tissues of the (A) asthmatic model (B) budesonide‑treated and (C) healthy control groups was 
investigated using immunohistochemistry. Magnification, x100. ORMDL3 protein expression was quantified using (D) ImageJ analysis of stained sections 
and (E) western blotting. (F) mRNA expression level of ORMDL3 in lung tissues was determined using reverse transcription‑quantitative polymerase chain 
reaction. (G) ORMDL3 protein expression was positively correlated with bronchial wall thickness, r=0.968, P<0.01. *P<0.05 and **P<0.01 vs. control; #P<0.05 
and ##P<0.01 vs. treated. ORMDL3, orosomucoid‑like 3.
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inflammatory cells and upregulates release of matrix‑associ-
ated growth factors, including transforming growth factor‑β1, 
leading to the degradation of collagen and thus induces infil-
tration of inflammatory cells through the basement membrane 
and ECM, accelerating collagen deposition. Therefore, these 
processes induce airway remodeling  (31,32). Thus, our 
observation that ORMDL3, MMP‑9 and p‑ERK expression 
were positively associated with bronchial wall thickness was 
consistent with previous studies.

In the present study ORMDL3 expression was also 
positively associated with levels of MMP‑9 and p‑ERK; 
therefore, ORMDL3 may induce the activation of MMP‑9, 
and ORMDL3 may promote airway remodeling through 
the ERK/MMP‑9 pathway. Previous studies of ORMDL3 
expression in HEK 293 cells suggested that the primary 
impact of ORMDL3 expression is on the p‑ERK/ERK 
pathway (14,33). The ERK1/2 signaling pathway may stimu-
late extracellular signal transduction from the cell to the 

nucleus, through phosphorylation of transcription factors that 
regulate the activation of nuclear factor‑κB, ETS proto‑ 
oncogene 1 and other transcription factors, thereby regu-
lating the transcription of target genes, such as MMP‑9 (34). 
Activation of the ROS‑ERK‑MMP‑9 pathway may induce 
metastasis (35).

Administration of budesonide ameliorated airway remod-
eling in the OVA‑induced asthma model and reduced the 
expression levels of ORMDL3, MMP‑9 and p‑ERK, indicating 
that budesonide may reduce airway remodeling by inhibiting 
the ORMDL3/ERK/MMP‑9 pathway.

In conclusion, the findings of the present study suggest 
that ORMDL3 may induce MMP‑9 expression in asthmatic 
mice via the ERK pathway, by inducing airway remodeling 
and that budesonide may alleviate bronchial hyperplasia and 
collagen deposition through the ORMDL3/ERK/MMP‑9 
pathway. However, the association between ORMDL3 and 
the ERK/MMP‑9 pathway remains to be determined. Future 

Figure 4. Expression levels of MMP‑9 protein in lung tissues of the (A) asthmatic model (B) budesonide‑treated and (C) healthy control groups was investigated 
using immunohistochemistry. Magnification, x100. MMP‑9 protein expression was quantified (D) using ImageJ analysis of stained sections and (E) western 
blotting. (F) mRNA expression level of MMP‑9 in lung tissues was determined using reverse transcription‑quantitative polymerase chain reaction. (G) MMP‑9 
protein expression was positively correlated with bronchial wall thickness, r=0.887, P<0.01. *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. treated. 
MMP‑9, matrix metalloproteinase 9.
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investigations should identify the effects of ORMDL3 on 
the ROS‑ERK/MMP‑9 pathway using in vitro experiments 
and ORMDL3‑knockout mice. Further understanding of 
the mechanisms responsible for pathological remodeling in 
asthma may highlight novel therapeutic strategies.
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