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Abstract: Airway remodeling can lead to irreversible airflow obstruction and persistent airway hyper-responsiveness, 
which is the pathological basis of refractory asthma. To investigate the preventive effect of protocatechuic aldehyde 
on airway remodeling in asthmatic mice by lung morphometry methods. BALB/c mice were used to establish model 
of airway remodeling by ovalbumin (OVA) inhalation. Bronchoalveolar lavage fluid (BALF) were collected for eosino-
phils (EOS) count and detection of interleukin 4 (IL-4), interleukin-13 (IL-13) and interferon (IFN-γ) content. The left 
lung pathological sections were performed HE, AB-PAS and Masson staining. The epithelial lamina thickness of the 
left main bronchus (Re), the smooth muscle layer thickness (Rm), the number of goblet cells and goblet cell area 
percentage (%Ac) and gas side of the road and vascular collagen deposition (%Aco, %Avc) situation were measured. 
Protocatechuic aldehyde gavage made the reduction of BALF EOS count. IL-4 and IL-13 levels also decreased, 
while the IFN-γ level increased. The left main bronchus Re, Rm, goblet cell count, Ac% and Aco% and Avc% reduced. 
Protocatechuic aldehyde can significantly control airway inflammation and prevent airway remodeling.
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Introduction

Asthma is a common respiratory and occurring 
disease. With the development of new drugs 
and the promotion of standardized treatment 
of asthma, many of the symptoms are well con-
trolled, and the quality of life has been signifi-
cant improved. But we found that asthma 
attack is a still inevitable disease in practice 
even under the strict implementation of stan-
dardized treatment regimens, the overall prog-
ress continues to show a chronic course [1-3]. 
Now it is believed that the airway remodeling  
in asthma may occur in early [4]. In airway 
remodeling, reversibility of airflow obstruction 
reduced, the ventilation dysfunction with main 
expiratory phase aggravated, and lung residual 
volume increased, which leads to varying 
degrees of emphysema, and even pulmonary 
heart disease. The asthma attack symptoms 

can be temporarily controlled through appropri-
ate means, but airway remodeling gradually 
increased due to persistent and progressive 
development. Therefore, if the treatment of 
asthma did not started from the treatment of 
airway remodeling, asthma cannot be relieved 
from the root.

Salvia are common herbs in traditional Chinese 
medicine for the treatment of cardiovascular 
and cerebrovascular diseases, which was used 
in clinical treatment of pulmonary heart disease 
[5] and asthma. With chemical name of 3, 
4-hydroxybenzaldehyde, protocatechuic alde-
hyde is one of major water-soluble components 
in the traditional Chinese medicine Salvia [6]. 
Study on the extraction process for the prepara-
tion of protocatechuic aldehyde from Salvia is 
relatively mature. Currently, whether the proto-
catechuic aldehyde impacts on asthma has not 
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been reported. Recent studies have shown that 
protocatechuic aldehyde can inhibit the phos-
phorylation of phosphatidylinositol 3-kinase 
(PI-3K) and mitogen-activated protein kinase 
(MAPK), thus inhibiting the migration and prolif-
eration of vascular smooth muscle [7]. And in 
airway remodeling, PI-3K and MAPK are main 
pathways involved in the regulation [8-10], air-
way smooth muscle is the heart of the patho-
logical changes in airway remodeling, and 
involves in airway remodeling of extracellular 
matrix through cell proliferation, hypertrophy, 
migration, and secretory cells. Therefore, we 
hypothesizes that protocatechuic aldehyde 
inhibits airway remodeling.

In this study, ovalbumin inhalation was used to 
establish a mouse model of airway remodeling, 
in order to explore the pharmacological effects 
and mechanism of protocatechuic aldehyde on 
airway remodeling in asthma mice, which pro-
vided experimental evidence for clinical appli-
cation of protocatechuic aldehyde in the pre-
vention airway remodeling.

Materials and methods

Animals

50 female SPF grade BALB/c mice with age of 
6-8 weeks (provided by the Experimental 
Animal Center of Guangdong Medical College, 
Animal Certificate of Conformity: SCXK (Guang- 
dong) 2004-2008 2007A034), weight of 20±2 
g were housed separately in a clean environ-
ment with room temperature (24-28°C) and 
humidity of 70%. The bedding was changed 
daily, water and food intake were free. This 
study was carried out in strict accordance with 
the recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol 
has been reviewed and approved by the 
Institutional Animal Care and Use Committee 
(IACUC) of Guangdong Medical College.

Preparation of protocatechuic aldehyde

5 kg of Salvia (Zhanjiang Hang Seng Pharma- 
ceutical Co., Ltd., China) was used, impurities 
were removed and cut into sections with 3-5 
cm, rinsed with potable water and distilled 
water. Drained and dried, crushed into powder 
with 10-18 meshes. Salvia powder was put into 
the extract pot, added 10 times the amount of 
distilled water, boiled for 2 hours, filtered, and 
retained the first decoction. The dregs were 

boiled in 8 times the amount of distilled water 
for 1.5 hours, filtered, and retained a second 
frying liquid. The dregs were boiled in 8 times 
the amount of distilled water for 1.5 hours, fil-
tered, and retained the third decoction. 
Removed the dregs, and then merged the three 
decoctions. The decoction was neutralized with 
hydrochloric acid, adsorbed with adsorption 
column charged by weakly basic macroporous 
resin D301M. After sorbent saturated, eluted 
with 50% ethanol solution, then with 0.4% of 
sodium hydroxide aqueous solution, the eluent 
was collected and concentrated to about 1 L, 
the PH value was adjusted to be 2 with hydro-
chloric acid, adsorbed with adsorption column 
charged by weak polar sorbent AB-8 under 
acidic conditions, eluted with pure 40 L, then 
switched to 5 % ethanol solution, collected elu-
ate, and performed vacuum filtration, and the 
filtrate was concentrated to a final of 100 ml. 
Then performed stilling to get approximately 
6.15 g of protocatechuic aldehyde crystals. 
After HPLC, the purity reached to 95%. 
Dissolved in distilled water prior to use to pre-
pare a 2 mg/ml (high dose) and 1 mg/mL (low 
dose) suspension, mice were administered 
orally in an amount of 0.1 mL/10 g/d.

Preparation of PA suspension

8 PA tablets (Guangdong Bang Min Pharma- 
ceutical Co., Zhunzi H44021838, China) were 
ground together with 1 g of Tween 80 in a mor-
tar, then diluted with 100 ml distilled water, 0.4 
mg/ml suspension was prepared. Mouse was 
performed gavage with a dosage of 0.1 ml/ 
10 g/d.

Grouping and treatment

Female BALB/c mice with age of 6-8 weeks 
were randomly divided into five groups, 10 for 
each group. The control group (CON) was intra-
peritoneally injected 0.5 ml saline containing 
2.5 mg of aluminum hydroxide gel (Nanning 
Baihui Pharmaceutical Group Co., Zhunzi 
H45020626, China) and multi subcutaneous 
sensitization on the 0, 7th, 14th day. On the 
21th day, aerosol inhalation of saline was per-
formed once a day, 30 min for each time. On 
the 28th day, daily oral administration of 0.1 ml 
distilled water for 10 g body weight was carried 
out, and 30 minutes after oral administration of 
distilled water, aerosol inhalation of saline was 
performed on every other day, three times a 
week for eight weeks. The model group (OVA) 
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was intraperitoneally injected 0.5 ml sensitiza-
tion liquid and multi subcutaneous sensitiza-
tion on the 0, 7th, 14th day. The sensitization 
liquid was prepared by ovalbumin 1 mg OVA (V 
grade, Sigma, USA) and 6.25 ml aluminum 
hydroxide gel dissolving in 50 ml of normal 
saline, and began to challenge on 21th day with 
1% OVA normal saline solution, once a day, 30 
min for each time. On the 28th day, daily oral 
administration of 0.1 ml distilled water for 10 g 
body weight was carried out, and 30 minutes 
after oral administration of distilled water, aero-
sol inhalation of saline was performed on every 
other day, three times a week for eight weeks. 
The sensitization and challenge of the predni-
sone acetate (OVA + PA) group, protocatechuic 
aldehyde high dose group (OVA + PCAH), proto-
catechuic aldehyde low-dose group (OVA + 
PCAL) were the same with the OVA group. On 
the 28th day, suspension of OVA + PA or OVA + 
PCAH or OVA + PCAL was daily orally adminis-
trated, 0.1 ml for 10 g body weight, 30 minutes 
after oral administering on every other day, 
challenged by inhalation, the inhalation time 
and method were the same with the OVA group 
(Figure 1).

Bronchoalveolar lavage

According to our previous method [11], 48 h 
after the last challenge, mice were sacrificed. 
The chest door of left lung was opened and 
ligated, the left lung was cut and fixed with 10% 

formalin, the remaining lung was performed 
bronchoalveolar lavage lung perfusion. Bron- 
choalveolar lavage method was bluntly dissect-
ed to expose trachea before skin tracheotomy, 
rapidly made a “T” shaped incision in the lower 
trachea with 22G intravenous catheter tubes 
for tracheal intubation, carefully pulled out the 
needle with the needle into the core, then 
pushed the indwelling needle forward about 
0.5 cm, fixed by a thread, slowly injected 1 ml 
PBS through the plastic tube with a syringe, 
right lung sufficient expansion was visible, 
retained for one minute, then slowly retraced, 
and repeated for three times, a total of 3 ml 
PBS solution was injected. The fluid recoveries 
were more than 85%. Bronchoalveolar lavage 
fluid (BALF) was collected in a centrifuge tube 
and stored temporarily at 4°C refrigerator. 0.1 
ml BALF used for eosinophil count. The remain-
ing BALF was centrifuged with 12000 rpm for 5 
minutes, the supernatant was stored at -20°C 
refrigerator to be measured cytokine interleu-
kin-4 (IL-4), interleukin-13 (IL-13) and interferon 
(IFN-γ) levels. Murine IL-4, IL-13 and IFN-γ ELISA 
kits were purchased from the Haixi Tang 
Biotechnology Limited. Other reagents were 
domestic or imported analytical reagents.

Preparation of lung tissue sections

The left lung was performed conventional fixa-
tion, dehydration, transparent, wax dipping and 
embedding after cutting right lung in accor-

Figure 1. Experimental design.
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dance with the red line in Figure 2, the tissues 
embedded below the red line were lung tissues. 
Try best to place all of the lung tissue in one 
direction when embedded. Adjusted the block 
holder for fixing paraffin in the slicing, so that 
each specimen was from the cross-section ver-
tical to the longitudinal axis of the cut for the 
left lung down to the lungs, started recording 
the number of Σμm when cut to the lung tis-
sues, at least three paraffin sections with thick 
of 5 μm was successfully cut between Σμm 
1000 μm and 1500 μm (shown in Figure 2, the 
left main bronchus could be seen in each slice). 
Three sections of each specimen were obtained 
for HE, AB-PAS and Masson staining.

HE staining

Paraffin sections were deparaffinized to wash-
ing. In routine HE staining, hematoxylin treated 
for 8 minutes, 1% ethanol eosin for 3 minutes, 
mounted by neutral gum. HE staining semi-
quantitative assessment was performed for 
assessing the degree of bronchial inflammato-
ry cell infiltration in surroundings, each slice 
were assessed the degree of inflammatory cell 
infiltration of the left main bronchus and the 
surrounding three large vessels, the mean val-
ues were obtained. The criteria were no inflam-
matory cells (0), a few inflammatory cells (1 

point), more uneven distribution of inflammato-
ry cells (2 points), a large number of inflamma-
tory cells in relatively uniform distribution and 
rare gathered into a group (3 points), a large 
number of inflammatory cells clump (4 points).

AB-PAS staining

Paraffin sections were deparaffinized to wash-
ing, stained by AB dye for 30 minutes, treated 
with 3% acetic acid for 3 minutes, then distilled 
water for three times. Treated by 0.5% periodic 
acid oxidation for 10 minutes, washed by tap 
water, then immersed in distilled water for 
twice. Stained by Schiff liquid for 15 minutes. 
Rinsed by fluid water for 3 min, washed by dis-
tilled water for twice. Then performed dehydra-
tion, transparent, mounting and HE staining. 
AB-PAS positive stained mucilage showed pur-
ple. After capturing images by microscopic pho-
tograph, Irregular AOI and Segmentation func-
tion of Image-Pro Plus 6.0 image analysis 
software were used to test the left main bron-
chus epithelial lamina thickness (Re), smooth 
muscle thickness (Rm), AB-PAS-positive goblet 
cells stained goblet cell count and area (AG, 
except for the area of positive staining mucus) 
on each slice to calculate the relative percent-
age of goblet cell area and epithelial lamina 
area (%AG). Of which, airways epithelial lamina 

Figure 2. Schematic representation of sample collection and parameter measuring. A. “a” line indicates the site 
where the porta pulmonis was cut open. The region between “b” line and “c” line was the sites where lung sections 
were collected. This region was derived by extension of porta pulmonis. The distance between “a” line and “b” line 
was approximately 1000 μm. The distance between “a” line and “c” line was approximately 1500 μm. At least 3 
paraffin sections with a thickness of 5 μm/section were collected from “b” line and “c” line. The arrow in the figure 
indicates left main bronchus. B. One large bronchus (arrow) and three associated large vessels (one pulmonary ar-
tery and two pulmonary veins) were observed in the transaction. This bronchus was selected for the morphometrical 
analysis.
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and smooth muscle layer thickness were the 
average thickness conversed from the average 
radius by measuring epithelial lamina area and 
the area of smooth muscle layer.

Masson staining

Paraffin sections were deparaffinized to wash-
ing. Treated by ponceau acid fuchsin solution 
for 5 minutes, then slightly differentiated by 
0.2% acetic acid aqueous solution, rinsed with 
distilled water, and treated by 5% phosphomo-
lybdic acid solution for 8 minutes, directly 
immersed into aniline blue dye for 5 minutes, 
then treated by 0.2% acetic acid aqueous solu-
tion for 2 minutes. After dehydration, transpar-
ent, mounting and HE staining, the collagen 
fibers with Masson staining were blue, muscle 
fibers, cellulose, red blood cells showed red. 
After capturing images by microscopic photo-
graph, IrregularAOI and Segmentation function 
of Image-Pro Plus 6.0 image analysis software 
were used to measure the collagen deposition 
area in the selected range (selected a mea-
surement range along the left main bronchus 
and the outer diameter of the collagen fibers 
around blood vessels) and the total area of 
outer diameter range. The relative percentage 
of target airway, perivascular collagen deposi-

tion area (ACO and AVC) and the total area within 
sedimentary diameter range (AT and At) of tar-
get airway collagen fibers was calculated, 
namely ACO/AT%.

Statistical analysis

Experimental data were indicated by 
_
x ± s. 

SPSS13.0 analysis software was used. Normal 
distribution of data among the groups were 
compared using ANOVA, homogeneity of vari-
ance using the Bonferroni test, while heteroge-
neity of variance by Tamhane’s T2 test. P < 
0.05, P < 0.01, P < 0.001 indicated statistically 
significant.

Results

EOS count and content of IL-4, IL-13 and IFN-γ

Compared with the control group, EOS counts 
and IL-13 and IL-4 content in BALF of the OVA 
group increased, while the content of IFN-γ 
reduced (P < 0.01 or P < 0.001). Compared 
with the OVA group, EOS counts and IL-13 and 
IL-4 content in BALF of the OVA + PA and OVA + 
PCAH groups in BALF decreased (P < 0.01 or P 
< 0.05), while the content of IFN-γ increased (P 
< 0.01). EOS counts and IL-13 and IL-4 content 
in BALF of the OVA + PCAL group (P < 0.01) 

Figure 3. The effects of drugs on the count of Eos, the level of IL-4, IFN-γ and IL-13 in BALF of asthmatic mice. A. EOS 
counting. B. The level of IL-4. C. The level of IL-13. D. The level of IFN-γ. N = 10, 

_
x ± s. **P < 0.01, ***P < 0.001 

compared to COM groups. ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to OVA groups.
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decreased, the content of IL-13 had no signifi-
cant change (P > 0.05), and the content of IFN-γ 
increased (P < 0.05; Figure 3).

HE staining

Pathological changes of lung tissue for mice in 
each group after HE staining was observed 
under light microscope. Significant airway 
change of model mice was visible, the airway 
epithelial lamina and smooth muscle layer 
thickened, goblet cells were hyperplasia, sub-
mucosal glands were hypertrophy, airway wall 
was congestion, intraluminal exudate and 
inflammatory cells infiltration were significant, 
alveolar ducts, alveolar sacs and alveolar septa 
were damaged, a large number of inflammatory 
cells were seen to aggregate in lung field. The 
lung tissue of mice in the control group showed 
no inflammation. The mice lung tissue inflam-
mation in each treatment groups significantly 
reduced compared with the OVA group, the OVA 
+ PA had the most obvious alleviation, followed 
by OVA + PCAH (Figure 4A-E).

HE staining semi-quantitative assessment was 
used to assess the infiltration extent of the left 
main bronchus and the adjacent perivascular 
inflammatory cells to obtain the scores of the 
inflammatory cells in the lungs (Figure 4F). The 
scores of lung inflammatory cells in the OVA 
group was higher than that of the control group 
(P < 0.001). The scores of the OVA + PA, OVA + 
PCAH, OVA + PCAL groups were lower than that 
of the OVA group (P < 0.001, P < 0.01 or P < 
0.05).

AB-PAS staining

After AB-PAS staining for lung tissues, the 
mucin granule of goblet cells were stained to be 
deep purple (Figure 5A-E). The left main bron-
chus morphometry measurement results 
showed that the index of model mice increased 
compared with the control group (P < 0.01 or P 
< 0.001). Compared with the OVA group, the 
smooth muscle layer thickness of the OVA + PA 
group was slightly lower, but the difference was 
not statistically significant (P > 0.05), the per-

Figure 4. Comparisons of HE staining for left main bronchus (100×) and lung inflammatory cell infiltration score 
in BABL/c mice. A. Control group: no or rarely seen inflammatory cell infiltration around the airway. B. OVA group: 
inflammatory cell infiltration around the airway and three large vessels, distributed into pieces or groups, tracheal 
epithelium and smooth muscle layer significantly thickened compared with the control group, lung interval widened. 
C. OVA + PA group: compared with the OVA group, airway and perivascular inflammatory cell infiltration significantly 
reduced, no distribution into groups, no obvious wide alveolar septa compared with the control group. D. OVA + 
PCAH group: compared with the control group, the airway epithelial lamina and smooth muscle layer had no signifi-
cant thickening, not obvious widened alveolar septa, but the airway and perivascular inflammatory cell infiltration 
still increased significantly, occasionally a small amount into the group distribution. E. OVA + PCAL group: showing 
the airway and perivascular infiltration of inflammatory cells into the group distribution, still widened alveolar septa, 
the thickness of airway epithelial lamina and smooth muscle layer reduced no obvious than the OVA group. F. com-
parison of infiltration score of lung inflammatory cells. N = 10, 

_
x ± s. ***P < 0.001 compared to COM groups. ΔP < 

0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to OVA groups.
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Figure 5. AB-PAS staining (400×) and morphometric measurements of target airway in BABL/c mice. (A) Control group: the airway epithelial lamina and smooth 
muscle layer was thinner, no positive staining of the epithelial goblet cells. (B) OVA group: compared with the control group, the airway epithelial lamina and smooth 
muscle layer thickened, positive staining of epithelial goblet cells significantly increased, and goblet cells were hypertrophy, mucus secretion increased in dark 
purple. (C) OVA + PA group: the thickness of the airway epithelial lamina and positive stained goblet cells significantly reduced compared with the OVA group. (D) OVA 
+ PCAH group: the airway epithelial lamina and smooth muscle layer had no significant thickening, the stained positive epithelial goblet cells were rare, and were 
close to the level of the control group. (E) OVA + PCAL group: the thickness of airways epithelial lamina and smooth muscle layer decreased compared with the OVA 
group, the positive stained epithelial goblet cells was still more, but no significant hypertrophy of goblet cells. Quantitative and positioning study of morphometry of 
lung in AB-PAS staining is shown in (F) (the thickness of smooth muscle layer, Rm), (G) (the thickness of epithelial lamina, Re), (H) (goblet cell count), (I) (the percent-
age of goblet cell area, % Ac). N = 10, ***P < 0.001 compared to COM groups. ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to OVA groups.
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Figure 6. Manson staining (400×) and morphometric measurements of target airway in BABL/c mice. (A) Control group: less airway and perivascular collagen 
deposition, no or rare collagen deposition in the basement under the plexiform layer. (B) OVA group: a lot of collagen deposition in the airway and vascular smooth 
muscle surroundings, a lot of collagen deposition in the reticular layer under the airway basal membrane and interstitial lung, the entire field of vision was blue and 
purple. (C) OVA + PA group: airway and perivascular collagen deposition was significantly reduced compared with OVA group, and only a small amount of collagen 
fibers in the reticular layer under basement membrane and interstitial lung. (D) OVA + PCAH group: only a few collagen deposition in the entire field of vision, and 
no difference with the control group. (E) OVA + PCAL group: more airways and perivascular collagen deposition, more obvious interstitial lung collagen deposition. 
Quantitative and positioning study of morphometry of lung in Manson staining is shown in (F) (the collagen coagulation around bronchial, %ACO) and (G) (the collagen 
coagulation around vascular, % AVC). N = 10, ***P < 0.001 compared to COM groups. ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to OVA groups.
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centage of epithelial lamina thickness, goblet 
cell count and goblet cell area decreased (P < 
0.01 or P < 0.001). The indexes of the OVA + 
PCAH and OVA + PCAL groups reduced (P < 
0.05, P < 0.01 or P < 0.001), especially the 
decrease of OVA + PCAH group was significant 
(Figure 5F-I).

Manson staining

After Manson staining of lung tissue, smooth 
muscle and red blood cells were red, collagen 
fibers were blue (Figure 6A-E). The left main 
bronchus morphometry measurement results 
showed that the index of model mice increased 
compared with the control group (P < 0.001). 
Compared with the OVA group, the indexes of 
the OVA + PA group were lower (P < 0.01 or P < 
0.05), the decrease of OVA + PCAH was signifi-
cantly lower than that of the OVA + PA group (P 
< 0.01 or P < 0.001), surrounding bronchial col-
lagen deposition of the OVA + PCAL group was 
lower (P < 0.05), and perivascular collagen 
deposition had no difference compared with 
the OVA group (P > 0.05; Figure 6F, 6G).

Discussion

In this study, mice airway remodeling model 
was prepared by ovalbumin inhalation method, 
lung morphometry methods were used to 
explore the effect of protocatechuic aldehyde 
on the prevention and treatment of airway 
remodeling in asthmatic mice. The results sug-
gested that all OVA-sensitized BALB/c mice had 
varying degrees of asthma attacks after inhala-
tion of the same allergens. The airway epithelial 
lamina of model mice lung tissue was swelling, 
smooth muscle thickened, the airway wall and 
the surroundings had a lot of EOS and lympho-
cyte predominant inflammatory cell infiltration. 
These changes were consistent with the patho-
logical changes of airway remodeling reported 
in the literature [12-14]. This experiment 
showed that induction of airway remodeling 
model in BALB/c mice was successful.

Currently, domestic and international evalua-
tion for airway remodeling model focused on 
histomorphometry. But histomorphometric met- 
hod choosing by different researchers differed 
widely. For example, in the different choosing of 
fixed-embedded lung lobes, and some selected 
the right, the mid or lower lobes for embedding 
sections, some selected the left lung, and 

some researchers directly chose the entire 
right lung for embedding, even the left and right 
lung together were embedded, prepared into 
sections, and observed. Morphometry mea-
surement methods for lung tissue sections also 
varied, without fixed comparison sites, the 
comparability between the models will be 
greatly reduced. On the measurement meth-
ods, the specific morphological differences 
were more obvious. For example, Ford et al [15] 
collected five complete bronchial cross-sec-
tional images under light microscope with 15 to 
200 times were analyzed. Francisco et al [16] 
chose five horizons (up, down, left, right and 
mid) of each slice for 16 specimens to acquire 
bronchial cross-section images under 200 
times light microscope and analyzed. Chen et 
al [17] randomly selected each slice of five 
bronchi with diameter of 300-1000 μm, long 
and short diameters ratio ≥ 0.6 to observe. Ma 
et al [18] selected at least 10 bronchi per slice 
to perform observation. In the above research-
es, because of the lack of comparability among 
samples researchers in the selection of the 
sites in slices, and big differences among the 
structures of different hierarchical bronchial 
epithelial lamina and smooth muscles, such as 
the progressively reduction of goblet cells, usu-
ally no goblet cells in small bronchi, while the 
progressively increase of the amount of smooth 
muscles, so under the premise of no guarantee 
for the same number and type in each slice 
cross-section of the bronchi, even multiple 
bronchial cross-sections were selected, the 
error brought by nature differences cannot be 
avoided.

The innovation of this study was the use of 
external signs of lung tissue (hilar) to effectively 
locate, then pathological sections were pre-
pared within a fixed range. The iconic site of 
selected morphometric measurements was 
only one, that is, the left main bronchus. The 
operation was simple with strong repeatability 
and comparability. And in the specific morpho-
logical measurement methods, the present 
study combined the IrregularAOI and Segment- 
ation function of Image-Pro Plus 610 image 
analysis software, the automatic tracking func-
tion in Irregular was used to precisely define the 
boundary of the epithelial lamina, calculated 
the respective average thickness by measuring 
the area of the epithelial lamina and smooth 
muscle layer, and reduced the artificial error in 
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defining boundary for skin layer. Moreover, tak-
ing the characteristics such as crease bronchi-
al epithelial lamina edge and smooth muscle 
layers into account, in the calculation of specif-
ic indicators, perimeter was not chosen as the 
conversion indicator, while a unified definition 
of an area was used as a conversion indicator, 
the experiment results were more scientific and 
persuasive. In this study, the morphological 
metrology results under HE, AB-PAS and 
Masson staining for the iconic sites showed 
that the indexes of the OVA group were signifi-
cantly higher than those in the control group, 
the differences were significant, which can 
reflect pathological features of airway remodel-
ing in asthmatic mice.

Glucocorticoids were the most effective anti-
inflammatory drugs, which were the most com-
monly used in clinical treatment of asthma 
medication, can effectively improve lung func-
tion and airway obstruction [19]. In this study, 
glucocorticoids were used as a positive control 
drug to observe the effect of PA on each index 
of airway remodeling. The results showed that 
oral administration of PA produced a more sig-
nificant intervention effect on airway remodel-
ing of asthmatic mice, which not only signifi-
cantly inhibited the infiltration of inflammatory 
cells in asthmatic airways, but also inhibit sub-
sequent epithelial lamina thickness of the air-
way wall in chronic inflammation and brought 
back to normal levels. Although the increased 
thickness of smooth muscle layer and collagen 
deposition in airway played a certain degree of 
inhibition, but not completely, this was consis-
tent with the reports of Johnson et al [20] and 
Trifilieff et al [21]. In other words, even though 
PA intervention in early asthma can well sup-
press airway inflammation, only partially inhib-
ited airway remodeling process.

Protocatechuic aldehyde with high doses sig-
nificantly inhibited asthmatic airway inflamma-
tion and inflammatory mediators. Compared 
with the OVA group, EOS count in BALF was sig-
nificantly lower, which was close to the level of 
PA group, and the content of IL-13 and IL-4 was 
significantly lower, while a significant increase 
in IFN-γ levels (reaching the level of the control 
group). The inflammatory cell infiltration score 
of lung tissue in OVA + PCAH group was still 
higher than the control group, but significantly 
lower than the OVA group. The effect of OVA + 
PCAL on asthmatic airway inflammation and 
inflammatory mediators was weaker than the 

high dose group. After the administration of 
OVA + PCAH, although the role of reducing 
inflammation in asthma airway was slightly 
worse compared with PA, remained significant 
effect compared with the OVA group. And the 
role of OVA + PCAH administration in reducing 
IL-13 and IL-4 content in BALF had no differ-
ence compared with the OVA + PA group, and 
the increased IFN-γ content was superior to 
OVA + PA group. Although the effect in OVA + 
PCAL group was not more significant than high 
dose group, but still had some improvement on 
airway inflammation and inflammatory media-
tors. Test results in the measurement of lung 
tissue morphometry showed that the airway 
smooth muscle layer thickness, the thickness 
of the epithelial lamina and goblet cell count, 
percentage of goblet cell area, bronchi and 
perivascular collagen deposition of the OVA + 
PCAH group decreased significantly compared 
with the OVA group, including airway smooth 
muscle layer thickness and the thickness of the 
epithelial lamina, bronchial and perivascular 
collagen deposition basically reached the nor-
mal control group. In other words, the OVA + 
PCAH group was better in the inhibition of air-
way remodeling than PA. OVA + PCAL group had 
no significant effect as the OVA + PCAH group, 
but the index was significantly reduced com-
pared with the OVA group.

The mechanisms of protocatechuic aldehyde in 
anti-asthmatic airway remodeling may be relat-
ed to the anti-inflammatory effects. Airway 
remodeling in asthma was airway wall damage 
based on airway inflammation, not complete 
repair involved in a variety of cells, inflammato-
ry mediators and growth factors [22-25]. This 
process was very complex mechanism involv-
ing in the effect of TGF-β family and Th1, Th2 
cytokines [26-29]. TGF-β produced by asthma 
epithelial cells, fibroblasts, eosinophils and air-
way macrophages stimulated fibroblasts syn-
thesis and secretion of extracellular matrix 
(ECM) proteins including collagen I, collagen III, 
fibronectin, transparent connexin, tenascin and 
proteoglycans, while a significant increase in 
airway mucosal TGF-β expression, and related 
with the basement membrane thickening, the 
number of fibroblasts and the severity of dis-
ease [30]. This directly or indirectly induced  
airway hyperresponsiveness caused by the 
degranulation of mast cells and EOS, as well as 
inflammatory cytokines IL-4. IL-4 stimulated 
cultured human fibroblasts, synthesis of extra-
cellular matrix [31], also promoted the prolifer-



Prevention of airway remodeling by protocatechuic aldehyde

6900 Int J Clin Exp Med 2015;8(5):6890-6901

ation of human fibroblasts [32]. IL-13 was a 
major factor causing fibrosis in a lot of chronic 
infections and autoimmune diseases. The 
interactions of IL-13 and TGF-β1 were the main 
factor leading to chronic inflammation and tis-
sue fibrosis [33]. IL-13 can independently 
involve in bronchial asthma and airway inflam-
mation remodeling [34]. The IFN-γ was a Th1 
cells release cytokine with inhibition of airway 
remodeling. The imbalance of Thl/Th2 directly 
or indirectly played a very important role not 
only in the pathogenesis of asthma and its 
respective release of inflammatory cytokines in 
the whole process, as well as airway remodel-
ing process. Therefore, in this study, the IL-4, 
IL-13 and IFN-γ levels in BALF were detected, 
and the molecular mechanisms of protocate-
chuic aldehyde in the prevention of airway 
remodeling were explored. The decreased IL-4 
and IL-13 content in BALF of the OVA + PCAH 
group had no difference compared with OVA + 
PA group, while the increasing IFN-γ content 
was superior to the OVA + PA group,which can 
more fully correct Th1/Th2 imbalance. This was 
one of the probable reasons for the better 
effect of protocatechuic aldehyde inhibiting air-
way remodeling than PA.

Currently, researches about the prevention 
treatment of protocatechuic aldehyde on asth-
ma and airway remodeling were still in its infan-
cy. Further researches will help us to find effec-
tive drugs to inhibit airway remodeling, and 
make efforts to solve the treatment problem of 
asthma.
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