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Sample collection

Mice were sacrificed 24 hours after the last 
aerosol challenge with an overdose of pento-
barbital sodium (100 mg/kg). The lungs were 
lavaged using 500 μL iced PBS three times, 
and the bronchoalveolar lavage fluid (BALF) 
was collected. Lung tissues were harvested. 
The supernatant of BALF was stored at -20° 
until next assay for cytokine determination. The 

(PAS) was used for morphological evaluation  
of the lung tissue. Lung inflammation was 
assessed by the degree of peribronchiolar and 
perivascular inflammation. Goblet cell hyper-
plasia in the epithelium and submucosal gland 
hypertrophy were assessed. Quantitative anal-
ysis was performed by two independent patho-
logical examiners in a blind fashion. A grading 
scoring system to elucidate the extent of inflam-
mation and goblet cell hyperplasia was adopt-

Figure 1. Measurement of body weight. Body weight of the mice with a high-
fat diet increased more rapidly compared to mice with a normal diet. The 
final body weight of mice with high-fat diet was significantly higher than ani-
mals with normal-diet (p<0.05).

Figure 2. Airway hyperresponsiveness test of all groups. AHR was assessed 
using a computerized small animal ventilator. Lung resistance (RL, cmH2O.s/
ml) was recorded to determine the airway responsiveness. DG treatment 
suppressed AHR in obese asthmatic mice. #p<0.05, ##p<0.01, significant 
difference compared with the normal control group; *p<0.05, significant dif-
ference compared with the obese asthma group. n=6 per group.

right upper lobes were fixed  
in formalin for histology; the 
right lower lobes were stored 
for testing bio-markers of oxi-
dative stress; the left lobes 
were stored at -80° for Wes- 
tern blotting analysis.

Inflammatory cell count in 
BALF

The supernatant of BALF sus-
pension was used for cytokine 
quantification. The remaining 
cell pellet was resuspended 
by 200 µl PBS. Fifty microlit- 
ers of cell suspension was de- 
termined by a hemocytometer. 
Differential cell counts were 
assessed. Another 50 µl sus-
pension was subjected to cy- 
tospin at 450 rpm for 5 min, 
followed by Diff-Quick stain- 
ing (Sysmex Corporation) to 
detect inflammatory cells. A 
total of 300 cells were count-
ed under microscopic exami-
nation. Types of inflammatory 
cells were determined in ran-
domly selected fields of the 
slide with a differential cell 
counter (Hwashin Tech) based 
on morphologic criteria and 
staining characteristics. In- 
flammatory cells were classi-
fied as eosinophils, neutro-
phils, macrophages, or lym- 
phocytes.

Lung histology

The lung was fixed in 4% pa- 
raformaldehyde in PBS and 
paraffin-embedded. The lung 
sections of 4 μm were stained 
with hematoxylin and eosin 
(HE) and Periodic acid-Schiff 
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ed, making a semi-quantitative analysis as 
described previously [8]. Scoring of inflamma-
tory cells and goblet cells was performed in at 
least three different fields for each lung sec-
tion; the average value was considered as the 
final result.

Measurement of bio-markers of oxidative 
stress

The right lower lobe was crushed in PBS, and 
lung homogenate was made, centrifuged for  
2 min at 4°C (1500 rpm). Then supernatants 
were collected and total protein level was  
measured using BCA assay. After lung ho- 
mogenate preparation, the Malondialdehyde 
(MDA) and Glutathione (GSH) contents in lung 
tissue were determined using GSH and MDA 
test kits (Nanjing Jiancheng Bioengineering 
Institute, Jiangsu, China) according to manu-
facturer’s instructions. The concentration of 
MDA and GSH was showed in µmol/g-protein. 

Cytokine and chemokine analysis in BALF

The amounts of cytokine/chemokine of inter-
leukin (IL)-17A, IL-4, IL-6, tumor necrosis factor 
α (TNF-α), Monocyte chemotactic protein 1 
(MCP-1), keratinocyte-derived chemokine (KC) 
and RANTES in BALF were analyzed by a mul- 
tiplex Luminex assay using a Milliplex Mouse 
Cytokine/Chemokine Immunoassay (Millipore 
Corporation, Billerica, MA), following the manu-
facturer’s instructions strictly. 

Western blot analysis of Nrf2

Western blot analysis for Nrf2 was conducted 
in lung tissues. Lung tissue was homogenized 

in the frozen state in ice-cold lysis buffer. RIPA 
buffer (Thermo, Rockford, IL) was used to ex- 
tract protein from crushing lung tissues, follow-
ing the manufacturer’s protocol. Protein con-
tent was determined by the Bradford method 
using Bio-Rad protein assay (Bio-Rad, Hercules, 
CA). 20 μg were used for Western blot analy- 
sis to determine Nrf2 protein expression with 
Nrf2 antibody. (Bio-Rad, Hercules, CA). Equal 
amounts of proteins were separated by 10% 
SDS-PAGE. The proteins were then transferred 
electronically onto a polyvinylidene difluoride 
membrane (PVDF) membrane (0.45 μm; Milli- 
pore Corp., Billerica, MA, USA). The PVDF  
membranes were incubated with a blocking 
buffer (5% nonfat milk in 20 mM Tris-HCl pH 
7.5), 137 mM NaCl, and 0.1% Tween 20 for 1 h 
at room temperature. Then the membranes 
were probed with primary anti-Nrf2 antibo- 
dies (Abcam, Cambridge, MA, UK) overnight  
at 4°C, washed 3 times (20 mM Tris-HCl pH  
7.5, 137 mM NaCl, and 0.1% Tween 20), in- 
cubated with HRP-conjugated secondary anti-
bodies (1:5000 dilution) for 1 h at room tem-
perature, washed thrice, and then detect- 
ed with ECL (Amersham Pharmacia Biotech). 
Densitometry was performed using ImageJ 
Software.

Statistical analysis

Data analyses were performed with SPSS ver-
sion 17.0 statistic software. Multiple groups 
were compared to determine differences using 
a one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s Multiple Comparison Test of 
means. All data were shown as means ± SEM 
(standard error of the mean). Histological sco- 

Figure 3. Cell counts in BALF. Cell fractionation and differential cell count in BALF were performed. Data expressed 
as mean ± SEM (n=6/group). A. Total inflammatory cell count. B. The mean percentage of eosinophils. C. The mean 
percentage of neutrophils. #p<0.05, ##p<0.01, significant difference compared with the normal control group; 
*p<0.05, significant difference compared with the obese asthma model group.
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res were compared by the Kruskal-Wallis test. 
Statistical significance of differences was set 
at P<0.05.

Results

Physiological outcomes and body weights

And results showed the body weights gained in 
mice on a high fat diet are more rapidly than in 
mice on a normal diet. The total body mass of 
high fat diet mice was substantially greater 
than that of normal diet mice. The mice induced 

by OVA exhibited the expected physiological 
outcomes, including sneezing, nasal itching, 
catching the ear, urinary and fecal inconti-
nence, and asthma attacks. Obese asthma 
mice demonstrated the above outcomes more 
seriously. However, in obese asthma mice with 
DG, these symptoms were alleviated. (Figure 
1). 

Airway hyperresponsiveness of mice

The mice in both asthma group and obese  
asthma group, as immunized by OVA, showed a 

Figure 4. Histological study of lung tissues by HE and AB-PAS staining. Lung inflammation and mucus production 
were assessed, as described in Materials and Methods. A. HE staining; B. AB-PAS staining; C. The Inflammation 
scores; D. PAS positive scores. Original magnification: ×400. Data expressed as mean ± SEM (n=6/group). 1 control 
group; 2 asthma group; 3 obese asthma group; 4 obese asthma with DG group. Asthma group and obese asthma 
group mice exhibited an obvious inflammatory cell infiltration shown in HE staining and Goblet cell hyperplasia, 
mucus hypersecretion in PAS staining. DG treatment reduced the changes. #p<0.05, ##p<0.01, significant differ-
ence compared with the normal control group; *p<0.05, significant difference compared with obese astham model 
group.
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gradually increase of airway responsiveness 
after methacholine inhalation compared with 
the control group. The RL growths in mice of 
obese asthma group were significantly greater 
at each concentration of methacholine com-
pared to normal group. In addition, at concen-
tration of 25 g/L, 50 g/L methacholine, the RL 
growth of obese asthma mice showed a signifi-
cant increase compared to asthma group mice, 
which indicating manifest airway hyperreac- 
tivity in obese asthma (p<0.01). However, the 
obese asthma mice treated with DG resulted  
in lower AHR at high concentrations of metha-
choline (25 g/L and 50 g/L) (Figure 2).

Effect of DG treatment on cell counts in BALF 
and lung histological changes

Compared with normal control group, the mice 
of asthma group, obese asthma group showed 
a markedly rise in the number of total inflam-
matory cells in the BALF (p<0.01). The mean 
percentage of eosinophils and neutrophils in 
the BALF of the two groups was also markedly 
increased (p<0.01). In obese asthma with DG 
treatment group, the total number of cells in 
the BALF was significantly reduced compared 
with the obesity group and asthma group. The 
mean percentage of eosinophils and neutro-
phils in the BALF of DG treatment group were 
significantly lower than in the obese asehma 
group (p<0.05) (Figure 3).

In normal control group mice, lung histological 
examination showed normal tissue, without 

and mucus scores in all groups were shown in 
Figure 4C and 4D.

Detection of bio-markers of oxidative stress

The levels of MDA in the lung tissue of model 
groups (asthma and obese asthma group) were 
significantly higher than those of control group, 
but the obese asthma was more severe. Mo- 
reover, GSH was lower in the both model groups 
than control group. DG treatment significantly 
reduced levels of lung MDA and increased the 
level of GSH in lung tissue of obese asthmatic 
mice (p<0.05). (Figure 5).

Cytokine concentrations

Asthma group mice and obese asthma group 
mice showed a increase in cytokine of IL-17A, 
IL-4, IL-6, TNF, MCP-1, KC and RANTES in the 
BAL fluid as compared with the normal control 
mice. In obese asthma group, these pro-inflam-
matory cytokines were increased the most 
obviously. The obese asthma with DG treat-
ment group exhibited a significantly reduce of 
those pro-inflammatory mediator concentra-
tions. (Table 1).

Effect of DG treatment on expression of Nrf2 
protein 

Nrf2 protein expression was up-regulated in 
both asthma group and obese asthma group, 
reflecting a balance for the production of ROS. 
Treatment of DG significantly promoted the 
expression of total Nrf2 protein even more. 

Figure 5. Measurement of bio-markers of oxidative stress in lung. MDA, GSH 
contents in lung tissue were examined. Data expressed as mean ± SEM 
(n=6/group). #p<0.05, ## p<0.01, significant difference compared with the 
normal control group; *p<0.05, significant difference compared with obese 
astham model group. 

infiltration of inflammatory 
cells. Asthma group and ob- 
ese asthma group mice ex- 
hibited an obvious inflamma-
tory cell infiltration, which aro- 
und airways and blood ves-
sels. Goblet cell hyperplasia 
was observed in asthma group 
and obese asthma group, and 
in obese asthma mice goblet 
cell hyperplasia and mucus 
hypersecretion was more ob- 
vious than mice of asthma 
group. The treatment of DG 
reduced the infiltration of in- 
flammatory cells in lung com-
pared with the obese asthma 
model mice (Figure 4A and 
4B). The Inflammation scores 
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(Figure 6A). Relative expressions of Nrf2 pro-
tein to β-actin are shown in Figure 6B. 

Discussion

We studied the potential of DG treatment for 
obese asthma using a murine model of obesity 
with asthma. We investigated the effect of DG 
on airway inflammation and AHR. Our findings 
indicate that DG has an obvious efficacy in sup-
pressing the development of airway inflamma-
tion and inhibiting AHR. The effect of DG on 
airway inflammation and AHR involves up-regu-
lating Nrf2 protein expression and reducing oxi-
dative stress in lung tissue of mice.

Bronchial asthma is a common airway disease 
and inflammation is the hallmark of asthma. 
Obesity is a low-grade, chronic systemic inflam-
mation state which may affect the lungs to 
exacerbate asthma. To investigate airway in- 
flammation, we assessed the total cell and dif-
ferential counts in the BALF and made histo-
logical examination of murine lung tissue. In 

there was a reduction of inflammatory cell infil-
trate, goblet cell hyperplasia and mucus hyper-
secretion in lung tissue in obese asthmatic 
mice treated with DG.

Another feature of asthma is the relatively high 
AHR to methacholine. Increased AHR corre-
lates with disease severity and can serve as a 
monitoring indicator of asthma. Johnston R.A. 
et al. [10] reported that after OVA sensitization 
and challenge, obese mice exhibit enhanced 
airway responsiveness to methacholine. In the 
current study we found obese mice showed a 
significant rise of AHR. Our results show the 
treatment of DG lead to lower AHR at high con-
centrations of methacholine. 

The pathogenesis of asthma involves multiple 
cells and a network of cytokines and chemo-
kines, adhesion molecules generated by these 
cells. It has been suggested that T helper 2 
(Th2) cells and Th2 cytokines play crucial roles 
in the development of allergic asthma. However, 
IL-17 has been largely reported to associated 

Table 1. Cytokine/Chemokine concentrations in BALF
Group n IL-4 IL-6 IL-17 MCP-1 KC TNF-α RANTS
A 6 11.64±1.61 4.32±1.47 4.308±0.53 7.66±1.04 48.05±6.37 12.84±2.80 3.33±0.61
B 6 29.56±2.86# 35.73±7.17# 25.57±3.11# 32.73±3.59# 276.92±45.18# 87.23±7.13# 8.73±1.26#

C 6 75.59±6.31# 53.26±12.61## 33.64±7.13## 61.13±10.74## 513.80±96.04## 137.60±12.49## 9.51±1.99#

D 6 53.36±4.90* 13.12±1.99* 10.01±2.41* 35.79±3.89* 124.20±23.22* 64.34±11.45* 3.70±0.66*

Data expressed as mean ± SEM (n=6/group). #p<0.05, ##p<0.01, significant difference compared with the normal control group; *p<0.05, signifi-
cant difference compared with the obese asthma model group.

Figure 6. Nrf2 protein expression in lung tissue. Nrf2 expression levels were 
analyzed by western blot using β-actin as an internal control. A. Western 
blot images of Nrf2 protein expression. 1, Control group; 2,asthma group; 3, 
obese asthma group; 4, obese asthma with DG treatment group. B. Relative 
expression of Nrf2 protein. Relative units are expressed as the relative ratio 
of Nrf2 to β-actin. Data expressed as mean ± SEM. (n=6/group). #p<0.05, 
significant difference compared with the normal control group; *p<0.05, sig-
nificant difference compared with obese asthma model group.

our present study, we found 
inflammatory cell numbers 
were increased in asthma 
mice and obese asthma mi- 
ce, and the increase of in- 
flammatory cell in obese as- 
thma mice was more signifi-
cant. Inflammatory cell num-
bers in BALF were significant- 
ly reduced after treatment of 
DG. Together, in obese asth-
ma mice, the percentage of 
eosinophils and neutrophils 
were increased significantly 
compared to the control gro- 
up. DG treatment decreased 
neutrophil and eosinophil per-
centage significantly compar- 
ed with the obese asthma 
model group. As shown by HE 
staining and AB-PAS staining, 
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