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Obesity can lead to an elevated risk of asthma, however, the associated mechanism between them remains 
largely unclear. The present work analyzed how diet-induced obesity affects tumor necrosis factor alpha 
expression and its protein expression in the lungs of Bama mini pigs following ovalbumin treatment. 
Altogether 20 mini pigs were randomized into 4 groups (5 pigs in each group) namely, control with normal 
diet, ovalbumin-sensitization with normal diet, control with high-fat diet and ovalbumin-sensitization with 
high-fat diet. Mini pigs were raised using high-fat diet or standard pellets for 23 mo; in the final month, they 
were sensitized and challenged with saline or ovalbumin. After these treatments, lungs were collected to detect 
tumor necrosis factor-alpha messenger ribonucleic acid through real-time polymerase chain reaction assay. 
Body weight, lipid profiles and obesity indices were elevated in diet-induced obesity groups. Additionally, 
tumor necrosis factor-alpha and messenger ribonucleic acid expression significantly elevated in ovalbumin-
sensitization groups compared with the remaining groups (p<0.001). Besides, tumor necrosis factor-alpha 
and messenger ribonucleic acid expression of sensitization+high-fat diet group evidently elevated relative 
to remaining groups (p<0.001). According to our findings, high-fat diet upregulated tumor necrosis factor-
alpha, messenger ribonucleic acid and tumor necrosis factor-alpha protein expression within the experimental 
asthma model. Moreover, obesity-related asthma probably results in local pro-inflammatory factor activation 
and release.
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Obesity and its related metabolic diseases have been 
the global health issues, which gradually become the 
pandemic. There are >500 million people affected 
by overweight or obesity[1]. Obesity and asthma 
show increasing incidence rates over the last 10 
y. Obesity has been identified as the key factor 
related to asthma[2]. Typically, asthma exhibits an 
increased prevalence among obese adults relative 
to lean counterparts. Besides, obesity leads to 2.3 
and 2.0-fold elevated asthma risk among adults and 
children, separately[3,4]. For people with obesity and 
asthma have poor response to representative asthma 
medications, thereby resulting in the increased 
utilization of asthma-related healthcare and reduced 
life quality[5,6]. As estimated by the World Health 
Organization (WHO), there are >230 million 
asthmatic patients and this number keeps increasing; 
however, efficient prevention measures are lacking 
for the time being[7]. Epidemiological results have 

linked asthma with obesity, but the underlying 
mechanism between them remains largely unknown. 
Obese asthmatic cases are usually deemed as serious 
and under poor control[8,9], which may be associated 
with their lower responsiveness to corticosteroids 
and distinct (less atopic) inflammatory phenotype[10]. 
Numerous inflammatory factors (either pro- or anti-
inflammatory ones), like adiponectin, adipokine 
leptin, visfatin and resistin together with chemokines 
and cytokines such as monocyte chemoattractant 
protein, Tumor Necrosis Factor-Alpha (TNF-α) and 
Interleukin (IL)-6 are generated and released by 
the adipose tissue[11] which is considered to be the 
active endocrine organ that can produce various 
inflammatory cytokines. Such adipose tissue-
released cytokines, which are also referred to as 
adipocytokines, can trigger and amplify inflammatory 
processes, thereby causing or exacerbating obesity-
related conditions[11-14]. Typical adipocytokines 
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include leptin, TNF-α, IL-6 and IL-23, which can 
not only cause chronic low-grade inflammation 
within different organs[15], but also participate in lung 
disease pathogenesis[16]. 
Mini pigs share similar physiological features and 
organ sizes with humans, where they are identified as 
the ideal models. Mini pigs of diverse types are fed 
with high-fat, cholesterol and sucrose or combination 
diet for generating human obesity model. For 
instance, Clark et al.[17] utilized mini pigs as a model 
for studying how Diet-Induced Obesity (DIO) 
affected types of skeletal muscle fibers. Nonetheless, 
such models can be established in just few weeks or 
months and mimic human disease process. In this 
study, Bama mini pigs were selected to construct 
models for mimicking human obesity as well as its 
related metabolic diseases through chronic dietary 
induction. Our work might facilitate the relation of 
obesity with asthma by focusing to determine TNF-α 
protein expression within lung tissues and evaluating 
its messenger Ribonucleic Acid (mRNA) expression 
differences between lean and obese mini pigs using 
an experimental asthma model. 

MATERIALS AND METHODS  

Animal model:

Humane care was provided to all the animals 
following guide for care and use of laboratory 
animals. Each procedure gained approval from 
Animal Care and Use Committee of Animal Center 
of Southern Medical University (Approval No: 
SYXK 2011-0074).
Prior to this study, 6 mo Bama mini pigs were 
classified into 4 groups to receive 23 mo treatment 
with 5 animals in each group. Mini pigs were raised 
in cages under 22°, with 40 %-70 % humidity and 
12/12 h light-dark cycle; they were allowed to freely 
drink water and eat food during adaptive feeding 
and experimental processes. Following 1 w adaptive 
feeding, 20 mini pigs were randomized into 4 
groups, namely Control (C) with Normal Diet (ND) 
(C+ND), Ovalbumin (OVA), Sensitization (S) with 
ND (S+ND), C with High-Fat Diet (C+HFD) and 
OVA-S with HFD. Briefly, in C+HFD and S+HFD 
groups (DIO model), all mini pigs were raised 
using HFD which comprised of 45 % fat-derived 
energy, 20 % protein-derived energy and 35 % 
carbohydrate-derived energy at the restricted dietary 
dose and scheduled twice daily, whereas those of the 
remaining groups (C+ND and S+ND) were raised 
with a standard chow diet comprising of 10 % fat-

derived energy, 28 % protein-derived energy and 61 
% carbohydrate-derived energy.
After 1 mo, mini pigs of S+ND and S+HFD groups 
were subjected to OVA-S for 22 mo on the basis of 
the prior regimen.

Animal sensitization:

S+ND and S+HFD mini pigs were given 
intraperitoneal injection of 1 mg OVA as well as 200 
mg Aluminium hydroxide (Al(OH)3) (Sigma, New 
York, United States of America (USA)) per 1 ml 
saline solution. Then, the animals were placed in a 
closed cage and exposed to 4 % OVA aerosol (solution 
contained in 2 ml saline) for 15 min period every 
day with the nebulizer (CX3, Omron Healthcare, 
Netherlands) whereas C+ND and C+HFD mini pigs 
received similar saline treatment rather than with 
OVA solution.

Body weight: 

The body weights of mini pigs were measured 
monthly on the specific day (at 17:00) throughout 
this experiment. After the experiment, mini pigs 
were given ketamine and xylazine at 50 mg/kg for 
anesthesia, then their body weights and nasoanal 
lengths (distance from nose and anus) were taken. 
The obesity indices were calculated by determining 
the final body weight, Lee index and Body Fat (BF) 
Percentage (%).
Body weight change %=Final weight-baseline 
weight/baseline weight×100 
Lee index (mg/mm)=Final weight0.33/nasoanal length 
and BF %=0.73 (Lee index-280.8). 

Glucose Tolerance Test (GTT):

After 20 mo following HFD administration, GTT 
was conducted. After overnight fasting, mini pigs 
were intraperitoneally injected with glucose at 2 g/kg 
body weight (Sigma-Aldrich, St. Louis, Missouri). 
Blood samples were later extracted from anterior 
vein at 0, 15, 30, 60 and 120 min following glucose 
administration. Blood glucose meter (OneTouch 
Ultra, LifeScan Inc., USA) was employed for 
measuring the blood glucose level. 

Airway Hyperresponsiveness (AHR):

Double-chamber plethysmography device (TBL4500, 
Buxco, USA) was utilized to evaluate AHR according 
to the elevated specific airway Resistance (sRaw). 
To be specific, after 3 min of exposure to nebulized 
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Phosphate Buffered Saline (PBS), mini pigs were 
further treated with nebulized methacholine at the 
elevating concentrations (6.25-25 mg/ml) with the 
aerosonic ultrasonic nebulizer (Sigma, USA), for 
constructing baseline sRaw levels. The recordings 
were acquired in 3 min after every nebulization cycle. 
sRaw levels determined in every 3 min period were 
added to calculate the average as every methacholine 
concentration.
Elevated sRaw level=sRaw with each methacholine 
concentration-sRaw with PBS/sRaw with PBS×100 
%

Biochemical factors: 

After fasting, mini pigs were given ketamine and 
xylazine injection for anesthesia. Thereafter, 5 ml 
blood samples were extracted from anterior vena 
cava of each mini pig and were transferred into 
Ethylenediamine Tetraacetic Acid (EDTA) containing 
free tube. Afterwards, the auto blood analyzer (Bayer 
Corp, USA) was utilized to analyze plasma Total 
Cholesterol (TC), Triglycerides (TG) and High/Low 
Density Lipoprotein-Cholesterol (HDL-C/LDL-C) 
contents. We acquired TC, TG and HDL-C assay kits 
in Pars Azmoon Co., Iran and determined LDL-C 
content by Friedewald formula. 
LDL-C=TC-(HDL-C+TG/5)

Real-time Polymerase Chain Reaction (PCR): 

We utilized the NanoDrop 1000 spectrophotometer 
(Thermo scientific, USA) for determining RNA 
quantity and quality. To determine TNF-α mRNA, 
we used RevertAid 1st strand copy Deoxyribonucleic 
Acid (cDNA) synthesis kit (Fermentas, Germany) 
by adopting Moloney Murine Leukemia Virus 
(MMLV) reverse transcriptase and random hexamer 
primers (the integrative system adopted to efficiently 
synthesize 1st strand cDNA based on the total RNA 
or mRNA templates). SYBR Green (SG) master 
mix was then utilized to conduct mRNA real-time 
quantitative PCR, with cDNA as template.
Real-time PCR was conducted using the Rotor-Gene 
6000 device (Corbett Life Science, Australia). Later, 
we normalized the PCR product level of mRNA 
extracted samples to that of housekeeping Beta (β) 
glucuronidase gene. TNF-α mRNA was quantified by 
the 2-ΔΔCt approach and the results were indicated by 
fold change relative to corresponding controls.

Tissue sample collection and protein determination: 

After the experiment, mini pigs were intraperitoneally 

administered with 50 mg/kg ketamine as well as 
5 mg/kg xylasin for anesthesia prior to sacrifice. 
Thereafter, lung tissues were collected, immersed 
within liquid nitrogen which were preserved under 
-70° before subsequent TNF-α level determination. 
After measuring lung tissue weight, the samples 
were subjected to homogenization within PBS 
maintained at pH of 7.2-7.4. Further centrifugation 
was carried out for 20 min at 3000 rpm maintained 
at 4°. After collecting supernatants, TNF-α protein 
expression was determined with double-sandwich 
Enzyme Linked Immunosorbent Assay (ELISA) kit 
in line with specific protocols (Boster Biological 
Technology, Co., Ltd.,).

Statistical analysis:

Statistical Package for Social Sciences (SPSS) 
version 18.0 was utilized to determine inter- and 
intra-group differences in body weight, serum and 
tissue biochemical factors. Multiple comparisons 
were conducted through one-way analysis of 
variance and Least Significant Difference (LSD) 
t-test. Results were indicated by mean±Standard 
Deviation (x̄±SD) where p<0.05 was indicated to be 
a significant difference. 

RESULTS AND DISCUSSION
Primarily, body weight and fat % of the rats was 
analyzed. Table 1, displays the baseline body weight, 
final body weight, Lee index and BF % in each group 
in terms of mean. According to our findings, DIO 
markedly increased final body weight, Lee index as 
well as BF % of C+HFD and S+HFD groups compared 
with C+ND and S+ND groups (p<0.05 to p<0.001). 
Nonetheless, weight change was not significantly 
different in lean (C+ND vs. S+ND) compared with 
obese groups (C+HFD vs. S+HFD) (fig. 1).
Further, GTT levels in the rats of all the groups were 
observed. Obesity is the metabolic disorder and 
obese individuals generally experience spontaneous 
glucose intolerance within blood stream, like the 
phenomenon observed in type II diabetes mellitus. 
Mini pigs in C+HFD group showed glucose tolerance 
impairment but those in S+ND and S+HFD groups 
had improved glucose tolerance like that observed in 
C+ND group (fig. 2). 
We studied about the sRaw growth in all the groups. 
sRaw levels in OVA-sensitized groups slowly 
grew following methacholine inhalation at varying 
concentrations relative to the control group. Mini 
pigs in obese group had marked sRaw growth at the 
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Fig. 1: Impact of HFD on body weight
Note: ( ): C+HFD; ( ): C+ND; ( ): S+HFD and ( ): S+ND

to p<0.001) and that of S+ND group markedly 
elevated relative to C+ND group (p<0.05), but 
in C+ND group, mRNA levels of TNF-α were not 
significantly different from C+HFD group.
Subsequently, the relationship between mRNA level 
of TNF-α and obesity indices were studied; mRNA 
levels of TNF-α showed significant positive relation 
to weight change % (r=0.537 and p<0.05) (fig. 6), 
but not to Lee index (r=0.249 and p=0.271) or BF % 
(r=0.238 and p=0.271). 
Likewise, TNF-α protein expression was also 
analyzed. OVA-S markedly elevated TNF-α protein 
expression of S+ND and S+HFD groups compared 
with control groups (C+ND and C+HFD) (p<0.05 to 
p<0.001) (fig. 7). Besides, DIO markedly elevated 
TNF-α protein expression of S+HFD compared with 
S+ND groups (p<0.01). But TNF-α protein level was 
not significantly different in C+ND compared with 
C+HFD groups.

low methacholine concentration (6.25 g/l) (p<0.01), 
but sRaw did not significantly elevate at moderate 
(12.5 g/l) or high (25 g/l) concentration (p>0.05). For 
obese asthmatic animals, sRaw levels significantly 
elevated at all methacholine concentrations compared 
with asthma group (p<0.01) (fig. 3).
Serum lipid profiles (TC, TG, HDL-C and LDL-C) 
between the groups were displayed (fig. 4). Lipid 
profiles in C+HFD and S+HFD (obese) groups 
markedly increased compared with control groups 
(p<0.05 to p<0.001). HDL in C+ND group was 
significantly different from S+ND group (p<0.05), 
while those remaining three indicators (TC, TG and 
LDL) were not different between control (C+ND and 
S+ND) and obese groups (C+HFD and S+HFD).
TNF-α mRNA levels in the groups were compared. 
As presented in fig. 5, TNF-α mRNA levels within 
lung tissues of S+HFD group apparently increased 
compared with those remaining three groups (p<0.05 

TABLE 1: CHANGES IN WEIGHT AND OBESITY INDICES OF THE FOUR GROUPS (n=5)

Variables C+ND S+ND C+HFD S+HFD

Baseline body weight (kg) 3.60±0.16 3.56±0.16 3.62±0.15 3.56±0.15

Final body weight (kg) 43.47±1.57 44.00±1.41 57.52±5.14 64.88±12.15*+

Body weight change % 1100.34±97.28 1136.36±41.87 1493.70±119.78**+ 1727.12±115.99***++

Lee index (mg/mm) 288.22±3.42 289.47±3.09 316.25±3.92**++ 329.54±3.60**++

BF % 5.48±2.50 6.33±2.25 28.50±2.86**++ 35.22±2.63**++

Note: *p<0.05, **p<0.01 and ***p<0.001 in C+ND vs. remaining groups and +p<0.05, ++p<0.01 and +++p<0.001 in S+ND vs. C+HFD 
and S+HFD groups
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Fig. 2: Detection of blood glucose tolerance level after 20 mo of HFD feeding
Note: *p<0.05 vs. control groups and #p<0.05 vs. S+HFD groups, ( ): C+ND; ( ): S+ND; ( ): C+HFD and ( ): S+HFD

Fig. 3: Growth of sRaw
Note: ( ): C+ND; ( ): S+ND; ( ): C+HFD and ( ): S+HFD

Fig. 4: Serum TC, TG, HDL-C and LDL-C levels in different groups
Note: *p<0.05, **p<0.01, ***p<0.001 in control vs. remaining groups, +p<0.05, ++p<0.01 and +++p<0.001 in S+ND vs. C+HFD and 
S+HFD groups (n=5), ( ): TC; ( ): TG; ( ): HDL and ( ): LDL
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Fig. 5: TNF-α mRNA levels within lung tissues from different groups
Note: ***p<0.001 in C+ND vs. other three groups; +p<0.05 in S+ND vs. C+HFD and S+HFD groups and ###p<0.001 in C+HFD vs. 
S+HFD groups (n=5) 

Fig. 6: Pearson correlation analysis between mRNA levels of TNF-α and body weight change % of diverse groups

Fig. 7: TNF-α protein levels within the lung tissues of different groups
Note: **p<0.01, +p<0.05, ###p<0.001 and ***p<0.001 
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lung tissues. Further, post-translational alterations in 
obese-asthmatic patients led to TNF-α release within 
lung tissues.
TNF-α overexpression and secretion in lung 
tissues of obese and sensitized rats suggested lung 
tissue functional modification, which resulted 
in autologous TNF-α expression. Moreover, the 
elevated TNF-α production induces the generation 
of more inflammatory factors, thus affecting lung 
function and exacerbating lung inflammation during 
asthma[24]. TNF-α over-expression within lung tissues 
indicated that autocrine mechanisms were probably 
related to the pathophysiology of obese-asthmatic 
model.
TNF-α is widely suggested to trigger the generation 
of diverse interleukins, including IL-1, IL-6, IL-8, 
IL-11 and IL-15, and these can aggravate asthma. 
Many hypotheses are put forward to explore the 
relation between obesity and asthma, which are 
probably ascribed to the function of obesity with 
immunity. Apart from producing adipokine leptin, 
adipose tissue can also produce cytokines, like IL-1β 
and TNF-α.
Such cytokines affect different asthma processes, like 
releasing IL-9, damaging bronchial epithelial cells, 
recruiting and adhering eosinophils onto airway 
epithelial cells, as well as bronchoconstriction. 
Mechanisms involved in exerting TNF-α autocrine 
effects are complex, adding to the difficulty in 
explaining obesity and asthma. Actually, more TNF-α 
axis members must be taken into account to further 
understand TNF-α’s function. TNF-α is reported to 
play a role via targeting TNF-α type I receptor.
According to our results, in asthma, weight gain 
promoted TNF-α expression. Asthma, as the 
chronic inflammatory condition, can upregulate 
traditional biomarker levels, like exhaled Nitric 
oxide (eNO) and eosinophils. However, in obese-
asthmatic condition, such biomarkers are not greatly 
upregulated as Body Mass Index (BMI) elevates. 
There may be additional mechanisms associated with 
the obesity pathophysiology in asthma[25]. According 
to the aforementioned discussion, asthma phenotype 
can alter under obese condition. Collectively, DIO 
upregulates the TNF-α level within lung tissues of 
OVA-sensitized mini pigs. TNF-α, as an important 
factor which exerts pro-inflammatory effects on 
every cell type. Based on numerous human and 
animal studies, diverse cytokines are upregulated 
under the obese-asthmatic condition. TNF-α 
overexpression at obese state probably exacerbates 

Obesity represents the low-grade chronic pro-
inflammatory condition[18], but its relation with 
human airway inflammation and asthma remains 
unclear. Many experiments are performed to analyze 
the relation among obesity, airway inflammation and 
asthma. However, they usually utilize genetically-
engineered animals for illustrating the mechanisms 
underlying obesity with asthma. However, such 
genetically obese mice, including leptin receptor-
deficient (db/db) and leptin-deficient (ob/ob) mice 
are associated with certain complications like 
comorbidities affecting airway immunity[19]. 
HFD was utilized in the present work for inducing 
obesity of Bama mini pigs. According to our 
findings, DIO elevated body weights and obesity 
indices (weight change %, Lee index and fat %) in 
mini pigs, conforming to prior studies. Besides, due 
to DIO, obese groups showed markedly elevated 
lipid profiles (TC, TG, HDL-C and LDL-C).
AHR, smooth muscle hypertrophy and 
bronchoalveolar lavage fluid eosinophilia are the 
typical characteristics of asthma in humans. Typically, 
asthma is pathophysiologically characterized by 
airway remodeling, as evidenced by hyperplasia 
of goblet cells, basement membrane thickening, 
angiogenesis, collagen deposition, sub-epithelial 
fibrosis, hyperplasia and hypertrophy of airway 
smooth muscle[20].
According to our results, OVA-S exhibited certain 
characteristics of human asthma in obese and 
lean groups, including airway smooth muscle 
hyperplasia, emphysema, edema and lymphoid 
hypertrophy, especially in the obese group. Certain 
lung histological changes closely resembled asthma 
in obese individuals. As suggested by Camargo et 
al.[21] obesity reduced airway caliber while increasing 
bronchial hyperresponsiveness of obese rats. 
Various inflammatory moieties, which show up-
regulation within the blood of obese people, have 
aroused wide attention. There are 40 specific 
cytokines, especially IL-1β, suggested to change 
airway responsiveness during asthma[22]. Sun et al.[23] 
suggested that airway smooth muscle contributed to 
synthesizing and releasing TNF-α among asthmatic 
patients, demonstrating the role of TNF-α in airway 
smooth muscles via the autocrine manner. 
According to our findings in this work, OVA-S did 
not up-regulate TNF-α expression in mini pigs. 
Besides, DIO up-regulated lung TNF-α expression in 
comparison with the remaining groups, conforming 
to an article that reports TNF-α up-regulation within 
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airway inflammation during asthma. The increased 
TNF-α level in blood stream and autocrine effect 
contributes to the synergistic exacerbation of airway 
inflammation under the obese-asthmatic condition. 
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