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abstract
The uneven development of adipose tissues reflects a differential occurrence of biological events in 
vivo while the underlying molecular mechanism remains largely unknown. In the present study, 
the in vivo inflammatory status of an inbred obese porcine model, Lantang pig, was assessed, aim-
ing to provide evidence for obesity biology. Compared with genetically lean pigs (crossbred, Duroc 
× Landrace × Large White), Lantang pigs exhibited a larger amount of ultra large adipocytes 
in subcutaneous adipose tissue accompanied with higher expression of macrophage/monocytes 
markers and pro-inflammatory genes (TLR4, CD14, CD11β, MCP1, TNFα, IL1β and IL6) and 
lower expression of cellular antioxidant enzymes (SOD1, 2 and 3). Plasma concentrations of LPS 
and TNF-α were also higher in Lantang pigs than in lean pigs. Among adipose tissues of Lantang 
pigs, the subcutaneous tissue had the most abundant expression of inflammation related genes 
(TLR4, CD14, TNFα and IL6) and the lowest level of cellular antioxidant genes (SOD 1 and 2), 
while the perirenal adipose tissue had opposite profile. Significant activation of p38 MAPK path-
way was indicated by increased phosphorylation of p38 in the subcutaneous adipose tissue of Lan-
tang pigs. Collectively, the bacteria-derived LPS induced inflammation-associated oxidative stress 
indeed exists in adipose tissues of Lantang pig, and the differential expressions of inflammatory 
and antioxidant genes, to some extent, account for the uneven development of the adipose tissue 
within bodies.
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Obesity has become a global epidemic and stimulates tremendous efforts in pre-
vention and intervention (Bray and Bellanger, 2006; Wisse et al., 2007). Much pro-
gress has been made on defining the molecular mechanism of obesity and related dis-
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orders in humans with the help of mouse and rat models. However, the discrepancy 
in adipose tissue biology between humans and rodent somewhat hinders the research 
progress and effective transition of existing knowledge to an alleviation of human 
obesity. With higher physiological similarities to human than the frequently used 
rodent models, pigs are recognized as a better model for obesity biology (Spurlock 
and Gabler, 2008). Here we reported the molecular characteristics of white adipose 
tissue in an inbred obese pig model, Lantang pig, aiming to facilitate the understand-
ing of adiposity development. 

Obesity is characterized by excess development of adipose tissues, especially 
the subcutaneous and omental adipose tissues (Wajchenberg, 2000). Several studies 
have demonstrated that in obesity masses of regional adipose tissues were differ-
entially correlated with important metabolic syndrome, including abnormal plasma 
glucose, insulin, and lipid concentrations (Kim et al., 2011; Wajchenberg, 2000). The 
pattern of adipokines secretion and the sensitivity to hormones were also significant-
ly different among adipose tissues (Arner, 1995; Motoshima et al., 2002). Hotamis-
ligil et al. first found a pro-inflammatory factor, tumor necrosis factor (TNF)-α, was 
highly correlated to adipose accumulation (Hotamisligil et al., 1993). Since then, 
chronic inflammation in adipose tissues was further reported to be associated with 
macrophage infiltration, and increased secretion of pro-inflammatory cytokines such 
as monocyte chemoattractant MCP-1, TNF-α, interleukin (IL)-1β, and IL-6 in ro-
dent models (Deng et al., 2013; Hotamisligil et al., 1993; Tilg and Moschen, 2006; 
Weisberg et al., 2003). The major causative factor of inflammation in adipose tissue 
was referred to a bacteria-derived metabolite, lipopolysaccharide (LPS) (Caesar et 
al., 2012). Expression of Toll-like Receptors (TLRs) and pro-inflammatory genes in 
different adipose tissues responded differently to diet-induced and genetic obesity 
in mice (Kim et al., 2012), indicating an important role of innate immunity in adi-
posity regulation. However, the detailed characteristics of inflammatory processes 
in different adipose tissues remain to be identified in order to elucidate the uneven 
development of adiposity.

Reactive oxygen species (ROS), derived from respiration or other cellular pro-
cesses, are potential pro-inflammatory factors (Di et al., 2012). Under healthy con-
ditions, cellular antioxidant system is able to remove ROS instantly and maintain  
a stable redox environment. However, in adipose tissues of obese human and mice, 
the expression of major antioxidant enzymes such as copper, zinc superoxide dis-
mutase (SOD) and glutathione peroxidase is compromised (Di Renzo et al., 2010; 
Furukawa et al., 2004; Kanda et al., 2011). It has been shown that ROS induced 
pro-inflammatory response in cells or mice by regulating NF-κB (Yeop et al., 2010) 
and/or p38 MAPK (Park et al., 2015; Youn et al., 2016) pathways. Treatment with 
antioxidant agents alleviated inflammation in adipose tissue of mice fed high fat 
diet (Pires et al., 2013). However, the role of antioxidant enzymes in adiposity de-
velopment is not fully understood. A comparison of gene expressions of antioxidant 
enzymes among tissues would facilitate the understanding of their functions in adi-
posity/obesity development.

In the present study, obese Lantang pigs were applied for the first time to study 
the obesity development, aiming to provide evidence for obesity biology. We found 
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an existence of stronger inflammation-associated oxidative stress in subcutaneous 
adipose tissue in the obese model, which, to some extent, resulted from the over-
secretion of LPS and suppressed expression of antioxidant enzymes. 

material and methods

animals and treatments
Animal care and experimental procedures were approved by Animal Experimen-

tal Committee of the Institute of Animal Science, Guangdong Academy of Agricul-
tural Sciences. Conventional Lean pigs (Duroc × Landrace × Large White, DLW) 
and inbred obese pigs (Lantang, Chinese local inbred strain) were studied. Twenty 
pigs (15–20 kg, male, castrated on birth) per genotype were given free access to  
a corn-soybean meal-based diet for 16 weeks. At the end of experiment, pigs were 
food deprived for 12 h and blood from the posterior auricular vein was collected to 
obtain plasma. Seven pigs out of the 20 pigs were randomly selected and euthanized 
by exsanguination after electronarcosis. Carcass was split longitudinally through the 
vertebrae midline and the left side was kept. Samples of dorsal subcutaneous adi-
pose tissue (SC) located above the 10th rib, of omental adipose tissue (OM) and of 
perirenal adipose tissue (PR) were collected and snap-frozen in liquid nitrogen im-
mediately after euthanization. 

Morphological examination
Frozen adipose tissue sections (10 μm) were cut in the cryostat chamber at −18ºC 

to −20ºC followed by H&E staining. For each individual adipose depot, at least four 
different high-power fields from each section were examined at 50X magnification 
using a Zeiss Axio Scope A1 microscope (Carl Zeiss Inc., Göttingen, Germany). 
Adipocyte cross-sectional area was determined for each adipocyte in each field ana-
lyzed using ImageJ software with adipocyte size plugin (http://rsb.info.nih.gov/ij/) 
and the actual size in μm2 of adipocytes was adjusted according to the magnification 
factor (1:2500). Values less than 500 μm2 were assumed to represent artifacts from 
the image-conversion process and were excluded from analysis. Average distribu-
tion of adipocyte cross-sectional area was calculated from the seven representative 
animals of each genotype using Microsoft Excel (Microsoft Corp., Redmond, Wash-
ington, USA). 

RNA extraction and Real-time PCR
Total RNA was extracted using Trizol (Life Technologies, Inc., Grand Island, NY, 

USA) kit following the manufacturer’s instructions. Total RNA (10μg) was reverse 
transcribed and quantitative real-time PCR was performed using the SYBR Green 
method with 7900HT Fast Real-Time PCR System (Life Technologies). Primer se-
quences used are listed in Table 1. Fold changes of mRNA abundance for genes of 
interest were calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). 
Amplification of Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from each 
sample was used for normalizing quantitative PCR data.
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Table 1. Primer sequences for targeted genes

Gene Primer sequence
TLR4 F:5’TGACGCCTTTGTTATCTACTCC 3’

R:5’GGTCTGGGCAATCTCATACTC 3’
TNFa F:5’AATTTGCAGGCTGTTTCTGC 3’

R:5’TATGAAGGTGGTGCAGATGG 3’
IL-1β F:5’CTCCAGCCAGTCTTCATTGTTC 3’

R:5’TGCCTGATGCTCTTGTTCCA 3’
IL-6 F:5’CGCCTTCAGTCCAGTCGC 3’

R:5’GGCATCACCTTTGGCATCT 3’
CAT1 F:5’CATCAAAAACTGGCAGCTCA 3’

R:5’TGGTAGCGATGCAGTCAAAG 3’
CD14 F:5’ CCTGGACCTATCTGACAATC 3’

R:5’ GAGATCAAGCACGGTGAG 3’
CD11β F:5’ AGAACAATACACGCAGACA 3’

R:5’ CGATAGGACAAGCCAGAC 3’
MCP1 F:5’ CAGCAGCAAGTGTCCTAA 3’

R:5’ CAGGTGGCTTATGGAGTC 3’
GAPDH F:5' CTTCATTGACCTCCACTACA 3'

R:5' CATTGCTGACGATCTTGAG 3'
SOD1 F:5’ GAGAAGACAGTGTTAGTAACG 3’

R:5’ CTCTGCCCAAGTCATCTG 3’
SOD2 F:5’ CGTCGTGGAGGAGAAGTA 3’

R:5’ GTTAGAACAAGCGGCAATC 3’
SOD3 F:5’ CTGTGCTTACCTGCTCCT 3’

R:5’ CGAAGTTGCCGAAGTCTC 3’
GPX1 F: 5’ CCTCAAGTACGTCCGACCAG 3’

R: 5’ TTCCATGCGATGTCATTGCG 3’

Measurements of plasma LPS and TNF-α
Plasma LPS concentration was determined using the Toxin Sensor Chromogenic 

LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ, USA). All plasma samples 
were extracted with chloroform prior to the LAL assay as described by Harris et al. 
(1990). Briefly, the diluted plasma was mixed in a ratio of 1:1 (v/v) with chloroform 
and incubated for 1 hour in a thermostat block (25°C) with shaking at 800 rpm. Then 
the emulsion was separated by centrifugation at 2,000 g for 20 min and the top aque-
ous layer was collected for endotoxin assay. The appropriate dilution factors were 
determined previously to make sure the measurements fall in the range of the stand-
ard curve. Measurements of TNF-α concentration in plasma were performed using 
porcine TNF-α Elisa kit (Thermo Scientific Pierce, Rockford, IL, USA) according to 
the manufacturer’s instructions. 

western blot
Adipose tissues were homogenized on ice in RIPA lysis buffer (50 mM Tris-HCl, 

pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 0.5% deoxy-
cholic acid, 5 μg/ml aprotinin, 10 μg/ml leupeptin, 1 μM PMSF, 1 mM sodium fluo-
ride) and centrifuged at 10,000 g for 10 min at 4 degree to collect protein extracts. 
The protein concentration was measured by using BCA Protein Assay Kit (Pierce 
Biotechnology, Rockford, IL, USA). Typically, 20–40 μg protein was resolved by 



Oxidative stress in an obese pig 437

electrophoresis on 10% SDS-polyacrylamide gel and electrophoretically transferred 
to PVDF or nitrocellulose membrane. The membranes were blocked with 5% nonfat 
dry milk and probed overnight with rabbit anti-TLR4 (Santa Cruz Biotechnology 
Inc., Santa Cruz, California, USA), or mouse anti-P38 and anti-phosphorylated P38 
antibodies (Cell Signaling Technology Inc., Beverly, Massachusetts, USA). Detec-
tion of specific bands was carried out by Super Signal chemiluminescent substrate 
(Pierce Biotechnology) visualized on a Molecular Imager ChemiDoc XRS system 
using Quantity One software (Bio-Rad, Hercules, CA, USA). 

data analysis and statistics
Data are expressed as means ± SEM. The statistical significance between two 

genotypes was evaluated by Student’s t test, the significance between tissues was 
assessed by one-way ANOVA, followed by post-hoc Duncan test for multiple com-
parisons. A P-value less than 0.05 was considered to indicate a significant difference. 

results

Development of subcutaneous adipose tissue in Lantang pigs
Compared with DLW, Lantang pigs had much more subcutaneous fat deposit. 

The thickness of dorsal SC above 10th rib was over two-fold that in DLW (P<0.01, 
Figure 1 A). Fat deposits in other organs or locations, such as omental and perirenal 
position, were also remarkably abundant in Lantang pigs (unpublished data). As in-
dicated by the morphological analysis, Lantang pigs had some ultra large adipocytes 
and higher frequency for large adipocytes’ appearance in SC (Figure 1 B and C). The 
most abundant adipocytes (high frequency) were about 3000 μm2 and 5000μm2 in 
size for DLW and Lantang pigs, respectively.

The mRNA expression of inflammatory genes in white adipose tissues
To explore the inflammatory status, expressions of interleukin and cell surface mark-
er genes in white adipose tissues were measured. As shown in Figure 2 A, mRNA 
levels of MCP-1, TNF-α, IL-1β and IL-6 genes in SC were significantly higher in 
Lantang than in DLW pigs (P<0.001). Similarly, mRNA abundance of cell surface 
markers, TLR4, CD14 and CD11β, was also significantly higher in Lantang than in 
DLW pigs (P<0.05). Results of Western blot further confirmed that expression of 
TLR4 in subcutaneous adipose tissue was higher in Lantang than in DLW pigs (Fi- 
gure 2 C). To assess the difference in inflammatory status among adipose tissues in 
Lantang pig, gene expression of pro-inflammatory markers in subcutaneous, omental 
and perirenal adipose tissues was measured. As shown in Figure 2 B, compared with 
perirenal adipose, subcutaneous adipose tissue had higher mRNA levels of TLR4, 
CD14, TNF-α, and IL-6 (P<0.05), and lower expression of CD11β (P<0.05). Abun-
dance of TLR4, CD14, CD11β, TNF-α, and IL-6 mRNAs in omental adipose tissue 
were in the middle among those levels of SC and PR tissues. There was no statistical 
difference in MCP1 or IL-1β mRNA abundance among these tissues.



X.F. Yang et al.438

* – values between DLW and Lantang pigs differ significantly (P<0.05).

Figure 1. Morphological analysis of subcutaneous adipose tissues. A) Thickness of dorsal subcutaneous 
adipose tissues of DLW and Lantang pigs (both n = 7). B) Frequency distribution of adipocyte cell sur-

face area. C) Representative images of dorsal subcutaneous adipose tissues with H&E staining 
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* – values between DLW and Lantang pigs differ significantly (P<0.05); a, b, c – values in bars with 
different letters differ significantly (P<0.05).

Figure 2. Expression of inflammation related genes and proteins in adipose tissues. A) Real-time PCR 
analysis of Toll like receptor (TLR) 4, cluster designation (CD)14, CD11β, Monocyte chemoattractant 
protein (MCP) 1, Tumor necrosis factors α (TNF-α), Interleukin-1β (IL-1β), IL-6 and Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) mRNAs in subcutaneous adipose tissues of DLW and Lantang 
pigs (both n = 7). B) Real-time PCR analysis of indicated genes in subcutaneous, omental and perirenal 
adipose in Lantang pigs (n = 7). C) Western blot analysis of TLR4 in subcutaneous adipose tissues of 
DLW and Lantang pigs (both n = 7). For each pig breed, 20 μg of pooled protein samples was loaded to 
each well on the gel in total volume of 20 μL (in loading buffer). SC, subcutaneous adipose tissue. OM, 

omental adipose tissue. PR, perirenal adipose tissue
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Endotoxemia with high level of plasma TNF-α in Lantang pig
As indicated in Figure 3, concentration of plasma LPS in Lantang pigs was about 

five fold that in DLW pigs (P<0.001). Similarly, blood TNF-α concentration in Lan-
tang pigs was about two fold (184.39±28.88 vs 93.27±10.50 pg/ml) that in DLW 
pigs (P<0.001), indicating that Lantang pigs had a higher level of chronic systematic 
inflammation.

* – values between DLW and Lantang pigs differ significantly (P<0.05).

Figure 3. Plasma concentrations of TNF-α (A) and LPS (B) in DLW and Lantang pigs (both n = 20)

The mRNA expression of cellular antioxidant enzymes in subcutaneous adi-
pose tissue with activated MAPK pathway in Lantang pigs

Levels of SOD1 and SOD2 mRNAs were significantly lower in subcutaneous ad-
ipose tissues of Lantang than those in DLW, while expression of the extracellular su-
peroxide dismutase, SOD3, was up-regulated in Lantang pigs (all P<0.05, Figure 4 A). 
In Lantang pigs, subcutaneous adipose tissue had less SOD1 and SOD2 mRNAs, but 
more SOD3 mRNA than perirenal adipose (all P<0.05, Figure 4 B). There was no 
statistical difference in GPX1 or CAT mRNA levels either between two genotypes or 
among tissues. Additionally, the oxidative stress related activation of MAPK path-
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way was measured. Results of Western blot indicated phosphorylated P38 in subcu-
taneous adipose were up-regulated in Lantang compared to DLW pigs (Figure 4 C). 
The phosphorylated JNK were hardly detected under this condition (data not shown).

* – values between DLW and Lantang pigs differ significantly (P<0.05); a, b, c – values in bars with 
different letters differ significantly (P<0.05).

Figure 4. Gene expression of antioxidant enzymes and phosphorylation of MAPK P38 in adipose  
tissues. A) Real-time PCR analysis of copper, zinc superoxide (SOD1), MnSOD (SOD2), extracellular 
SOD (SOD3), glutathionine peroxidase (GPX1) and catalase (CAT) in subcutaneous adipose tissues of 
DLW and Lantang pigs (both n = 7). B) Real-time PCR analysis of antioxidant genes indicated above in 
subcutaneous, omental and perirenal adipose in Lantang pigs (n = 7). C) Western blot analysis of total 
and phosphorylated P38 proteins in adipose tissues of DLW and Lantang pigs (both n = 7). For each pig 
breed, 20 μg of pooled protein samples was loaded to each well on the gel in total volume of 20 μL (in 
loading buffer). SC, subcutaneous adipose tissue. OM, omental adipose tissue. PR, perirenal adipose 

tissue
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discussion

We report here for the first time that chronic inflammation associated-oxidative 
stress occurs in white adipose tissue of the Lantang pig model. In this tissue, up-
regulation of pro-inflammatory interleukins (TNF-α and IL-6) coincided with down-
regulation of cellular antioxidant enzymes (SOD1 and SOD2) and up-regulation of 
extracellular SOD. 

Cell markers of macrophage and monocytes, TLR4, CD14 and CD11β, were 
found abundant in subcutaneous adipose tissue of Lantang pig. Consistently, pro-
inflammatory factors, MCP1, IL-1β, IL-6 and TNF-α, were also highly expressed 
in the tissue. These data suggest that chronic inflammation occurred in the adipose 
tissue of this obese model, which is believed to be a significant physiological char-
acteristics in obese humans and other rodent models (Barbu et al., 2009; de Castro 
et al., 2011; Lu et al., 2012; Terra et al., 2011). Circulating LPS is demonstrated to 
be a primary factor for inflammation in obese humans and rodents (Caesar et al., 
2012; Clemente-Postigo et al., 2012). In the present study, we also observed a higher 
plasma LPS level in obese pigs. Enteric LPS in blood is present to all tissues, includ-
ing subcutaneous, omental and perirenal adipose tissue. However, the inflammatory 
status was not identical among these adipose tissues as demonstrated by the differ-
ential expression of cell markers, CD14 and CD11β, and pro-inflammatory factors, 
MCP1, IL-1β, IL-6 and TNF-α. In humans and mice, adipose tissues also possess 
depot-dependent gene expression profile and physiological adaptation (Fried et al., 
1998; Kim et al., 2012; Lee et al., 2011). Omental adipose tissue has higher expres-
sion of TLR4 and IL-6 protein than subcutaneous adipose tissue in obese subjects 
(Fried et al., 1998; Kim et al., 2012). Evidence shows that different adipose tissues 
respond differently to LPS-induced inflammation in non-obese humans (Vatier et al., 
2012). It can be inferred that the higher expression of TLR4 accounts for the stronger 
inflammation induced by LPS, which can further promote the expression of TLR4, 
particularly in immune cells of adipose tissue. However, the initial factor of the pro-
cess needs to be determined.

Consistent with obese human and mice (Di Renzo et al., 2010; Furukawa et al., 
2004), we found that suppression of cellular antioxidant enzymes, especially SOD1 
and SOD2, in subcutaneous adipose tissues associates with activation of MAPK P38 
and up-regulation of inflammatory genes. Due to down-regulation of antioxidant 
enzymes and increased ROS production, adipocytes in obese model tend to have 
relatively high level of ROS (Furukawa et al., 2004). The increased expression of ex-
tracellular superoxide dismutase could be a sign for cellular oxidative stress, which 
is considered to be a possible compensatory adaptation (Nakao et al., 2000). The in-
tracellular ROS promote the growth and differentiation of adipocytes through cAMP 
response element-binding protein (CEBP) pathway (Kanda et al., 2011). More im-
portantly, ROS increase the expression of pro-inflammatory factors by activating 
p38 MAPK (Park et al., 2015; Youn et al., 2016) and NF-κB (Yeop et al., 2010) 
pro-inflammatory pathways. Antioxidant treatment represses glucose- and palmitate-
stimulated ROS generation by inhibiting NF-κB translocation, MCP-1 expression 
and monocyte chemotaxis in mice (Yeop et al., 2010). Treatment with a SOD mi-



Oxidative stress in an obese pig 443

metic reduces omental adiposity and adipose tissue inflammation in high fat fed mice 
(Pires et al., 2013). It is clear that antioxidant enzymes play critical roles in adipocyte 
hypertrophy, but the reason why their expressions are selectively suppressed remains 
to be elucidated. In the present study, we did not observe statistical difference in 
GPX1 and CAT mRNAs among different adipose tissues, which is inconsistent with 
results in mice (Furukawa et al., 2004). However, these results further suggest the 
important role of superoxide dismutase in adipocyte hypertrophy. It also would be 
interesting to figure out whether the extracellular superoxide dismutase is relevant to 
monocyte chemotaxis and macrophage infiltration in adipose tissues. 

Conclusion
A new obese model, Lantang pig, is reported in this study to have chronic inflam-

mation associated oxidative stress in adipose tissues, which at least partially, results 
from the increased presence of circulating LPS and down-regulation of antioxidant 
enzymes. The porcine model further demonstrates that adipose tissues from different 
depots show different inflammatory status and antioxidant activities. However, the 
detailed molecular mechanism underlying the processes of obesity/adiposity devel-
opment of the present porcine model remains to be further elucidated. 
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