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Background/Aims: High-fat diets contribute to pancreatic 
fibrogenesis, but the pathogenesis remains unclear. This 
study investigated the role of nuclear factor kappa B (NF-κB) 
in high-fat diet-induced pancreatic fi brosis in rats. Methods: 
Male Wistar rats were fed a high-fat diet or standard normal 
chow for 20 weeks. Pancreatic fibrosis was determined by 
Sirius red staining. Immunohistochemical staining, reverse 
transcription-polymerase chain reaction and Western blotting 
were used to identify NF-κB-associated genes or protein ex-
pressions. Results: Infl ammation, fat deposition, pancreatic 
stellate cell activation and fi brosis were observed in the pan-
creases of the high-fat diet group. NF-κB subunit p65 (NF-κB/
p65) expression was localized to the nucleus, and intercel-
lular adhesion molecule 1 (ICAM-1) was over-expressed. 
Pancreatic gene expression levels of NF-κB/p65, ICAM-1 
and tumor necrosis factor α were all elevated signifi cantly in 
rats fed a high-fat diet compared with control rats. Western 
blotting also revealed signifi cantly increased levels of ICAM-1 
and nuclear NF-κB/p65 in rats fed high-fat diets comparison 
with control rats. Conclusions: NF-κB is involved in high-fat 
diet-related pancreatic fi brosis. (Gut Liver 2012;6:381-387)
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INTRODUCTION

Prolonged high-fat diets intake is found harmful to pancreas. 
According to previous studies, high-fat diets can induce pancre-
atic endocrine and exocrine abnormalities,1-3 increased inflam-
matory cytokines in pancreatic tissues,4,5 and pancreatic stellate 
cell (PSC) activation and fibrogenesis.6,7

High-fat diets incite oxidative stress in pancreas,6,7 which has 
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been shown to be involved in PSCs activation and pancreatic 
fibrosis.8,9 Although elevated levels of platelet-derived growth 
factor type beta and transforming growth factor beta 1 (TGF-
β1) have been found in the pancreas in an animal model after 
high fat-diet feeding,7 however, the regulatory mechanisms and 
signaling pathways involved in this oxide damage process have 
not been elucidated and our knowledge remains limited. 

Nuclear factor kappa B (NF-κB) is an oxidative stress-
sensitive transcription factor which modulates a wide variety 
of genes, including pro-inflammatory cytokines and adhesion 
molecules such as tumor necrosis factor α (TNF-α) and in-
tercellular adhesion molecule 1 (ICAM-1).10-12 Quiescent PSCs 
can be stimulated by cytokines, growth factors and reactive 
oxygen species (ROS)9,13 to subsequently synthesize and secrete 
increased amounts of extracellular matrix. Activated PSCs pro-
mote autocrine factors including ICAM-1, TNF-α, and TGF-β in 
turn.9,14,15

In view of the above considerations, we hypothesize that NF-
κB might be involved in the deleterious effects on the pancreas 
that are due to chronic high-fat diets. In this present study, we 
fed rats a high-fat diet singly for 20 weeks, observed histologi-
cal alterations, investigated some molecules expression that 
related to the NF-κB signaling pathways in the pancreas, and 
discuss the underlying implications of our results.

MATERIALS AND METHODS

1. Animal models

This study had the approval of the Ethics Committee of Shan-
dong University. Twenty-four male Wistar rats (weighing 167 to 
188 g, obtained from Shandong University Laboratory Animal 
Center) were used in the experiment. They were maintained in 
accordance with the Laboratory Animal Care and Use Regula-
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tions of Shandong University. The rats received a regular rat 
chow for 1 week to acclimatize to their new environment, and 
were then divided into two dietary groups based comparable 
body weight. Rats in the control group (n=10) received a regular 
chow; rats in the treatment group (n=12) were fed a high-fat 
diet (2% cholesterol, 10% lard, and 88% regular chow as for the 
control group). All rats were fed for 20 weeks from the begin-
ning of the experiment. Animals were sacrificed after fasting 
overnight and anesthetized by intra-peritoneal injection with 
pentobarbital sodium (50 mg per kg body weight), at which time 
pancreas tissues were obtained.

2. Hematoxylin and eosin (H&E) and Sirius red staining

Samples of pancreas were formalin-fixed, paraffin-embedded, 
and cut into 5 μm thick sections and stained with H&E for his-
tological observations. Inflammation score and fat deposition 
was evaluated as follows: 0, 0%; 1, 0% to 25%; 2, 25% to 50%; 3, 
>50%.

For collagen detection, sections were deparaffined and im-
mersed for 25 minutes in saturated aqueous picric acid con-
taining 0.5% Sirius red to stain collagen fibers, and exposed 
to Harris hematoxylin for 3 minutes to stain nuclei. Under 
these conditions, the collagen fibrils appear red and the non-
fibrotic areas appear blue. The fibrotic area was measured by 
ImageJ analysis software version 1.39n (National Institutes of 
Health, Bethesda, MD, USA) (http://rsb.info.nih.gov/ij/), and was 
expressed as fibrotic index (fibrotic index=area of pancreatic 
fibrosis/total area of specimen×100%).

To evaluate histological changes, three pancreas sections were 
randomly selected from each rat, and five non-overlapping 
fields were captured in every section for observation.

3. Immunohistochemical staining

Sections of pancreas were incubated with primary mouse 
anti-rat IgG antibodies (Santa Cruz Biotechnology, Santa Cruz, 
CA, USA) at 4oC overnight, and then incubated with biotinyl-
ated goat anti-mouse secondary antibodies and HRP-conjugated 
streptavidin (Santa Cruz Biotechnology) at room temperature for 
15 minutes. Distilled water with 0.4% tween 20 phosphate buff-
ered saline (PBS) (v/v) was used as a rinsing solution. Negative 
controls were done in the absence of primary antibodies. When 
stained for NF-κB/p65, the primary antibody was diluted with 
0.3% triton in PBS (v/v), and both cytoplasm- and nucleus-
stained cells were considered positive. For observation, three 
pancreas sections were randomly selected from each rat and 
five non-overlapping fields were captured in every section for 
further analyze. The average number of NF-κB/p65 or ICAM-1 
positive stained cells (brown) per high power field was reported. 
Areas staining positive for α smooth muscle actin (α-SMA) were 
measured by ImageJ software, and expressed as percentage of 
total area.

4. Gene expression

Gene expression was determined by reverse transcription-
polymerase chain reaction (RT-PCR). PCR was performed with 
reaction mixtures containing dNTP, sense and antisense prim-
ers and TaqDNA polymerase (Takara, Shiga, Japan). β-actin 
was used as an internal standard control. PCR primers and 
conditions are as follows: NF-κB/p65: sense primer: 5’-ATG-
GACGATCTGTTTCCC-3’, antisense primer: 5’-GTCTTAGTG-
GTATCTGTGCT-3’, fragment size: 170 bp, PCR condition: 
94oC, 45’’; 60oC, 45’’; 72oC, 45’’, 35 cycles; ICAM-1: sense 
primer: 5’-AGCCTCAGGCCTAAGAGGAC-3’, antisense primer: 
5’-AGGGGTCCCAGAGAGGTCTA-3’, fragment size: 496, PCR 
condition: 94oC, 45’’; 58oC, 45’’; 72oC, 45’’, 35 cycles; TNF-α: 
sense primer: 5’-TCGTAGCAAACCACCAAG-3’, antisense primer: 
5’-CTGACGGTGTGGGTGA -3’, fragment size: 193 bp, PCR con-
dition: 94oC, 45’’; 50oC, 45’’; 72oC, 45’’, 35 cycles; β-actin: sense 
primer: 5’-AAGATCCTGACCGAGCGTGG-3’, antisense primer: 
5’-CAGCACTGTGTTGGCATAGAGG-3’ fragment size: 327 bp, 
PCR condition: 94oC, 45’’; 58oC, 45’’; 72oC, 45’’, 35 cycles.

PCR products were separated by gel electrophoresis (1.5% 
agarose stained with ethidium bromide). Specific bands were 
visualized with an image system (FluorChem 9900; Alpha In-
notech, San Leandro, CA, USA). The intensity of the bands was 
analyzed using ImageJ software and standardized to the β-actin 
signal.

5. Western blotting

Pancreatic tissues were cut into small pieces, washed with 
PBS (pH7.4), and then homogenized in ice-cold lysis buffer (10 
mM Hepes, 10 mM KCl, 1.5 mM MgCl2, 1 mM dithiothreitol 
(DTT), 1.5 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM 
NaF, 200 μM Na3VO4, and protease inhibitor cocktail). After 
keeping the sample on ice for 20 minutes, NP-40 was added to 
a final concentration of 0.5%, and then samples were incubated 
on ice for another 20 minutes and centrifuged at 10,000×g for 2 
minutes at 4oC. The supernatants were used as cytosolic extracts 
for measurements of ICAM-1. The pellets were washed with PBS 
and re-suspended in nuclear extraction buffer (20 mM Hepes, 
420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 1.5 
mM PMSF, 20 mM NaF, 200 μM Na3VO4, and protease inhibitor 
cocktail) for 20 minutes on ice and centrifuged at 15,000×g for 
15 minutes at 4oC. The supernatants containing nuclear protein 
were collected for NF-κB/p65 detection. 

An equal amount of protein (20 μg) was loaded into differ-
ent lanes and was separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. The primary antibodies 
(Santa Cruz Biotechnology) were NF-κB/p65 (1:150) and ICAM-
1 (1:200). A peroxidase-conjugated secondary antibody (1:1,250; 
Santa Cruz Biotechnology) was used, and the membrane was 
visualized by enhanced chemiluminescence. The intensity of the 
bands was quantified using ImageJ software and standardized 
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to the signal of the control.

6. Statistical analysis

All values are presented as means±SD. The significance of 
differences between the two experimental groups was analyzed 
with the independent samples t-test using SPSS software ver-
sion 15.0 (SPSS Inc., Chicago, IL, USA). Probability values less 
than 0.05 were considered significant.

RESULTS

1. Body weight and pancreatic oxidative stress

All animals gained body weight during the experimental pe-
riod. But the body weight of rats fed high-fat diets was 122.1% 
of that of control rats at the end of experiment. The level of 
malondialdehyde increased whereas the activity of superoxide 
dismutase decreased significantly in pancreas of rats fed high-

fat diet compared with those of control rats (data were not 
shown) as we reported in our previous study.6

2. H&E and Sirius red staining

H&E stained sections from rats fed high-fats diet revealed fat 
deposition in partial acinar and islet cells as well as cell atrophy. 
Lymphocytes infiltration was also observed in these samples. In 

Table 1. Histological Changes in the Pancreatic Tissue in Rats at 
Week 20

Group Total of rats Inflammation Fat deposition Fibrotic index

Control 10 0.13±0.06 0.00±0.00 3.02±0.32

High-fat 12  1.29±0.47*  1.42±0.51*  8.57±0.39*

Data are presented as mean±SD. Histological changes were evaluated 
as described in Materials and Methods.
*p<0.001 vs control group.

Fig. 1. (A, B) Hematoxylin-eosin (H&E stain, ×200) and (C, D) Sirius red staining (×200) in pancreatic samples. The collagen fibrils appear red, and 
the non-fibrotic areas appear blue after Sirius red staining. The stained sections display none of the obvious histopathological changes observed 
in the control group (A, C), but fat deposition in acinar cells (cytoplasmic vacuolization), lymphocyte infiltration and collagen deposition were 
observed in the high-fat diet group (B, D), indicating the presence of fibrogenesis in the pancreas after prolonged ingestion of a high-fat diet. Con-
trol, n=10; High-fat, n=12.
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addition, the pancreatic samples of rats fed high-fat diets exhib-
ited obvious Sirius red-stained collagen deposition surrounding 
the lobules and in periacinar areas of the pancreatic parenchy-
ma. In contrast, for samples taken from the control animals no 
or only slight collagen deposition was presented (Table 1 and 
Fig. 1). 

3. Immunohistochemical staining

Immunohistochemical staining was used to observe the loca-
tion and intensity of expressions of NF-κB/p65, ICAM-1 and 
α-SMA. As a result, NF-κB/p65 was found obviously expressed 
in both cytoplasm and the nucleus of acinar, vascular endothe-
lial and ductal epithelial cells in samples obtained from rats fed 
high-fat diets (5.40±1.18 vs 17.80±2.83, p<0.001; control group 
vs high-fat group) (Fig. 2Aa, b, and B). ICAM-1 was expressed 
mainly in vascular endothelial cells and some acinar cells, and 
its expression was stronger in rats fed high-fat diets than in 

control rats (12.27±1.75 vs 21.07±3.65, p<0.001; control group 
vs high-fat group) (Fig. 2Ac, d, and B). In high-fat diet rat pan-
creas samples, α-SMA-positive staining areas were observed, 
which mainly presented in periacinar space (0.26±0.07 vs 
4.85±0.45, p<0.001; control group vs high-fat group) (Fig. 2Ae, f, 
and C). 

4. Gene expression by RT-PCR

In order to observe the molecular events proceeding from a 
chronic high-fat diet, some suspected genes were evaluated by 
RT-PCR. The results demonstrated that expression of NF-κB/
p65 mRNA was increased significantly in the samples taken 
from rats on the high-fat diet compared to those of the control 
rats (0.24±0.02 vs 0.32±0.02, p<0.001; control group vs high-
fat group). Accordingly, both ICAM-1 and TNF-α mRNA, genes 
which are modulated directly by NF-κB, were also upregulated 
(0.35±0.02 vs 0.61±0.02, p<0.001; 0.32±0.02 vs 0.75±0.03, 

Fig. 2. Immunohistochemical staining for nuclear factor kappa B p65 (NF-κB/p65), intercellular adhesion molecule 1 (ICAM-1), and α smooth 
muscle actin (α-SMA) (×400) and the corresponding statistical analysis. (A) Representative immunohistochemistry for NF-κB/p65 (a, b), ICAM-1 
(c, d) and α-SMA (e, f) (control, a, c, e; high-fat, b, d, f). For NF-κB/p65 staining, cells with stained cytoplasm and a stained nucleus (brown) were 
considered positive. (B, C) The corresponding statistical analysis. The average number of NF-κB/p65- or ICAM-1-positive stained (brown) cells per 
high power field is reported. Areas staining positive for α-SMA are expressed as percentages of the total area. Data are presented as means±SD. 
Control, n=10; High-fat, n=12. 
*p<0.001, control versus high-fat diet group.
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p<0.001; control group vs high-fat group) (Fig. 3). 

5. Protein expression by Western blot

Western blotting was used to evaluate the level of NF-κB/
p65 in nuclear proteins and the levels of ICAM-1 in cytosolic 
proteins. As a result, the amount of intra-nuclear NF-κB/p65 
in samples of rats fed the high-fat diet was significantly higher 
than that of rats fed the normal diet (1.00±0.00 vs 1.13±0.17, 
p<0.001; control group versus high-fat group). In addition, 
the total amounts of ICAM-1was also elevated significantly in 
rats fed the high-fat diet in comparison to those in rats fed the 
normal diet (1.00±0.00 vs 1.67±0.09, p<0.001; control group vs 
high-fat group) (Fig. 4).

DISCUSSION

Many researchers have found PSCs activation and TGF-β1 
upregulation as well as pancreatic fibrosis in the pancreas after 
feeding animals high-fat diets, however, the exact mechanisms 
of high-fat diet-related pancreatic fibrogenesis is not well de-
fined. Previous studies demonstrated increased oxidative stress 
in rat pancreases after feeding high-fat diets,2,6,16 and the pan-
creatic fibrosis was found to be ameliorated by inhibiting oxida-
tive stress.17,18 These findings suggest a potent role for oxidative 
stress in high-fat diet-related pancreatic fibrogenesis.

Thus, NF-κB, a ROS-sensitive transcription factor, might be 
involved in the underlying molecular pathogenesis of this pan-
creatic abnormality. Activated NF-κB regulates the expression 
of many molecules, including cytokines and adhesion mol-
ecules. TNF-α, a pro-inflammatory cytokine, can effect the NF-
κB pathway and promote its activation.19 In our present study, 
we found PSC activation and fibrogenesis in pancreatic tissues 
of rats fed the high-fat diet, and we also found elevated levels 
of NF-κB/p65 mRNA and higher intra-nuclear p65 protein 

Fig. 3. Gene expression in pancreatic samples. (A) Reverse tran-
scription-polymerase chain reaction (RT-PCR) results for nuclear 
factor kappa B p65 (NF-κB/p65) (a), intercellular adhesion molecule 
1 (ICAM-1) (b), tumor necrosis factor α (TNF-α) (c), and β-actin (d). 
Representative RT-PCR results are displayed. (B) The relative inten-
sity of PCR production bands was analyzed using ImageJ software 
(National Institutes of Health). Data are expressed as the ratio of each 
mRNA to the corresponding β-actin mRNA. Data are presented as 
means±SD. Control, n=10; High-fat, n=12. 
*p<0.001, control (1) versus the high-fat (2) diet group.

Fig. 4. Protein expression in pancreatic samples. (A) Western blots 
displaying the expression of intra-nuclear protein nuclear factor 
kappa B (NF-κB)/p65 and cytosolic protein intercellular adhesion 
molecule 1 (ICAM-1). A representative image from three experiments 
is displayed. (B) The relative intensity of the Western blot bands was 
analyzed using ImageJ software. The data are expressed as percent-
ages of the control values. Data are presented as means±SD. Control, 
n=10; High-fat, n=12. 
*p<0.001, control versus high-fat diet.
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expression in these samples according to RT-PCR, immunohis-
tochemistry and Western blot. There is abundant evidence that 
oxidative stress-related NF-κB activation is associated with in-
flammation and fibrosis,20,21 and the blockade of NF-κB activity 
could prevent the progression of chronic pancreatitis through 
inhibition of ECM synthesis and pro-inflammatory cytokine 
production.22 Therefore, we suppose that NF-κB might be in-
volved in not only pancreatic inflammation but also fibrosis in 
the rats fed high-fat diets.

On the other hand, we also found that both ICAM-1 and 
TNF-α, the downstream molecules of NF-κB, were upregulated. 
These findings suggest that a long-term high-fat diet results in 
an activated NF-κB signaling pathway in the pancreas. Elevated 
TNF-α in the pancreas may act as a positive feedback for reac-
tivation of NF-κB in turn, and promote further development of 
this disease. 

As we know, TGF-β is a pro-fibrogenetic factor and a major 
mediator of pancreatic fibrosis which can promote PSC activa-
tion and ECM secretion.9 Recent studies have demonstrated a 
crosstalk between NF-κB and TGF-β signaling pathways: 1) NF-
κB can elicit TGF-β gene transcription;23 2) the suppression of 
NF-κB decreases the autocrine of PSCs by TGF-β1;24 3) over-
expressed Smad7 blocks NF-κB activation and inflammatory 
cytokine and ICAM-1 expression, and inhibits fibrosis.25,26 These 
results suggest a close relationship between NF-κB activation 
and TGF-β expression. Accordingly in our study, we have found 
over-expressed NF-κB/p65 in pancreatic tissues taken from the 
rats fed high-fat diets. This upregulation of NF-κB might con-
tribute to TGF-β1 expression. 

Therefore, based on the results of our study, we suppose that 
the mechanism of high-fat diet-associated pancreatic fibro-
sis might be partly due to NF-κB activation following over-
expression of pro-inflammatory cytokines, which can incite 
interactions of different molecules, and initiate the pancreatic 
fibrogenesis. 

We acknowledge that there are limitations in our study. It 
is unclear whether the pancreatic histological changes would 
be ameliorated automatically if the high-fat diet were stopped. 
Moreover, there are other molecules that are involved in NF-κB 
activation, such as I-κB kinase and other proteins. Other signal-
ling pathways which are associated with PSCs activation, such 
as MAPKs and JAK/STAT pathways were not investigated in 
our study. But our study may have significant clinical implica-
tions. We are facing a global epidemic of obesity and there is 
already widespread appreciation for the links between obesity 
and metabolic disorders. Future clinical and experimental stud-
ies to investigate the profound underlying relationships between 
a high-fat diet, obesity and pancreatic damage should be en-
couraged.
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