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Abstract. Hypertriglyceridemic acute pancreatitis (HTGAP) 
is a clinical emergency. Tight junctions (TJs) and the cyto‑
skeleton are essential for cell‑cell junctions and cell survival, 
and although tricellulin is a key protein regulating cell junc‑
tions, its role in regulating TJ proteins and the cytoskeleton 
in pancreatic acinar cells in HTGAP is not currently clear. In 
the present study, 24 female hamsters were assigned to the 
control, hypertriglyceridemia (HTG), HTGAP and HTGAP 
+ SC75741 groups. HTG was induced by a high‑fat diet and 
HTGAP was established by retrograde sodium taurocholate 
injection. Serum triglyceride levels, pancreatic histopatho‑
logical changes, and pancreatic expression of tricellulin, 
claudin‑1 and NF‑κB p65 were assessed. Furthermore, AR42J 
cell models with tricellulin overexpression and knockdown 
were cultured under HTG conditions, and protein levels were 
semi‑quantified by western blotting. F‑actin organization was 
assessed by immunofluorescence staining and intercellular 
morphology was examined by scanning electron microscopy. 
The results revealed that tricellulin expression was decreased 
and p65 expression was increased under hypertriglyceridemic 
conditions, whereas pancreatic histopathological injury was 
not significantly increased in the HTG group. The HTGAP 
group showed significantly more severe pancreatic injury than 
the control and HTG groups, accompanied by significantly 
decreased tricellulin and claudin‑1 expression, and signifi‑
cantly increased p65 expression. After SC75741 (an inhibitor 
of the NF‑κB signaling pathway) treatment, pancreatic injury 

and p65 expression were significantly decreased, whereas 
tricellulin and claudin‑1 showed only partial recovery. In 
AR42J cells, tricellulin overexpression was associated with 
increased claudin‑1 expression, reduced NF‑κB activation, 
improved F‑actin organization and better‑preserved intercel‑
lular morphology, whereas tricellulin knockdown exhibited 
the opposite pattern. In conclusion, hypertriglyceridemic 
conditions were associated with impaired TJ integrity and 
cytoskeletal disorganization in pancreatic acinar cells, 
accompanied by reduced tricellulin expression and increased 
NF‑κB activation. These findings suggest that tricellulin may 
contribute to HTGAP‑related junctional and cytoskeletal 
injury, potentially involving NF‑κB signaling.

Introduction

Acute pancreatitis (AP) is a common clinical emergency with 
a worldwide rising incidence. Hypertriglyceridemia (HTG) is 
the third most common cause of AP and accounts for ~22% 
of all AP cases, following gallstone disease and alcohol 
consumption (1,2). HTG should be distinguished from hyper‑
triglyceridemic AP (HTGAP); HTG refers to a metabolic 
condition characterized by elevated serum triglyceride (TG) 
levels, whereas HTGAP refers to AP occurring in the setting 
of HTG. Patients with HTGAP usually experience a more 
severe clinical course and more complications than patients 
with AP without HTG (3‑5). Animal experiments have shown 
that HTGAP can aggravate the pancreatic and systemic 
inflammatory response, including infection and multiple organ 
failure (6). However, it is still not fully clear how HTG impacts 
the course of AP. Under hypertriglyceridemic conditions, 
excessive TGs can be hydrolyzed into free fatty acids (FFAs), 
which may induce inflammatory activation, membrane injury, 
calcium dysregulation and acinar cell damage (7).

Because epithelial barrier integrity and intercellular junc‑
tion stability are important for maintaining tissue homeostasis, 
disruption of tight junction (TJ) architecture may contribute 
to pancreatic injury under HTG conditions (8). The TJ is an 
important intercellular ultrastructure that selectively regulates 
the permeability of small molecules and ions between cells. 
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TJs restrict and regulate the free diffusion of solutes through 
the paracellular pathway in epithelial cells and contribute to 
the establishment of distinct body fluid compartments, termed 
the barrier function (9). TJs are classified into bicellular TJs 
(bTJs) and tricellular TJs (tTJs). Occludin and claudins are the 
main constituents of bTJ proteins involved in the formation 
and maintenance of epithelial barriers, whereas tricellulin 
and angulins are the main components of tTJs (10‑12). During 
inflammation, which is known to decrease the levels of 
occludin and claudins in bTJs, tricellulin can move to bTJs 
to maintain their integrity  (13). Long‑term stimulation by 
numerous FFAs can lead to the contraction of epithelial cells, 
decreasing intercellular TJs  (14). HTG downregulates the 
levels of tTJ proteins in the pancreatic ductal mucosal barrier 
and increases the severity of pancreatitis (9). However, the role 
of HTG in pancreatic acinar cells is still not clear.

Tricellulin, encoded by the Marveld2 gene, is a protein 
exclusively localized at tTJs, which provides a basis for 
various epithelial stereo‑structures  (15) and regulates the 
junctional tension of epithelial cells  (16). However, its 
molecular function remains to be fully understood. In the 
pancreas, tricellulin is highly expressed in the ducts and acini 
at tricellular contacts (17). Studies using both in vitro  (18) 
and in vivo HTGAP rat models  (9), have shown that HTG 
impairs the TJ structure of the biliary‑pancreatic duct. The 
cytoskeleton is a reticular structure essential for cell survival 
and microfilaments are crucial for the secretion of intracel‑
lular substances  (19). The pancreatic tissue of mice with 
HTGAP shows an increased activation of the NF‑κB signaling 
pathway (20), which is involved in the regulation of functions 
of microfilaments and the cytoskeleton (21). Although tricel‑
lulin reduces apoptosis through the NF‑κB signaling pathway 
in colorectal cancer cells (22), its role in the regulation of TJ 
proteins and the cytoskeleton in pancreatic acinar cells in 
HTGAP is not fully understood.

The present study hypothesized that hypertriglyceridemic 
conditions may impair TJ integrity and cytoskeletal organi‑
zation in pancreatic acinar cells, and that tricellulin could 
contribute to this process in association with NF‑κB signaling. 
To test this hypothesis, a hamster model of HTGAP and 
HTG‑treated AR42J cells with tricellulin overexpression 
or knockdown were used. Subsequently, pancreatic injury, 
tricellulin and claudin‑1 expression, NF‑κB activation, F‑actin 
organization and TJ ultrastructure were assessed.

Materials and methods

Animals and experimental design. A total of 24  female 
hamsters (age, 3 weeks; body weight, 60‑70 g) were acquired 
from Shanghai Yanji Bio‑tech Co., Ltd. The animals were 
housed in a facility maintained at 24˚C under a 12‑h light/dark 
cycle, and were given free access to water and chow. The 
present study was carried out in accordance with the recom‑
mendations of the animal protection guidelines approved by 
the local animal ethics committee. The study protocol was 
approved by the Ethics Committee for Medical Experimental 
Animals, Second Affiliated Hospital of Guangxi Medical 
University [approval no. 2022(KY‑0174); Nanning, China].

The hamsters were randomly divided into the following 
four groups: Control group (n=6), HTG group (n=6), HTGAP 

group (n=6), and HTGAP + SC75741 group (n=6). No 
direct comparison between male and female hamsters was 
performed; therefore, sex‑specific differences could not be 
assessed and should be addressed in future studies. Hamsters 
in the HTG, HTGAP and HTGAP + SC75741 groups were fed 
a high‑fat diet (82.8% normal chow + 15% saturated animal fat 
+ 2% cholesterol + 0.2% sodium cholate), whereas hamsters in 
the control group were fed standard hamster chow.

After the animals were fed standard hamster chow or a 
high‑fat diet for 5 weeks, 0.1‑0.2 ml blood was collected from 
the retro‑orbital vein and centrifuged at 1,000 x g for 15 min 
at 4˚C to isolate serum. Subsequently, serum TG levels were 
measured to confirm successful establishment of the HTG 
model using a TG Fluorometric Assay Kit (cat. no. E‑BC‑F033; 
Elabscience Bionovation Inc.) according to the manufacturer's 
instructions. HTG induction was confirmed when serum TG 
levels in the experimental group were >2‑fold higher than 
those in the control group. The HTGAP model was established 
by retrograde injection of 6% sodium taurocholate (TCI Tokyo 
Chemical Industry Co., Ltd.) into the bile and pancreatic duct 
under isoflurane anesthesia; anesthesia was induced with 5% 
isoflurane and maintained at 3‑4% during the surgical proce‑
dure, with reference to established rodent inhalation anesthesia 
protocols (23). Sodium taurocholate was infused at a volume 
of 0.1 ml/100 g body weight and a rate of 0.1 ml/min using 
an infusion pump. Successful cannulation and injection were 
confirmed by visual observation of pancreatic duct dilatation. 
The common bile duct was not clamped during the procedure. 
Sham‑operated controls were not included in the present 
study. The hamsters in the HTGAP + SC75741 group were 
treated with SC75741 (MedChemExpress), an inhibitor of 
the NF‑κB signaling pathway, through intraperitoneal injec‑
tion (1 mg/100 g body weight) 30 min before modeling (24). 
All of the animals were fasted for 6 h before surgical opera‑
tions. After 24 h of AP induction, euthanasia was performed 
via intraperitoneal injection of an overdose of pentobarbital 
sodium (200 mg/kg), in accordance with the approved animal 
protocol and supporting rodent euthanasia literature (25,26). 
No hamsters died during anesthesia; however, one hamster in 
the HTGAP group died unexpectedly during postoperative 
recovery from anesthesia after model induction. Humane 
endpoints included severe respiratory distress, inability to eat 
or drink, persistent recumbency or a moribund appearance; no 
animals were euthanized early before the planned endpoint. 
Subsequently, 2‑3 ml blood was collected from the abdominal 
aorta and centrifuged at 1,000 x g for 15 min at 4˚C, and the 
serum was conserved at ‑80˚C. Pancreatic tissues used in the 
present study were fixed in 10% formalin at room temperature 
for 24 h, embedded in paraffin, and used for histopathological 
and immunohistochemical analyses. Finally, the animal 
carcasses were uniformly sent to the Guangxi Zhuang 
Autonomous Region Hazardous Waste Disposal Center for 
processing.

Study endpoints. The primary study endpoints were pancre‑
atic injury, and changes to the expression levels of tricellulin, 
claudin‑1 and NF‑κB pathway‑related proteins. Secondary 
endpoints included F‑actin cytoskeletal organization and inter‑
cellular morphological changes, and alterations in cell‑cell 
contacts in AR42J cells.
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Histopathological analysis. The pancreatic specimens were 
cut into 3‑µm sections and subjected to hematoxylin and eosin 
staining. Sections were stained with hematoxylin for 2 min, 
differentiated with 1% hydrochloric acid alcohol for 30 sec 
and counterstained with eosin for 30 sec, all at room tempera‑
ture. Pancreatic injury was assessed according to a previously 
reported scoring system, including edema, inflammatory 
cell infiltration, hemorrhage and necrosis (27). Morphology 
was assessed under a light microscope and histopathological 
evaluation was performed independently by two investigators 
blinded to group allocation.

Immunohis tochemica l  ana lys is.  For ma l in‑f ixed, 
paraffin‑embedded pancreatic tissue sections were deparaf‑
finized, and antigens were retrieved through high‑pressure 
cooking with citrate buffer (pH 6.0) for 5 min. Subsequently, 
these tissue sections were subjected to gradient cooling 
until they reached room temperature and were then washed 
thoroughly in phosphate‑buffered saline (PBS; pH  7.4). 
The sections were quenched with 3% hydrogen peroxide 
for 30 min at room temperature, blocked with 3% bovine 
serum albumin (Beijing Solarbio Science & Technology Co.) 
at room temperature for 15 min, and incubated overnight 
at  4˚C with primary antibodies against tricellulin (1:500; 
cat. no. 13515‑1‑AP), claudin‑1 (1:500; cat. no. 13050‑1‑AP) 
and NF‑κB p65 (1:300; cat. no. 10745‑1‑AP) (all from Wuhan 
Sanying Biotechnology). The next day, the tissue sections were 
washed and incubated with HRP‑based secondary antibody 
reagents using an SABC‑HRP Kit with Anti‑Rabbit IgG 
(IHC&ICC) (cat. no. P0615; Beyotime Biotechnology) for 
15 min at room temperature. The slides were then placed in 
PBS, washed three times on a decolorizing shaker (5 min/wash) 
and visualized with DAB (50 µl/slide; Beijing Zhongshan 
Jinqiao Biotechnology Co., Ltd.). Images were acquired using 
a pathology image analysis system (Leica DMR+Q550; Leica 
Microsystems GmbH) under identical settings, and quantita‑
tive analysis was performed using Image‑Pro Plus 6.0 (Media 
Cybernetics, Inc.). Three randomly selected non‑overlapping 
fields per section were analyzed and quantification was 
performed in a blinded manner.

Cell culture, infection and treatment. The rat pancreatic 
exocrine cell line AR42J (RRID: CVCL_0143) was obtained 
from the American Type Culture Collection and cultured to 
an appropriate density in Dulbecco's Modified Eagle Medium 
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) in a 
humidified incubator containing 5% CO2 at 37˚C. Three tricel‑
lulin short hairpin (sh)RNAs were designed and evaluated for 
lentiviral knockdown experiments: sh1, 5'‑GGA​TAA​GCC​
AGT​GTC​AGAT‑3'; sh2, 5'‑GCT​TGG​ATC​GCG​ACG​ATTA‑3'; 

and sh3, 5'‑GCC​ACA​TTC​CTA​AGC​CCAT‑3'. A non‑targeting 
negative control shRNA sequence (5'‑CCT​AAG​GTT​AAG​
TCG​CCC​TCG‑3') was used as the control. The lentiviral 
shRNA vector and the corresponding control vector were 
commercially constructed and packaged by OBiO Technology 
(Shanghai) Corp., Ltd., and were based on pSLenti‑U6‑shRNA 
(Marveld2)‑CMV‑EGFP‑F2A‑Puro‑WPRE. In addition, 
a lentiviral overexpression vector carrying tricellulin and 
the corresponding control vector were also commercially 
constructed and packaged by OBiO Technology (Shanghai) 
Corp., Ltd.; these were based on pcSLenti‑EF1‑EGFP‑P2
A‑Puro‑CMV‑Marveld2‑3xFLAG‑WPRE. The efficiency 
of tricellulin knockdown and overexpression was validated 
in AR42J cells infected with these lentiviral constructs 
alone by reverse transcription‑quantitative PCR (RT‑qPCR) 
(Fig. S1). For lentiviral infection, AR42J cells were seeded in 
6‑well plates at 5x105 cells/well and infected at a multiplicity 
of infection of 100 in the presence of polybrene (10 µg/ml) 
at 37˚C. After 8 h, the medium was replaced with complete 
medium and stable cell lines were selected using puromycin 
(5 µg/ml) until harvest. Cells were harvested 72 h after infec‑
tion for RT‑qPCR validation. Briefly, total RNA was extracted 
from lentivirus‑infected AR42J cells using RNAiso Plus 
(cat. no. 9109; Takara Bio, Inc.). RT was performed using an RT 
kit (cat. no. K1622; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. qPCR was performed using 
SYBR Green Mix (cat.  no.  11201ES60; Shanghai Yeasen 
Biotechnology Co., Ltd.) on a BIOER 9600 Plus real‑time 
PCR system (Bioer Technology Co., Ltd.). Thermocycling 
was performed as follows: Initial denaturation at 95˚C for 
5 min, followed by 40 cycles at 95˚C for 10 sec and 60˚C for 
30 sec. Relative mRNA expression was quantified using the 
2‑ΔΔCq method (28). The primer sequences used for RT‑qPCR, 
including the internal control GAPDH, are listed in Table I.

To determine the effects of tricellulin on AR42J cells in 
the HTG environment, lentivirus‑infected cells were treated 
with 66‑µM palmitic acid (MilliporeSigma) + 132‑µM oleic 
acid (MilliporeSigma) for 24 h at 37˚C for subsequent experi‑
ments. To explore the effects of the NF‑κB pathway on AR42J 
cells, lentivirus‑infected cells were treated with 1 µM SC75741 
for 24 h at 37˚C for subsequent experiments. Cells cultured 
without any extra reagents were regarded as the control group. 
Unless otherwise stated, in vitro experiments were performed 
in three independent biological replicates.

Western blotting. Cultured cells were lysed in RIPA lysis buffer 
(Beijing Solarbio Science & Technology Co., Ltd.) and protein 
concentrations were determined by BCA assay. Total protein 
samples (20 µg) were then separated by SDS‑PAGE on 10% 
and transferred to a polyvinylidene difluoride membrane. After 
blocking with 5% non‑fat milk for 1 h at room temperature, the 

Table I. Primer sequences used for reverse transcription‑quantitative PCR.

Gene	 Forward primer, 5'‑3'	 Reverse primer, 5'‑3'

Marveld2	 ACGATTATTATCCTGGTGCTTG	 ACCTCGGTTGGTATCATTCA
GAPDH	 GGCAAGTTCAACGGCACA	 TCTCGCTCCTGGAAGATGG
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membranes were incubated with primary antibodies against 
β‑actin (1:20,000; cat no. 66009‑1‑Ig), tricellulin (1:1,000; 
cat. no. 13515‑1‑AP), claudin‑1 (1:1,000; cat. no. 13050‑1‑AP), 
NF‑κB p65 (1:1,000; cat.  no.  10745‑1‑AP) and NF‑κB 
phosphorylated‑p65 (p‑p65; 1:2,000; cat. no. 82335‑1‑RR) 
(all from Wuhan Sanying Biotechnology) overnight at 4˚C. 
Subsequently, the membrane was washed three times with 
Tris‑buffered saline‑0.1% Tween‑20 buffer and incubated 
for 60  min at room temperature with HRP‑conjugated 
secondary antibodies, including Peroxidase AffiniPure® 
Goat Anti‑Rabbit IgG (H+L) (1:50,000; cat. no. 111‑035‑003; 
Jackson ImmunoResearch) and Peroxidase AffiniPure Goat 
Anti‑Mouse IgG (H+L) (1:50,000; cat.  no.  115‑035‑003; 
Jackson ImmunoResearch), as appropriate. Protein bands were 
visualized using Tanon™ Femto‑sig ECL chemiluminescent 
substrate (cat. no. 180‑506; Tanon Science and Technology 
Co., Ltd.) and semi‑quantified using Quantity One software 
(version 4.6.0; Bio‑Rad Laboratories, Inc.).

Immunofluorescence staining of F‑actin. Cells were plated 
onto coverslips (24x24 mm) in 6‑well plates until they reached 
55‑60% confluency. The cells were then fixed in 4% parafor‑
maldehyde for 15 min at room temperature, permeabilized 
in 0.1% Triton X‑100 for 5 min at room temperature, blocked 
in PBS containing 2% bovine serum albumin for 20 min at 
room temperature and stained with tetramethyl rhodamine 
isothiocyanate‑phalloidin (100  nM; 50  µl/well; Beijing 
Solarbio Science & Technology Co., Ltd.) for 30 min at room 
temperature in the dark. The samples were washed with PBS 
three times at 5‑min intervals between each step and mounted 
with an anti‑fading medium containing DAPI (Beijing 
Solarbio Science & Technology Co., Ltd.) for 3 min at room 
temperature in the dark. F‑actin was visualized at 530‑550 nm 
and cell nuclei were observed at 460‑495 nm under an upright 
fluorescence microscope (BX53; Olympus Corporation).

Scanning electron microscopy. The intercellular TJ ultra‑
structure of AR42J cells was evaluated by scanning electron 
microscopy. Cells were washed with PBS and fixed in 3% 
glutaraldehyde at 4˚C for >2 h, followed by post‑fixation in 1% 
osmium tetroxide. After the cells were dehydrated through a 

graded ethanol series, samples were dried, mounted on metal 
stubs, sputter‑coated with gold and examined using a scanning 
electron microscope (H‑7650; Hitachi, Ltd.).

Statistical analyses. Data are presented as the mean ± standard 
deviation. Normality was assessed using the Shapiro‑Wilk test 
and homogeneity of variance was assessed using Levene's test. 
For comparisons among multiple groups, one‑way analysis of 
variance was used when parametric assumptions were met, 
followed by Tukey's post hoc test. Welch's ANOVA followed by 
Dunnett's T3 test was applied when homogeneity of variance 
was not met. Because histological scores are ordinal data, they 
are presented as the median (IQR) and were analyzed using 
the Kruskal‑Wallis test followed by Bonferroni‑corrected 
pairwise Mann‑Whitney U tests. Comparisons between two 
groups were performed using an unpaired Student's t‑test. 
Unless otherwise stated, in vitro experiments were performed 
in three independent biological replicates. P<0.05 was consid‑
ered to indicate a statistically significant difference. Statistical 
analyses were performed using SPSS 20.0 (IBM Corp.).

Results

Serum TG values. Serum collected from the hamsters in the 
high‑fat diet groups (HTG, HTGAP and HTGAP + SC75741 
groups) was lipemic on visual inspection, whereas that of the 
control group was clear. Serum TG levels differed significantly 
among the groups (P=0.001). Serum TG levels in the HTG, 
HTGAP and HTGAP + SC75741 groups were all significantly 
higher than those in the control group (P=0.001, P=0.027 
and P=0.039, respectively), confirming successful induction 
of HTG (Table II). No significant difference was observed 
among the HTG, HTGAP and HTGAP + SC75741 groups (all 
P>0.05).

Macroscopic view and histopathological analysis of the 
pancreas. On macroscopic examination, pancreatic edema, 
hemorrhage and necrosis were observed mainly in the HTGAP 
and HTGAP + SC75741 groups (Fig. 1A). In the HTG group, 
the pancreas showed no obvious necrosis or hemorrhage on 
gross examination, and only minimal or no histopathological 

Table II. Serum TG levels, histopathological scores, and immunohistochemical expression of tricellulin, claudin‑1 and p65 in the 
pancreatic tissues of hamsters.

	 AOD value
	----------------------------------------------------------------------------------------------
Group	 N	 TG, mmol/l	 Histological score	 Tricellulin	 Claudin‑1	 p65

C	 6	 1.68±0.18	 0.5 (0.0‑1.0)	 0.27±0.02	 0.28±0.03	 0.14±0.02
HTG	 6	 4.85±0.79a	 1.0 (0.25‑1.0)	 0.22±0.01a	 0.29±0.01	 0.16±0.01
HTGAP	 6	 4.33±1.42a	 7.0 (7.0‑7.75)a,b	 0.17±0.02a,b	 0.22±0.01a,b	 0.27±0.02a,b

HTGAP + SC75741	 6	 4.93±1.91a	 5.0 (4.25‑5.0)a‑c	 0.19±0.02a,b	 0.23±0.02a,b	 0.23±0.01a‑c

aP<0.05 vs. C group; bP<0.05 vs. HTG group; cP<0.05 vs. HTGAP group. Histological scores are presented as the median (IQR) and were 
analyzed using the Kruskal‑Wallis test followed by Bonferroni‑corrected pairwise Mann‑Whitney U tests. All other data are presented as 
the mean ± SD. Parametric data were analyzed using one‑way ANOVA followed by Tukey's post hoc test, or Welch's ANOVA followed by 
Dunnett's T3 test when homogeneity of variance was not met. AOD, average optical density; C, control; HTG, hypertriglyceridemia; HTGAP, 
hypertriglyceridemic acute pancreatitis; TG, triglyceride.
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abnormalities were observed. Notably, the necrotic lesions were 
mainly concentrated in the head of the pancreas. Occasional 
biliary fistula and scattered calcification foci were observed 
in the HTGAP group, but these findings were not predefined 
endpoints and were not quantitatively analyzed. Histologically, 
the control group exhibited no obvious edema, inflammatory 
infiltration or necrosis, whereas the HTGAP and HTGAP + 
SC75741 groups showed evident edema, inflammatory infil‑
tration, hemorrhage and necrosis (Fig. 1B). Histopathological 
scores differed significantly among the groups (Kruskal‑Wallis 
test, P<0.001). After Bonferroni‑corrected pairwise 

comparisons, the HTGAP group showed significantly higher 
pathological scores than the control and HTG groups (both 
P<0.05) (Table II). The HTGAP + SC75741 group also showed 
significantly higher pathological scores than the control and 
HTG groups (both P<0.05), but significantly lower scores than 
the HTGAP group (P=0.002). No significant difference was 
observed between the control and HTG groups (P=0.846).

Effects of HTG on the expression of TJ proteins and 
NF‑κB pathway activation in pancreatic t issues. 
Immunohistochemical analysis showed significant group 

Figure 1. Macroscopic and histopathological changes in the pancreas of hamsters. (A) Representative macroscopic appearance of the pancreas in each group. 
Yellow arrows indicate the pancreas; red arrows indicate necrotic areas. (B) Representative hematoxylin and eosin staining of pancreatic tissues from each 
group (magnification, x200; scale bars, 100 µm). C, control; HTG, hypertriglyceridemia; HTGAP, hypertriglyceridemic acute pancreatitis.

Figure 2. Representative immunohistochemical staining of tricellulin, claudin‑1 and NF‑κB p65 in pancreatic tissues from hamsters in different groups 
(magnification, x200; scale bars, 100 µm). C, control; HTG, hypertriglyceridemia; HTGAP, hypertriglyceridemic acute pancreatitis.
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differences in tricellulin, p65 and claudin‑1 expression (Fig. 2; 
Table II). For tricellulin, the overall difference among groups 
was significant (P<0.05), and Tukey's post hoc test showed 
that tricellulin expression was significantly lower in the HTG, 
HTGAP and HTGAP + SC75741 groups than in the control 
group (P=0.001, P<0.05 and P<0.05, respectively). In addition, 
tricellulin expression in the HTGAP group was significantly 
lower than that in the HTG group (P=0.001), whereas no 

significant difference was observed between the HTGAP and 
HTGAP + SC75741 groups (P=0.519).

For p65, the overall difference among groups was also 
significant (P<0.05). Tukey's post hoc analysis showed that 
p65 expression was significantly higher in the HTGAP group 
than in the control, HTG and HTGAP + SC75741 groups (all 
P<0.05). The HTGAP + SC75741 group also showed signifi‑
cantly higher p65 expression than the control and HTG groups 

Figure 3. Effects of tricellulin modulation and NF‑κB inhibition on tight junction proteins and NF‑κB signaling in AR42J cells under an HTG environ‑
ment. (A) Representative western blot analysis of tricellulin, claudin‑1, p‑p65, total p65 and β‑actin. Densitometric semi‑quantification of (B) tricellulin, 
(C) claudin‑1 and (D) p‑p65 normalized to β‑actin or total p65, as appropriate. Data are presented as the mean ± SD of three independent biological replicates. 
***P<0.001; ****P<0.0001. HTG, hypertriglyceridemia; KD, knockdown; NC, negative control; OE, overexpression; p‑, phosphorylated.
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(both P<0.05), whereas no significant difference was found 
between the control and HTG groups (P=0.290).

For claudin‑1, the overall difference among groups was 
significant (P<0.05). Because the homogeneity of variance 
assumption was not satisfied, Dunnett's T3 test was used for 
pairwise comparisons. Claudin‑1 expression was significantly 
lower in the HTGAP group than in the control group (P=0.008) 
and the HTG group (P<0.05). The HTGAP + SC75741 group 
also exhibited significantly lower claudin‑1 expression than 
the control group (P=0.016) and the HTG group (P<0.05). No 
significant difference was observed between the HTGAP and 
HTGAP + SC75741 groups (P=0.877), nor between the control 
and HTG groups (P=0.894). These findings indicated that 
claudin‑1 reduction was mainly observed after AP induction 
rather than under HTG alone.

Effect of regulating tricellulin and the NF‑κB pathway on 
the expression of TJ proteins and activation of the NF‑κB 

pathway in AR42J cells in the HTG environment. RT‑qPCR 
validation in AR42J cells transduced with lentiviral constructs 
alone showed marked upregulation of Marveld2 mRNA in 
the overexpression group, whereas among the three shRNAs 
tested, sh1 showed the strongest knockdown efficiency 
compared with the corresponding negative controls (Fig. S1). 
The expression levels of tricellulin, claudin‑1, and NF‑κB 
p‑p65 and total p65 were analyzed by western blotting. The 
expression levels of tricellulin and claudin‑1 were decreased, 
whereas those of NF‑κB p‑p65 slightly increased under HTG 
conditions relative to the baseline values. Total p65 expression 
showed only modest variation across groups, with lower levels 
in the tricellulin overexpression and tricellulin overexpression 
+ SC75741 groups, whereas the tricellulin knockdown group 
remained close to the HTG group (Fig. 3). Overexpression 
of tricellulin upregulated claudin‑1 expression and down‑
regulated NF‑κB p‑p65 expression in AR42J cells in the HTG 
environment. When treated with SC75741, an inhibitor of the 

Figure 4. Representative images of immunofluorescence analysis of F‑actin organization after tricellulin modulation and SC75741 treatment in AR42J cells. 
F‑actin is stained with phalloidin (red), and nuclei are stained with DAPI (blue). White arrows indicate representative areas of reduced F‑actin continuity, 
weaker cortical distribution and a disorganized filament pattern. Scale bars, 100 µm. HTG, hypertriglyceridemia; KD, knockdown; NC, negative control; OE, 
overexpression.
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NF‑κB pathway, the expression levels of NF‑κB p‑p65 further 
decreased, whereas those of tricellulin and claudin‑1 increased. 
Conversely, knockdown of tricellulin downregulated claudin‑1 
expression and upregulated NF‑κB p‑p65 expression in AR42J 
cells in the HTG environment. SC75741 treatment inhibited 
NF‑κB activation, and was associated with partial recovery of 
tricellulin and claudin‑1 expression compared with the corre‑
sponding groups without SC75741 treatment.

Effects of tricellulin on F‑actin dynamics in AR42J cells 
in the HTG environment and treated with SC75741. 
Immunofluorescence was performed to analyze how the 
regulation of tricellulin and treatment with SC75741 impacted 
F‑actin dynamics. Under HTG conditions, the F‑actin network 
showed reduced continuity, weaker cortical distribution and a 
more disorganized filament pattern compared with the control 
group (Fig. 4). Tricellulin overexpression was associated with 
partial restoration of F‑actin organization, whereas tricellulin 
knockdown was associated with more pronounced disruption. 
These changes remained evident after SC75741 treatment.

Effects of tricellulin on cell surface morphology and inter‑
cellular contacts in AR42J cells in the HTG environment 
and treated with SC75741. Representative scanning electron 
micrographs showed that control cells were regularly arranged 
with relatively intact intercellular contacts and smooth surfaces 
(Fig.  5). Under HTG conditions, cells showed swelling, 
membrane injury and weakened cell‑cell contacts. These 
changes appeared less pronounced in the tricellulin overexpres‑
sion group and more severe in the tricellulin knockdown group. 
Following SC75741 treatment, cellular damage remained 
evident, particularly in the tricellulin knockdown group.

Discussion

HTG is increasingly recognized not only as a metabolic 
abnormality but also as a pro‑inflammatory state that 
may sensitize pancreatic tissue to injury. In the present 
study, in vivo and in vitro models were used to investigate 
the potential role of tricellulin in pancreatic injury under 
hypertriglyceridemic conditions. The findings showed that 
hypertriglyceridemic conditions were associated with reduced 
tricellulin expression, increased NF‑κB pathway activation, 
impaired TJ‑related protein expression, specifically reduced 
tricellulin and claudin‑1 expression, and cytoskeletal disorga‑
nization. In the hamster model, HTGAP was accompanied by 
markedly aggravated pancreatic injury, decreased tricellulin 
and claudin‑1 expression, and increased p65 expression. In 
AR42J cells, tricellulin overexpression was associated with 
increased claudin‑1 expression, reduced NF‑κB activation, 
improved F‑actin organization and better‑preserved intercel‑
lular morphology, whereas tricellulin knockdown showed 
the opposite pattern. Together, the observed reductions in 
tricellulin and claudin‑1 expression, the increase in NF‑κB 
activation, and the disruption of F‑actin organization support 
the potential role of tricellulin in HTGAP‑related TJ and cyto‑
skeletal injury.

Although mice and rats are the most commonly used 
models for pancreatitis, their disease characteristics may 
not compare to those of human diseases, particularly with 
respect to lipid metabolism (29). Hamsters have been used 
as a relevant model in pancreatic disease research (30,31) 
and are capable of developing a relatively stable hypertri‑
glyceridemic state that more closely resembles the human 
metabolic condition. Some studies have shown that elevated 

Figure 5. Representative images of scanning electron microscopic analysis of intercellular morphology and cell‑cell contacts in AR42J cells under HTG 
conditions and SC75741 treatment. White arrows indicate representative changes including cell swelling, surface irregularity and weakened cell‑cell contacts. 
Scale bars, 10 µm. HTG, hypertriglyceridemia; KD, knockdown; NC, negative control; OE, overexpression.
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TGs could cause the cells to remain in a state of low‑grade 
inflammation, leading to persistent oxidative stress, endo‑
thelial system dysfunction, insulin resistance and intestinal 
flora imbalance (32,33).

In the present study, HTG alone was associated with 
reduced tricellulin expression and mildly increased p65 
expression, whereas no significant increase in pancreatic histo‑
pathological injury was observed in the HTG group in vivo. By 
contrast, under HTG‑like conditions in vitro, pancreatic acinar 
cells showed decreased tricellulin and claudin‑1 expression, 
increased NF‑κB activation, disrupted F‑actin organization, 
weakened intercellular contacts and more evident membrane 
injury than control cells. These changes suggest that HTG 
may create a vulnerable background characterized by 
low‑grade inflammatory activation and junctional instability. 
Mild‑to‑moderate elevations in pancreatic TG levels may 
therefore not directly cause marked acinar necrosis, but 
may aggravate and amplify the inflammatory susceptibility 
of acinar cells in the presence of an additional injurious 
stimulus (34).

Patients with HTG‑induced AP experience a worse 
prognosis compared with patients in whom this condition 
was triggered by other causes  (35). In the present study, 
hamsters in the HTGAP group showed markedly more severe 
pancreatic injury than those in the control and HTG groups. 
In parallel, tricellulin and claudin‑1 expression in pancreatic 
tissues was significantly decreased, whereas p65 expression 
was significantly increased. After treatment with SC75741, 
pancreatic injury and p65 expression were significantly 
decreased, whereas tricellulin and claudin‑1 showed only 
partial recovery compared with the untreated HTGAP group. 
These findings support the involvement of NF‑κB signaling in 
HTGAP‑related pancreatic injury, while also suggesting that 
changes in TJ‑related proteins may be associated with, rather 
than definitively opposed to, NF‑κB pathway activation in this 
setting.

TJ disruption may be one mechanism contributing to this 
process. Tricellulin is a key component of tTJs and is essen‑
tial for epithelial barrier maintenance. Previous studies have 
mainly focused on tricellulin or TJ alterations in epithelial 
barriers, pancreatic ductal cells or other disease contexts (9,36), 
whereas less attention has been paid to pancreatic acinar cells 
under hypertriglyceridemic conditions. The present findings 
extend this area by showing that tricellulin expression was 
already reduced in the HTG group and further decreased 
in the HTGAP group, suggesting that metabolic stress may 
precede and intensify junctional injury. In addition, tricellulin 
modulation in AR42J cells was accompanied by corresponding 
changes in claudin‑1 expression and intercellular morphology, 
supporting the possibility that tricellulin participates in 
maintaining junctional homeostasis in pancreatic acinar cells 
during HTGAP‑related injury.

Tricellulin is one of the main constituents of TJ formation 
and is primarily localized at tTJs (37). Previous studies on 
tricellulin have mainly been conducted in the field of oncology, 
where altered tricellulin expression has been associated with 
tumor behavior and differentiation (17,37). By contrast, to the 
best of our knowledge, little is known about the relationship 
between tricellulin and inflammatory signaling in HTGAP. In 
the current in vitro experiments, tricellulin overexpression was 

associated with increased claudin‑1 expression and reduced 
NF‑κB activation under HTG‑like condition, whereas tricel‑
lulin knockdown showed the opposite pattern. These findings 
suggested that tricellulin may contribute to the regulation of 
junctional integrity in pancreatic acinar cells and could be 
linked to inflammatory signaling changes involving NF‑κB. 
However, the present results do not establish a direct molecular 
interaction between tricellulin and the NF‑κB pathway.

NF‑κB signaling is one of the central inflammatory 
pathways implicated in AP, and has also been linked to 
junctional remodeling and cytoskeletal regulation in other 
biological settings (20,21). In the present study, p65 expres‑
sion was significantly increased in the HTGAP group and 
remained elevated in the HTGAP + SC75741 group compared 
with that in the control group, although it was significantly 
reduced after SC75741 treatment compared with the untreated 
HTGAP group. These findings support the involvement of 
NF‑κB signaling in HTGAP‑associated pancreatic injury. 
Although p‑p65 more directly reflects NF‑κB activation, the 
modest variation in total p65 may reflect concurrent changes 
in overall p65 protein abundance across the groups. However, 
the interpretation should remain cautious. Although SC75741 
significantly reduced histopathological injury and p65 expres‑
sion, tricellulin and claudin‑1 expression showed only partial 
recovery and did not differ significantly between the HTGAP 
and HTGAP + SC75741 groups. Therefore, the present data 
support a potential association between tricellulin‑related 
changes and NF‑κB activation, but do not establish a direct 
molecular interaction or a fully defined causal pathway.

The cytoskeleton is a special network structure composed 
of multiple protein filaments, polymerized and intertwined 
intercellularly. These protein filaments exhibit a dynamic 
balance under the action of various regulatory factors to 
maintain the integrity and stability of cell morphology and 
structure, facilitate the transport of intracellular substances 
and the stable movement of organelles, and participate in 
cell deformation and cell division (19,38). F‑actin, a type of 
cytoskeletal protein filament, is formed by the spiral interca‑
lated polymerization of actin molecules (39). They utilize the 
energy of actin polymerization, interact with myosin II, and 
serve an important role in the formation of cell membranes 
and the secretion of intracellular substances (40). After acinar 
cells are stimulated by cholecystokinin, myosin II, which 
is dependent on the G protein‑coupled receptor signaling 
pathway, is phosphorylated and redistributed to the outside of 
the basement membrane, increasing the cell membrane tension 
there, prompting the formation of vesicles rich in zymogen 
granules and their secretion outward. Multiple signaling path‑
ways participate in regulating the functions of microfilaments 
and the cytoskeleton, such as FAK, ROCK/NF‑κB, PI3K and 
MAPK (20,29).

In the present study, the HTG‑like condition disrupted 
the F‑actin network and weakened cell‑cell contacts, 
whereas tricellulin overexpression was associated with 
partial restoration of F‑actin organization and intercellular 
morphology. Conversely, tricellulin knockdown further 
aggravated cytoskeletal disorganization and junctional 
damage. These findings support a possible link between 
tricellulin, junctional stability and cytoskeletal organization 
under hypertriglyceridemic stress.
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The current study has several limitations. First, the 
sample size in the animal experiments was relatively small, 
and no formal a priori power calculation was performed; 
therefore, the findings should be considered exploratory. 
Second, only female hamsters were used, and no direct 
comparison between sexes was performed, thus sex‑specific 
differences could not be assessed. Third, only one animal 
model and one rat‑derived acinar cell line were used, which 
may limit generalizability. Fourth, sham‑operated controls 
were not included. Fifth, although changes in NF‑κB 
signaling were observed after tricellulin modulation and 
SC75741 treatment, the present study did not directly verify 
the molecular interaction between tricellulin and the NF‑κB 
pathway, nor could it exclude potential off‑target effects of 
pharmacological inhibition. Finally, neither human pancre‑
atic tissues nor a clinical validation cohort were available 
to support the translational relevance of the findings. 
Future studies should include larger experimental cohorts, 
additional model systems, direct mechanistic assays and 
validation in human samples.

In conclusion, the present study suggested that hypertri‑
glyceridemic conditions may be associated with impaired TJ 
integrity and cytoskeletal organization in pancreatic acinar 
cells. Tricellulin may contribute to this process and could be 
linked to inflammatory signaling changes involving NF‑κB. 
These findings provide a basis for further mechanistic investi‑
gation of epithelial junctional injury in HTGAP.
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