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Abstract

AIM: To investigate whether microRNA-155 (miR-155) dysregulates apical junctional complex (AJC) protein expressions in experimental severe acute pancreatitis (SAP).

METHODS: Twenty-four male BALB/c mice were randomly assigned to two groups: the SAP group (n = 12) receiving sequential intraperitoneal injection of 50 µg/kg caerulein and 10 mg/kg lipopolysaccharide over 6 h, and the control group (n = 12) receiving intraperitoneal injection of normal saline. Animals were sacrificed 3 h following the last injection for collection of blood samples and pancreas and distal ileal segment specimens. Routine pancreas and intestine histology was used to assess SAP pathology and intestinal epithelial barrier damage. Levels of serum amylase, diamine oxidase (DAO), and tumor necrosis factor alpha (TNF-α) were determined using commercial available kits. Total RNA samples were isolated from intestinal epithelial specimens and reversely transcribed into complementary DNA. MiR-155 and RhoA mRNA expression profiles were determined using quantitative real-time polymerase-chained reaction. Target genes for miR-155 were predicted using the miRTarBase database with RNA22 and PicTar computational methods. Western blotting assays were performed to quantitate the protein expression levels of the target gene RhoA, as well as Zonula occludens-1 (ZO-1) and E-cadherin, two genes encoding AJC component proteins. 
RESULTS: Intraperitoneal injection of caerulein and lipopolysaccharide successfully induced experimental acute pancreatic damage (SAP vs control, 10.0 ± 2.0 vs 3.2 ± 1.2, P < 0.01) and intestinal epithelial barrier damage (3.2 ± 0.7 vs 1.4 ± 0.7, P < 0.01). Levels of serum amylase (21.6 ± 5.1 vs 14.3 ± 4.2 U/mL, P < 0.01), DAO (21.4 ± 4.1 vs 2.6 ± 0.8 ng/mL, P < 0.01), and TNF-α (61.0 ± 15.1 vs 42.9 ± 13.9 ng/mL, P < 0.01) increased significantly in SAP mice compared to those in control mice. MiR-155 was significantly overexpressed in SAP intestinal epithelia (1.94 ± 0.50 vs 1.03 ± 0.23 folds, P < 0.05), and RhoA gene containing 3 miR-155 specific binding sites in the three prime untranslated regions was one of the target genes for miR-155. RhoA (22.7 ± 5.8 vs 59.6 ± 11.6 folds, P < 0.01), ZO-1 (46 ± 18 vs 68 ± 19 folds, P < 0.01), and E-cadherin proteins (48 ± 15 vs 77 ± 18 folds, P < 0.01) were underexpressed in SAP intestinal epithelia although RhoA mRNA expression was not significantly upregulated in SAP (0.97 ± 0.18 vs 1.01 ± 0.17 folds, P > 0.05). 
CONCLUSIONS: TNF-α-regulated miR-155 overexpression inhibits AJC component protein syntheses of ZO-1, and E-cadherin by downregulating post-transcriptional RhoA expression, and disrupts intestinal epithelial barrier in experimental SAP.
© 2013 Baishideng. All rights reserved.
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Core tip: Apical junction complex (AJC) damage leads to intestinal barrier dysfunction and disease progression in severe acute pancreatitis (SAP) by an unknown mechanism. We reported for the first time that miR-155, a major mediator regulating early-stage inflammatory process, was overexpressed in experimental SAP intestinal epithelia as induced by massive circulating TNF-α. RhoA gene, a predicted targeted gene for miR-155, was underexpressed at the post-transcriptional level, accompanied by expression downregulation of ZO-1 and E-cadherin, two key component proteins of AJC. Our study demonstrated that TNF-α–miR-155–RhoA–ZO-1/E-cadherin signaling pathway contributed to intestinal barrier dysfunction in complicating SAP.
Tian R, Wang R, Xie H, Jin W, Yu KL. Overexpressed microRNA-155 dysregulates intestinal epithelial apical junctional complex in experimental severe acute pancreatitis.
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INTRODUCTION
Severe acute pancreatitis (SAP) is a serious medical condition with a high mortality rate. Intestinal barrier dysfunction in SAP patients leads to endotoxemia and multiple organ failure, and contributes to disease progression in SAP1-3


[ ADDIN EN.CITE ]
. It is helpful to elucidate the pathogenetic mechanisms underlying intestinal barrier damage in SAP for successful treatment of SAP patients who are critically ill in the great majority of cases.

Intestinal mucosal barrier is composed of a layer of cross-linked, highly differentiated epithelial cells located at the apical junction complex (AJC). Tight AJC junction maintains epithelial cell polarity, reduces the gap between epithelial cells, and decreases epithelial permeability. Therefore, AJC can prevent intestinal toxins, pathogens and other exogenous substances from entering into the submucosal tissues and the circulation system through the epithelial layer. AJC is believed to be the mainstay structure that maintains intestinal barrier and prevents enteric endotoxemia, and AJC damage can lead to intestinal barrier dysfunction4-8


[ ADDIN EN.CITE ]
.

The mechanisms underlying AJC damage in SAP remain elusive. The structure and function of AJC depend on the regulation of its component proteins. MicroRNA, a newly known protein regulator, regulates protein synthesis9-11


[ ADDIN EN.CITE ]
 and is critically involved in maintaining epithelial junction and polarity, as well as cytoskeletal remodeling in tumor12-14


[ ADDIN EN.CITE ]
. Tang et al[15] reported that the expression of Zonula occludens-1 (ZO-1), a major AJC component, was downregulated by microRNA-212 in Caco-2 cells of patients with alcoholic live disease and intestinal barrier dysfunction. Ye et al16


[ ADDIN EN.CITE ]
 reported that downregulated expression of occludin gene encoding the major component protein of tight junction was regulated by microRNA-122 in mouse Caco-2 cells and resulted in intestinal barrier dysfunction. Aside their critical role in maintaining intestinal epithelial junction and regulating AJC proteins, microRNAs, especially microRNA-155 (miR-155) is also implicated in inflammatory process17


[ ADDIN EN.CITE ,18]
, which normally occurs at the early stage of SAP. It has been also reported that miR-155 is a major inflammatory mediator17-21


[ ADDIN EN.CITE ]
 and regulates the process of inflammatory response and carcinogenesis22


[ ADDIN EN.CITE ]
. However, it is yet to be investigated how miR-155 regulates AJC protein expression in intestinal epithelial cells.
The objectives of this study were to investigate how miR-155 regulates AJC protein expression, to predict target genes for miR-155, and to identify the possible miR-155 regulatory pathways in SAP.

MATERIALS AND METHODS

Laboratory animals and experimental protocols

The animal experimentation protocol was approved by the Animal Research Committee at First People′s Hospital, Shanghai Jiaotong University. Twenty-four male BALB/c mice weighing 25 g were purchased from Shanghai Laboratory Animal Center and housed at room temperature (25 (C) with a 12-hour light/dark cycle. All animals were given free access to rodent chow and tap water ad libitum and acclimated for at least 3 days prior to the experiment.

Following 12-h fasting, all experimental mice were randomly and equally into two groups, namely, the SAP group (n = 12) and the control group (n = 12).  Experimental SAP mouse model was established as previously reported23[]
. In the SAP group, intraperitoneal injection of 50 µg/kg caerulein dissolved in normal saline (Bachem, Bubendorf, Switzerland) was repeated at an hourly interval for 6 h followed by intraperitoneal injection of 10 mg/kg E. coli-derived lipopolysaccharide (LPS) dissolved in normal saline (Sigma-Aldrich, St Louis, MO, United States). In the control group, the same volume of normal saline in replacement of caerulein and LPS was injected at an hourly interval for 6 h. 

All animals were euthanized by injecting 3% intraperitoneal pentobarbital (0.1 mL/100 g; Dongchang Chemical, Shanghai, China) 3 h after the last injection to collect blood samples and pancreas and distal ileal segment specimens. Blood samples were first centrifuged at 3000 rpm for 8 min at 4 °C within 2 h following collection, and the supernatants were collected and stored at -80 °C for further experiments. Pancreas and intestine specimens were immediately fixed in 10% buffered formaldehyde (Dongchang Chemical, Shanghai, China) for further histology. Mucosal tissues of the distal ileal segment, 3-5 cm long, was stripped, snap frozen in liquid nitrogen, and stored at -80 °C for further experiments.

Histological examination

Paraffin-embedded pancreatic and intestinal tissues were microtomed into 5-μm sections. Sections were stained with hematoxylin (Sigma-Aldrich, St Louis, MO, United States) and eosin (Sigma-Aldrich, St Louis, MO, United States) as routine and examined using a light microscope (Olympus, Tokyo, Japan). Acute pancreatic damage, including pancreatic edema, acinar cell necrosis, adipose necrosis and hemorrhage, parenchymal  inflammation, and extravascular infiltration, was evaluated according to the Schmidt’s criteria24[]
, with a maximum score of 16. Intestinal epithelial barrier damage, including  changes in mucosal cells, mucosal structure, parenchymal hemorrhage, and inflammatory cell infiltration, was semiquantitatively evaluated using the following scale: 0, no injury; 1, local atrophy and necrosis of mucosal cells; 2, patchy shedding of mucosal cells, hemorrhage, inflammatory cell infiltration, and intact mucosal structure; 3, large areas of shedding and necrosis of mucosal cells, inflammatory cell infiltration, and destroyed mucosal structure; and 4, extensive necrosis of mucosal cells, inflammatory cell infiltration, loss of mucosal structure, and patchy hemorrhage. All experiments were performed in duplicate. 
Serum amylase, diamine oxidase, and tumor necrosis factor-α assays
Serum amylase (a biomarker of acute pancreatic damage) concentration was measured using a commercially available biochemical kit (Kehua, Shanghai, China) as instructed by the manufacturer; serum diamine oxidase (DAO; a biomarker of intestinal barrier dysfunction) concentration was determined using an ultraviolet spectrophotometer (Sigma-Aldrich, St Louis, MO, United States); and serum tumor necrosis factor-α (TNF-α; a biomarker of systemic inflammation and acute phase reaction) level was determined using an enzyme-linked immunosorbent assay kit (R and D Systems, Minneapolis, United States). All experiments were performed in duplicate.
Western blotting assay of ZO-1 and E-cadherin
Intestinal epithelial specimens were homogenized in ice-cold lysis buffer( Sigma-Aldrich, St Louis, MO, United States). The soluble lysate was mixed with the loading buffer containing 40% glycerol (Sigma-Aldrich, St Louis, MO, United States), 200 mM dithiothreitol (Sigma-Aldrich, St Louis, MO, United States) and 0.04% bromophenol blue (Kehua, Shanghai, China), and boiled for 5 min. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (Sigma-Aldrich, St Louis, MO, United States) was used to separate the proteins, and the electroblotting technique was employed to transfer the proteins to a polyvinylidene fluoride membrane. The blots were blocked with 5% bovine serum albumin (Beyotime, Jiangsu, China) at room temperature for 1 and incubated with primary antibodies against ZO-1 (1:200, polyclonal; Santa Cruz, CA, United States) and E-cadherin (1:1000, polyclonal; CST, Danvers, United States) at 4 (C overnight. The blots were further incubated with horseradish peroxidase-conjugated secondary antibodies (Abcam, Cambridge, United Kingdom) for 1 h. The Fujifilm chemiluminescence detection system (Fuji, Tokyo, Japan) was used to detect and visualize the immunoblot bands. The band density of target protein was quantified using the Image J software (http://rsbweb.nih.gov/ij) and normalized to that of β-actin (internal control). All experiments were performed in duplicate.

MiR-155 real-time reverse transcription polymerase-chained reaction

Total RNA samples were isolated from mouse intestinal epithelial specimens using the mirVana miRNA isolation kit (Ambion, Austin, TX, United States). RNA was reversely transcribed into complementary DNA (cDNA) using the TaqMan microRNA reverse transcription kit (Applied Biosystems, Foster, CA, United States). MiR-155 was detected using stem-loop reverse transcription primers, and U6 served as an internal control. Quantitative real-time polymerase-chained reaction (qRT-PCR) was performed using the TaqMan microRNA assay kit (Applied Biosystems, Foster, CA, United States) and quantitated using the 7900HT sequence detection system (Applied Biosystems, Foster, CA, United States). The thermal cycling was set as follows: denatured at 95 °C for 15 sec, annealed at 60 °C for 1 min, and extended at 60 °C for 1 min, for a total of 40 cycles. Threshold cycle (Ct) was defined as the fractional cycle number of fluorescence that passed through a given threshold. The 2-ΔΔCt method was used to determine the relative miR-155 expression level25[]
. All experiments were performed in duplicate.
MicroRNA target gene prediction

Possible target genes for miR-155 were predicted using the miRTarBase database (http://mirtarbase.mbc.nctu.edu.tw), a database curating experimentally validated microRNA-target interactions, with two computational methods, namely, RNA22 (http://cbcsrv.watson.ibm.com/rna22.htmL) and PicTar (http://pictar.mdc-berlin.de). The structural analyses were further conducted to pin down AJC-associated target genes for miR-155. The expression of the possible target gene was validated at the transcriptional and post-transcriptional levels.
Real-time reverse transcription polymerase-chained reaction and Western blotting assay of Ras homolog gene family, member A
Ras homolog gene family, member A (RhoA) mRNA samples were extracted from intestinal epithelial specimens using the TRIzol reagent (Invitrogen, San Diego, CA, United States) and reverse transcribed into cDNA with the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster, CA, United States). cDNA quantity was determined by qRT-PCR using the SYBR Green PCR MMix kit (Applied Biosystems, Foster, CA, United States). PCR amplification was performed using the 7900HT sequence detection system (Applied Biosystems, Foster, CA, United States), and the thermal cycling was set as follows: denatured at 95 °C for 1 min, annealed at 60 °C  for 1 min, and extended at 75 °C for 1 min, for a total of 40 cycles. All primers were designed using the Primer Premier software (PREMIER Biosoft, Palo Alto CA, United States) and synthesized by Sangon, Shanghai, China. The sequences of primers were as follows: for RhoA, sense, AGCTTGTGGTAAGACATGCTTG, antisense, GTGTCCCATAAAGCCAACTCTAC; for β-actin (internal control), sense, CCAGGCACCAGGGCGTGATG, antisense, CGGCCAGCCAGGTCCAGACG. The 2-ΔΔCt method was also used to determine the relative RhoA expression level25[]
. All experiments were performed in duplicate.
RhoA Western blotting assay was performed as above mentioned and using a primary antibody against RhoA (1:2,000, polyclonal; Abcam, Cambridge, United Kingdom) with β-actin as the internal control.

Statistical analysis
Statistical analysis was performed using the PASW Statistics 18.0 software (SPSS Inc., Hong Kong, China). All data were expressed as mean ± SD. The means were compared using the two independent samples Student’s t-test or the one-way analysis of variance (ANOVA). A P-value less than 0.05 was considered statistically significant. 

RESULTS
Sequential intraperitoneal injection of caerulein and LPS induces experimental SAP

The control group, showed no obvious abnormality in the pancreatic tissue on gross and microscopic examination (Figure 1A, right panel); in contrast, the SAP group exhibited patchy hemorrhage and necrosis of the pancreas (Figure 1A, left panel). Moreover, scattered saponification spots on macroscopy corresponded to inflammatory cell infiltration with swollen acinar cells and intercellular space widening on microscopy in the SAP group.  The Schmidt’s acute pancreatic damage score was significantly higher in the SAP than that in the control group (10.0 ± 2.0 vs 3.2 ± 1.2, P < 0.01; Figure 1B). Serum amylase level was also significantly higher in the SAP than that in the control group (21.6 ± 5.1 vs 14.3 ± 4.2 U/mL, P < 0.01; Figure 1C). Taken altogether, these results showed that sequential intraperitoneal injection of caerulein and LPS successfully induced experimental SAP in mice, manifesting as pancreatic hemorrhage, necrosis, and inflammatory cell infiltration, as well as hyperamylasemia. 

Caerulein and LPS induces intestinal barrier dysfunction in experimental SAP 

Histology in the in the control group showed mild intestinal mucosal congestion and shedding (Figure 1A, right panel), while the SAP group exhibited marked intestinal mucosal congestion and hemorrhage, inflammatory cell infiltration, glandular atrophy, and necrosis and shedding of epithelial cells (Figure 2A). The intestinal epithelial barrier damage score was significantly higher in the SAP than that in the control group (3.2 ± 0.7 vs 1.4 ± 0.7, P < 0.01; Figure 2B), and serum DAO level was also significantly higher in the SAP group (21.4 ± 4.1 vs 2.6 ± 0.8 ng/mL, P < 0.01; Figure 2C). Taken altogether, these results showed that sequential intraperitoneal injection of caerulein and LPS also induced intestinal barrier damage in experimental SAP mice.

Massive TNF-α release in experimental SAP

Serum TNF-α concentration in the SAP group was significantly higher than that in the control group (61.0 ± 15.1 vs 42.9 ± 13.9 ng/mL, P < 0.01; Figure 3). This result showed that systemic inflammatory response occurred in experimental SAP and resulted in massive release of TNF-α, a major proinflammatory cytokine.

ZO-1 and E-cadherin are underexpressed in experimental SAP intestinal epithelia

Western blotting analysis showed that the expressions of ZO-1 (46 ± 18 vs 68 ± 19 folds, P < 0.01; Figure 4A and B) and E-cadherin (48 ± 15 vs 77 ± 18 folds, P < 0.01; Figure 4C and D) were significantly downregulated in experimental SAP intestinal epithelia as compared to those in the control group. These results showed that ZO-1 and E-cadherin, two major component proteins of AJC, were damaged in experimental SAP with intestinal barrier dysfunction.
MiR-155 is overexpressed in experimental SAP intestinal epithelia

As shown in Figure 5, miR-155 was significantly overexpressed in intestinal epithelia in the SAP group as compared to that in the control group (1.94 ± 0.50 vs 1.03 ± 0.23 folds, P < 0.05). This result showed that miR-155 overexpression might dysregulate AJC protein expression and contribute to intestinal barrier dysfunction in experimental SAP mice. 

RhoA is a target gene for miR-155

MicroRNA regulates its target mRNA by binding to its specific binding site in the three prime untranslated region (3′-UTR). Prediction with miRTarBase, RNA22, and PicTar analytical and computational tools showed that showed that RhoA gene encoding a small GTPase protein known to regulate the actin cytoskeleton in the formation of stress fibers and cell division was one of the possible target genes for miR-155. Moreover, structural analysis of miR-155 and RhoA mRNA confirmed that RhoA mRNA contained three miR-155 specific binding sites in the 3′ UTR (Figure 6). This result showed that miR-155 overexpression might dysregulate AJC protein expression through RhoA signaling pathway in experimental SAP with intestinal barrier dysfunction.
RhoA is underexpressed in experimental SAP intestinal epithelia

RhoA mRNA expression was not significantly upregulated or downregulated in SAP intestinal epithelia as compared to that in the control group (0.97 ± 0.18 vs 1.01 ± 0.17 folds, P > 0.05; Figure 7A). However, Western blotting analysis showed that RhoA protein expression was significantly underexpressed in experimental SAP intestinal epithelia (22.7 ± 5.8 vs 59.6 ± 11.6 folds, P < 0.01; Figure 7B and C). This result suggested that miR-155 overexpression negatively regulated the target gene RhoA expression at the post-transcriptional level, and post-transcriptional RhoA underexpression was implicated in AJC protein dysregulation in experimental SAP with intestinal barrier dysfunction. 

DISCUSSION
Intestinal barrier dysfunction is closely associated with a poor prognosis of SAP patients, and is believed to be the primary cause of SAP progression26-28


[ ADDIN EN.CITE ]
. It remains unknown until now that how intestinal barrier dysfunction occurs in SAP. To the best of our knowledge, the present work was the first experimental study reporting the implication of miR-155 dysregulation in SAP with intestinal barrier dysfunction. Our results showed that systemic inflammatory response occurred in experimental SAP as indicated by massive TNF-α release, and miR-155 overexpression was seen in SAP intestinal epithelia with barrier dysfunction. These pathogenetic processes were accompanied with a significant underexpression of RhoA, a target gene for miR-155, as well as ZO-1 and E-cadherin, two major component proteins of AJC, all of which contributed to intestinal barrier dysfunction in experimental SAP.
Serum DAO level is regulated by the intestinal mucosal permeability, and is believed to a reliable biomarker of intestinal barrier function29


[ ADDIN EN.CITE ,30]
. Our results showed that serum DAO level increased significantly in experimental SAP. Intestinal barrier dysfunction manifested histologically as necrosis and shedding of epithelial cells in the intestinal mucosal layer as observed in experimental SAP mice. All these biochemical and pathological evidences confirmed that intestinal barrier damage occurred in experimental SAP.
Tight junctions (TJs) and adherens junctions (AJs) are among the key protein complexes of AJC7


[ ADDIN EN.CITE ,31]
. ZO-1 and E-cadherin are the major component proteins in TJs and AJs, respectively15


[ ADDIN EN.CITE ]
. In TJs, as a cytoskeletal protein, ZO members, including ZO-1, ZO-2, and ZO-3, are linked to the transmembrane protein through its intracellular domains and connected with adjacent epithelia cells via its extracellular domains32[]
. E-cadherin, a transmembrane protein, is connected to adjacent cells via its extracellular domains and linked with the cytoskeleton by binding to β-catenin via its intracellular domains. These two AJC proteins tightly cross-link epithelial cells in the intestinal mucosa, and maintain the intestinal barrier8[]
. The AJC is the key structure to maintain intestinal barrier function4-8


[ ADDIN EN.CITE ]
. The underexpression of ZO-1 and E-cadherin in experimental SAP could result in AJC disruption and consequently compromise intestinal barrier dysfunction.

Our study results showed that miR-155 was significantly overexpressed in experimental SAP intestinal epithelia. MicroRNA is an endogenous non-coding RNA, at a length of 21-25 nucleotides, which plays a crucial role in the post-transcriptional regulation of gene expression. Moreover, microRNA, especially miR-155 is known to be implicated in regulating systemic inflammatory response33[]
, which normally occurs at the early stage of SAP17-21


[ ADDIN EN.CITE ]
. Multiple biological functions of miR-155 have been identified, including induction of Toll-like receptor (TLR) activation in monocytes/macrophages, regulation of LPS-induced non-specific immunity, and feedback modulation of TLR signaling pathway22


[ ADDIN EN.CITE ,34]
. More importantly, miR-155 expression can be induced by inflammatory cytokines, such as TNF-α and interferons 17


[ ADDIN EN.CITE ,22,34-37]
. TNF-α, one of the most important early proinflammatory mediators, is the first factor that is massively released into the circulation and plays a key role in systemic inflammatory response syndrome38


[ ADDIN EN.CITE ,39]
. TNF-α has been also reported to be destructive for AJC in other inflammatory diseases. Sasaki et al40[]
 reported that enteric bacteria induced serum TNF-α increase in inflammatory bowel disease downregulated expressions of ZO-1 protein and E-cadherin and disrupted AJC. Carthew41


[ ADDIN EN.CITE ]
 found that excessive TNF-α release decreased the protein synthesis of TJs in inflammatory bowel disease, which could be treated with anti-TNF-α therapy by improving TJs protein synthesis. Ma et al42


[ ADDIN EN.CITE ]
 demonstrated that serum TNF-α increase inhibited ZO-1 protein synthesis in Crohn’s disease intestinal epithelial cells and consequently resulted in AJC damage. Taken altogether, TNF-α release increased in response to systemic inflammation in SAP, accompanied by a significant overexpression of miR-155 in SAP intestinal epithelia. These results suggested a possibility that excessive TNF-α release destructed AJC by dysregulating miR-155 expression in SAP epithelial cell. 
MicroRNA exerts regulatory effect by acting on their target genes. MicroRNA binds to  argonaute proteins to form RNA-induced silencing complex, inhibits the transcription of the target genes by acting on its specific binding site in the 3′ UTR43[]
, and subsequently leads to reduced protein synthesis of the target genes44[]
. The presence of a specific structural pairing between microRNA and its target gene allows for a structural analysis to predict the target genes for microRNA. In this study, RhoA was determined to be one of the possible target genes for miR-155. RhoA mRNA contains three miR-155 specific binding sites in the 3′ UTR, which are highly conserved among multiple species, including as rats, mice, and humans. RhoA, a small GTPase belonging to the Rho family45


[ ADDIN EN.CITE ]
, is the major regulator of AJC expression46-48


[ ADDIN EN.CITE ]
. RhoA promotes the formation and maintenance of AJC, and RhoA underexpression leads to disrupted AJC49-51


[ ADDIN EN.CITE ]
 by blocking protein synthesis of TJs52


[ ADDIN EN.CITE ,53]
 and AJs54


[ ADDIN EN.CITE ]
. Our validation results showed that RhoA protein rather than RhoA mRNA was significantly underexpressed in SAP intestinal epithelia. This finding indicated that miR-155 overexpression in SAP intestinal epithelia dysregulate RhoA gene expression at the post-transcriptional instead of transcriptional level.  
In conclusion, miR-155 plays a crucial role structural and functional regulation of AJC in the intestinal epithelial cells. In SAP, excessive inflammatory response leads to excessive release of inflammatory cytokines, such as TNF-α, and induces miR-155 overexpression in the intestinal epithelia. MiR-155 overexpression inhibits RhoA protein synthesis by dysregulating RhoA gene expression at the post-transcriptional level, and consequently downregulates expressions of ZO-1 and E-cadherin, two major component proteins of AJC. This pathogenetic process eventually results in intestinal barrier dysfunction in SAP.
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COMMENTS
Background  

Intestinal barrier dysfunction is believed to result in endotoxemia and multiple organ failure complicating severe acute pancreatitis (SAP). Apical junction complex (AJC) is the mainstay structure that maintains intestinal barrier and prevents enteric endotoxemia, while AJC damage can lead to intestinal barrier dysfunction. However, the mechanisms underlying AJC damage complicating SAP remains unknown. 

Research frontiers  

MicroRNA (miRNA) is known to maintain epithelial  junction and polarity, as well as cytoskeletal remodeling, by regulating protein synthesis. MiRNA expression dysregulation induced proinflammatory factors is reported to contribute AJC disruption in the scenario of inflammatory bowel disease via an unknown signaling pathway. MiR-155 is a major inflammatory mediator emerging at the early stage of inflammatory process. There is a knowledge gap in current literature whether miR-155 expression dysregulation is implicated in intestinal barrier dysfunction complicating SAP and through which signaling pathway dysregulated miR-155 expression interrupts AJC component protein synthesis.

Innovations and breakthroughs  

We successfully created an experimental SAP mouse model with complicating intestinal barrier dysfunction by inducing intraperitoneal inflammatory response, which was validated in the sense of histology and biochemistry. We reported for the first time that miR-155 was overexpressed in experimental SAP intestinal epithelia as induced by massive circulating TNF-α. RhoA, a small GTPase belonging to the Rho family, is the major regulator of AJC component protein expression. Our target gene prediction test showed RhoA gene was one of the target genes for miR-155 and was underexpressed in experimental SAP intestinal epithelia at the post-transcriptional level. Downregulated RhoA gene expression was also accompanied by underexpression of Zonula occludens-1 and E-cadherin encoding component protein of tight junction and adherens junction, two major constituents of AJC. Taken altogether, massive release of proinflammatory factors, such as TNF-α, dysregulated miR-155 expression in intestinal epithelia and consequently disrupts protein synthesis of AJC components possibly via TNF-α–miR-155–RhoA–ZO-1/E-cadherin signaling pathway.

Applications  

Our study results suggest that miR-155 is a key mediator implicated in intestinal barrier dysfunction complicating SAP and other inflammatory gastrointestinal diseases. Inhibitor  targeting at miR-155 signaling pathway may be an effective alternative for treating inflammatory gastrointestinal diseases by repairing intestinal epithelial barrier.

Terminology

Apical junction complex (AJC): AJC is a functional unit located at the cell apex and connected between epithelial cells, which is composed of tight junction and zonula adherens, and desmosomes, and functions to regulate cell polarity, tissue integrity, and intercellular adhesion and permeability;  miR-155: miR-155 is a microRNA encoded by MIR155 host gene and plays a critical role in regulating inflammatory responses implicated in inflammatory, infectious, and neoplastic disorders; miRTarBase: miRTarBase is a computational bioinformatics database accumulating over three thousand miRNA-target interactions, which are collected by manual surveying of pertinent literature through data mining of the text and systematically filtering miRNAs functional study articles, and miRNA-target interactions are normally validated by experimental reporter gene, Western blotting, microarray and gene sequencing analyses. 

Peer review
The authors demonstrated evidence of severe acute pancreatitis. MiR-155 expression increased compared to controls and was associated with a decrease in ZO-1, E-cadherin, and RhoA expression. The authors conclude that these results suggest that severe acute pancreatitis decreases intestinal barrier function by decreasing synthesis key junctional complex proteins via mi-R-155 signaling.
REFERENCES
1 Juvonen PO, Alhava EM, Takala JA. Gut permeability in patients with acute pancreatitis. Scand J Gastroenterol 2000; 35: 1314-1318 [PMID: 11199373 DOI: 10.1080/003655200453683]

2 Clark JA, Coopersmith CM. Intestinal crosstalk: a new paradigm for      understanding the gut as the "motor" of critical illness. Shock 2007; 28: 384-393 [PMID: 17577136 DOI: 10.1097/shk.0b013e31805569df]
3 Alverdy JC, Laughlin RS, Wu L. Influence of the critically ill state on host-pathogen interactions within the intestine: gut-derived sepsis redefined. Crit Care Med 2003; 31: 598-607 [PMID: 12576972 DOI: 10.1097/01.CCM.0000045576.55937]

4 Anderson JM, Van Itallie CM. Physiology and function of the tight junction. Cold Spring Harb Perspect Biol 2009; 1: a002584 [PMID: 20066090 DOI: 10.1101/]

5 Catalioto RM, Maggi CA, Giuliani S. Intestinal epithelial barrier dysfunction in disease and possible therapeutical interventions. Curr Med Chem 2011; 18: 398-426 [PMID: 21143118 DOI: 10.2174/092986711794839179]

6 Ivanov AI, Nusrat A, Parkos CA. Endocytosis of the apical junctional complex: mechanisms and possible roles in regulation of epithelial barriers. Bioessays 2005; 27: 356-365 [PMID: 15770686 DOI: 10.1002/bies.20203]

7 Groschwitz KR, Hogan SP. Intestinal barrier function: molecular regulation and disease pathogenesis. J Allergy Clin Immunol 2009; 124: 3-20; quiz 21-2 [PMID: 19560575 DOI: 10.1016/j.jaci.2009.05.038]

8 Förster C. Tight junctions and the modulation of barrier function in disease. Histochem Cell Biol 2008; 130: 55-70 [PMID: 18415116 DOI: 10.1007/s00418-008-0424-9]

9 Ambros V. The functions of animal microRNAs. Nature 2004; 431: 350-355 [PMID: 15372042 DOI: 10.1038/nature02871]

10 Nakahara K, Kim K, Sciulli C, Dowd SR, Minden JS, Carthew RW. Targets of microRNA regulation in the Drosophila oocyte proteome. Proc Natl Acad Sci U S A 2005; 102: 12023-12028 [PMID: 16099838 DOI: 10.1073/pnas.0500053102]
11 Sontheimer EJ, Carthew RW. Silence from within: endogenous siRNAs and miRNAs. Cell 2005; 122: 9-12 [PMID: 16009127 DOI: 10.1016/j.cell.2005.06.030]

12 Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas MA, Khew-Goodall Y, Goodall GJ. The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat Cell Biol 2008; 10: 593-601 [PMID: 18376396 DOI: 10.1038/ncb1722]

13 Korpal M, Lee ES, Hu G, Kang Y. The miR-200 family inhibits epithelial-mesenchymal transition and cancer cell migration by direct targeting of E-cadherin transcriptional repressors ZEB1 and ZEB2. J Biol Chem 2008; 283: 14910-14914 [PMID: 18411277 DOI: 10.1074/jbc.C800074200]

15 Tang Y, Banan A, Forsyth CB, Fields JZ, Lau CK, Zhang LJ, Keshavarzian A. Effect of alcohol on miR-212 expression in intestinal epithelial cells and its potential role in alcoholic liver disease. Alcohol Clin Exp Res 2008; 32: 355-364 [PMID: 18162065 DOI: 10.1111/j.1530-0277.2007.00584.x]

16 Ye D, Guo S, Al-Sadi R, Ma TY. MicroRNA regulation of intestinal epithelial tight junction permeability. Gastroenterology 2011; 141: 1323-1333 [PMID: 21763238 DOI: 10.1053/j.gastro.2011.07.005]

17 Sheedy FJ, O'Neill LA. Adding fuel to fire: microRNAs as a new class of mediators of inflammation. Ann Rheum Dis 2008; 67 Suppl 3: iii50-iii55 [PMID: 19022814 DOI: 10.1136/ard.2008.100289]

18 Nahid MA, Satoh M, Chan EK. MicroRNA in TLR signaling and endotoxin tolerance. Cell Mol Immunol 2011; 8: 388-403 [PMID: 21822296 DOI: 10.1038/]

19 Tarassishin L, Loudig O, Bauman A, Shafit-Zagardo B, Suh HS, Lee SC. Interferon regulatory factor 3 inhibits astrocyte inflammatory gene expression through suppression of the proinflammatory miR-155 and miR-155. Glia 2011; 59: 1911-1922 [PMID: 22170100 DOI: 10.1002/glia.21233]

20 Kurowska-Stolarska M, Alivernini S, Ballantine LE, Asquith DL, Millar NL, Gilchrist DS, Reilly J, Ierna M, Fraser AR, Stolarski B, McSharry C, Hueber AJ, Baxter D, Hunter J, Gay S, Liew FY, McInnes IB. MicroRNA-155 as a proinflammatory regulator in clinical and experimental arthritis. Proc Natl Acad Sci U S A 2011; 108: 11193-11198 [PMID: 21690378 DOI: 10.1073/pnas.1019536108]

21 Piccinini AM, Midwood KS. Endogenous control of immunity against infection: tenascin-C regulates TLR4-mediated inflammation via microRNA-155. Cell Rep 2012; 2: 914-926 [PMID: 23084751 DOI: 10.1016/j.celrep.2012.09.005]

22 O'Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D. MicroRNA-155 is induced during the macrophage inflammatory response. Proc Natl Acad Sci U S A 2007; 104: 1604-1609 [PMID: 17242365]

23 Chan YC, Leung PS. Acute pancreatitis: animal models and recent advances in basic research. Pancreas 2007; 34: 1-14 [PMID: 17198179]

24 Schmidt J, Rattner DW, Lewandrowski K, Compton CC, Mandavilli U, Knoefel WT, Warshaw AL. A better model of acute pancreatitis for evaluating therapy. Ann Surg 1992; 215: 44-56 [PMID: 1731649]

25 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001; 25: 402-408 [PMID: 11846609 DOI: 10.1006/meth.2001.1262]

26 Xu GF, Lu Z, Gao J, Li ZS, Gong YF. Effect of ecoimmunonutrition supports on maintenance of integrity of intestinal mucosal barrier in severe acute pancreatitis in dogs. Chin Med J (Engl) 2006; 119: 656-661 [PMID: 16635410]

27 Ryan CM, Schmidt J, Lewandrowski K, Compton CC, Rattner DW, Warshaw AL, Tompkins RG. Gut macromolecular permeability in pancreatitis correlates with severity of disease in rats. Gastroenterology 1993; 104: 890-895 [PMID: 8440440]

28 Ammori BJ, Leeder PC, King RF, Barclay GR, Martin IG, Larvin M, McMahon MJ. Early increase in intestinal permeability in patients with severe acute pancreatitis: correlation with endotoxemia, organ failure, and mortality. J Gastrointest Surg ; 3: 252-262 [PMID: 10481118 DOI: 10.1016/S1091-255X(99)]

29 Kuefner MA, Schwelberger HG, Hahn EG, Raithel M. Decreased histamine catabolism in the colonic mucosa of patients with colonic adenoma. Dig Dis Sci 2008; 53: 436-442 [PMID: 17562176 DOI: 10.1007/s10620-007-9861-x]

30 Ruan P, Gong ZJ, Zhang QR. Changes of plasma D(-)-lactate, diamine oxidase and endotoxin in patients with liver cirrhosis. Hepatobiliary Pancreat Dis Int 2004; 3: 58-61 [PMID: 14969839]

31 Tsukita S, Yamazaki Y, Katsuno T, Tamura A, Tsukita S. Tight junction-based epithelial microenvironment and cell proliferation. Oncogene 2008; 27: 6930-6938 [PMID: 19029935 DOI: 10.1038/onc.2008.344]

32 Fasano A. Physiological, pathological, and therapeutic implications of zonulin-mediated intestinal barrier modulation: living life on the edge of the wall. Am J Pathol 2008; 173: 1243-1252 [PMID: 18832585 DOI: 10.2353/ajpath.2008.080192]

33 Pedersen I, David M. MicroRNAs in the immune response. Cytokine 2008; 43: 391-394 [PMID: 18701320 DOI: 10.1016/j.cyto.2008.07.016]

34 Tili E, Michaille JJ, Cimino A, Costinean S, Dumitru CD, Adair B, Fabbri M, Alder H, Liu CG, Calin GA, Croce CM. Modulation of miR-155 and miR-125b levels following lipopolysaccharide/TNF-alpha stimulation and their possible roles in regulating the response to endotoxin shock. J Immunol 2007; 179: 5082-5089 [PMID: 17911593]

35 Imaizumi T, Tanaka H, Tajima A, Yokono Y, Matsumiya T, Yoshida H, Tsuruga K, Aizawa-Yashiro T, Hayakari R, Inoue I, Ito E, Satoh K. IFN-γ and TNF-α synergistically induce microRNA-155 which regulates TAB2/IP-10 expression in human mesangial cells. Am J Nephrol 2010; 32: 462-468 [PMID: 20948191 DOI: 10.1159/000321365]

36 Moschos SA, Williams AE, Perry MM, Birrell MA, Belvisi MG, Lindsay MA. Expression profiling in vivo demonstrates rapid changes in lung microRNA levels following lipopolysaccharide-induced inflammation but not in the anti-inflammatory action of glucocorticoids. BMC Genomics 2007; 8: 240 [PMID: 17640343 DOI: 10.1186/1471-2164-8-240]

37 Zhao Y, Srivastava D. A developmental view of microRNA function. Trends Biochem Sci 2007; 32: 189-197 [PMID: 17350266 DOI: 10.1016/j.tibs.2007.02.006]

38 Bishehsari F, Sharma A, Stello K, Toth C, O'Connell MR, Evans AC, LaRusch J, Muddana V, Papachristou GI, Whitcomb DC. TNF-alpha gene (TNFA) variants increase risk for multi-organ dysfunction syndrome (MODS) in acute pancreatitis. Pancreatology ; 12: 113-118 [PMID: 22487520]

39 Gunjaca I, Zunic J, Gunjaca M, Kovac Z. Circulating cytokine levels in acute pancreatitis-model of SIRS/CARS can help in the clinical assessment of disease severity. Inflammation 2012; 35: 758-763 [PMID: 21826480 DOI: 10.1007/s10753-011-9371-z]

40 Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004; 116: 281-297 [PMID: 14744438 DOI: 10.1016/S0092-8674(04)00045-5]

41 Carthew RW. Gene regulation by microRNAs. Curr Opin Genet Dev 2006; 16: 203-208 [PMID: 16503132 DOI: 10.1016/j.gde.2006.02.012]

42 González-Mariscal L, Tapia R, Chamorro D. Crosstalk of tight junction components with signaling pathways. Biochim Biophys Acta 2008; 1778: 729-756 [PMID: 17950242 DOI: 10.1016/j.bbamem.2007.08.018]

43 Samarin S, Nusrat A. Regulation of epithelial apical junctional complex by Rho family GTPases. Front Biosci (Landmark Ed) 2009; 14: 1129-1142 [PMID: 19273120 DOI: 10.2741/]

44 Jou TS, Schneeberger EE, Nelson WJ. Structural and functional regulation of tight junctions by RhoA and Rac1 small GTPases. J Cell Biol 1998; 142: 101-115 [PMID: 9660866 DOI: 10.1083/jcb.142.1.101]

45 Bruewer M, Hopkins AM, Hobert ME, Nusrat A, Madara JL. RhoA, Rac1, and Cdc42 exert distinct effects on epithelial barrier via selective structural and biochemical modulation of junctional proteins and F-actin. Am J Physiol Cell Physiol 2004; 287: C327-C335 [PMID: 15044152 DOI: 10.1152/ajpcell.00087.2004]

46 Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL. Regulation of the polarity protein Par6 by TGFbeta receptors controls epithelial cell plasticity. Science 2005; 307: 1603-1609 [PMID: 15761148 DOI: 10.1126/]

47 Vaezi A, Bauer C, Vasioukhin V, Fuchs E. Actin cable dynamics and Rho/Rock orchestrate a polarized cytoskeletal architecture in the early steps of assembling a stratified epithelium. Dev Cell 2002; 3: 367-381 [PMID: 12361600 DOI: 10.1016/]

48 Wang HR, Zhang Y, Ozdamar B, Ogunjimi AA, Alexandrova E, Thomsen GH, Wrana JL. Regulation of cell polarity and protrusion formation by targeting RhoA for degradation. Science 2003; 302: 1775-1779 [PMID: 14657501 DOI: 10.1126/science.1090772]

49 Nusrat A, Giry M, Turner JR, Colgan SP, Parkos CA, Carnes D, Lemichez E, Boquet P, Madara JL. Rho protein regulates tight junctions and perijunctional actin organization in polarized epithelia. Proc Natl Acad Sci U S A 1995; 92: 10629-10633 [PMID: 7479854 DOI: 10.1073/pnas.92.23.10629]
50 Walsh SV, Hopkins AM, Chen J, Narumiya S, Parkos CA, Nusrat A. Rho kinase regulates tight junction function and is necessary for tight junction assembly in polarized intestinal epithelia. Gastroenterology 2001; 121: 566-579 [PMID: 11522741 DOI: 10.1053/gast.2001.27060]

51 Takaishi K, Sasaki T, Kotani H, Nishioka H, Takai Y. Regulation of cell-cell adhesion by rac and rho small G proteins in MDCK cells. J Cell Biol 1997; 139: 1047-1059 [PMID: 9362522 DOI: 10.1083/jcb.139.4.1047]

52 Sasaki M, Sitaraman SV, Babbin BA, Gerner-Smidt P, Ribot EM, Garrett N, Alpern JA, Akyildiz A, Theiss AL, Nusrat A, Klapproth JM. Invasive Escherichia coli are a feature of Crohn's disease. Lab Invest 2007; 87: 1042-1054 [PMID: 17660846 DOI: 10.1038/labinvest.3700661]

53 Fries W, Muja C, Crisafulli C, Cuzzocrea S, Mazzon E. Dynamics of enterocyte tight junctions: effect of experimental colitis and two different anti-TNF strategies. Am J Physiol Gastrointest Liver Physiol 2008; 294: G938-G947 [PMID: 18258792 DOI: 10.1152/ajpgi.00469.2007]

54 Ma TY, Iwamoto GK, Hoa NT, Akotia V, Pedram A, Boivin MA, Said HM. TNF-alpha-induced increase in intestinal epithelial tight junction permeability requires NF-kappa B activation. Am J Physiol Gastrointest Liver Physiol 2004; 286: G367-G376 [PMID: 14766535 DOI: 10.1152/ajpgi.00173.2003]

P-Reviewers Al Mofleh IA,  Caboclo JLF, Rege RV  S-Editor Qi Y  
L-Editor   E-Editor
Figure 1 Pancreas histology and serum amylase level in severe acute pancreatitis and control mice. A: Representative photomicrographs of the pancreas in SAP (left panel) and control (right panel) mice (hematoxylin-eosin, × 100); B: The Schmidt’s acute pancreatic damage scores in SAP and control mice, bP < 0.01 vs control; C: Serum amylase levels in SAP and control mice, bP < 0.01 vs control. SAP: Severe acute pancreatitis.
Figure 2 Intestine histology and serum diamine oxidase levels in severe acute pancreatitis and control mice. A: Representative photomicrographs of the intestine in SAP (left panel) and control (right panel) mice (hematoxylin-eosin, ×100); B: Intestinal barrier damage scores in SAP and control mice, bP < 0.01 vs control; C: serum DAO levels in SAP and control mice, bP < 0.01 vs control. DAO: Diamine oxidase; SAP: Severe acute pancreatitis.
Figure 3 Serum TNF-α levels in SAP and control mice. Serum TNF-α level was measured using ELISA; bP < 0.01 vs control. SAP: Severe acute pancreatitis; TNF-α: Tumor necrosis factor-alpha.

Figure 4 Expressions of zonula occludens-1 and E-Cadherin in the intestinal epithelia of SAP and control mice. A: Representative Western blots showing ZO-1 expression downregulation in SAP mice, with β-actin as an internal control; B: Quantification of ZO-1 expressions in SAP and control mice, bP < 0.01 vs control; C: Representative western blots showing E-cadherin expression downregulation in SAP mice, with β-actin as an internal control; D: Quantification of E-cadherin expression in SAP and control mice, bP < 0.01 vs control. ZO-1: Zonula occludens-1; SAP: Severe acute pancreatitis.
Figure 5 TaqMan microRNA real-time RT-PCR for miR-155 expression in severe acute pancreatitis and control mice. Quantification of miR-155 expression level was normalized to that of U6 expression; bP < 0.01 vs control. RT-PCR: Reverse transcription polymerase-chained reaction; SAP: Severe acute pancreatitis.
Figure 6 The sequence of miR-155 and three prime untranslated region of RhoA gene. RhoA mRNA contains three miR-155 specific binding sites in the 3′ UTR. Vertical lines and columns indicate the Watson-Crick and wobble base pairing, respectively. 3′ UTR: Three prime untranslated region.
Figure 7 Expressions of RhoA mRNA and protein in the intestinal epithelia of severe acute pancreatitis and control mice. A: Real-time RT-PCR showing the relative level of RhoA mRNA expression normalized to that of β-actin, bP<0.01 vs control; B: Representative Western blots showing RhoA protein expression downregulation in SAP mice, with β-actin as an internal control; C: Quantification of RhoA protein expression in SAP and control mice, bP < 0.01 vs control. SAP: Severe acute pancreatitis; RT-PCR: Reverse transcription polymerase-chained reaction.


