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Abstract
AIM:  To elucidate the mechanisms of mesenteric vasodilation in Portal hypertension (PHT), with a focus on endothelin signaling. 
METHODS: PHT was induced in rats by common bile duct ligation (CBDL). Portal pressure was measured by directly via catheters placed in portal vein tract. The level of endothelin-1 (ET-1) in the mesenteric circulation was determined by radioimmunoassay, and the expression of the endothelin A receptor (ETAR) and endothelin B receptor (ETBR) were assessed by immunofluorescence and Western blot. Additionally, expression of G protein coupled kinase-2 (GRK2) and β-arrestin 2, which influence endothelin receptor sensitivity, were also studied by Western blot. 
RESULTS: PP of CBDL rats increased significantly (11.89 ± 1.38 mmHg vs 16.34 ± 1.63 mmHg). ET-1 expression decreased in the mesenteric circulation 2 and 4 wk after CBDL. ET-1 levels in systemic circulation of CBDL rats were increased at 2 wk and decreased at 4 wk. There was no change in ETAR expression in response to CBDL; however, increased expression of ETBR in the endothelial cells of mesenteric arterioles and capillaries was observed. In sham-operated rats, ETBR was mainly expressed in the CD31+ endothelial cells of the arterioles. With development of PHT, in addition to the endothelial cells, ETBR expression was noticeably detectable in the SMA+ smooth muscle cells of arterioles and in the CD31+ capillaries. Following CBDL, increased expression of GRK2 was also found in mesenteric tissue, though there was no change in the level of β-arrestin 2.
CONCLUSION: Decreased levels of ET-1 and increased ETBR expression in the mesenteric circulation following CBDL in rats may underlie mesenteric vasodilation in individuals with PHT. Mechanistically, increased GRK2 expression may lead to desensitization of ETAR, as well as other vasoconstrictors, promoting this vasodilatory effect.

© 2013 Baishideng. All rights reserved.
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Core tip: Portal hypertension (PHT) is a life-threatening condition which frequently develops in patients with liver cirrhosis, and has limited treated options. For many years, Endothelin-1 (ET-1) has received considerable interest in the area of liver cirrhosis for its potential contribution to PHT. The aim of the present study was to directly examine the expression of ET-1 and its receptors in the mesentery of rats with PHT, and to clarify how the ET-1 signaling system changed with the development of PHT.
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INTRODUCTION
Portal hypertension (PHT) is one of the most significant complications associated with liver cirrhosis, which can give rise to many other severe and often lethal conditions, such as bleeding esophageal varices. Increased resistance to portal blood flow is the primary factor leading to PHT and is aggravated by a hyperdynamic, vasodilated, splanchnic circulation[1]. Though the pathoyphysiology of PHT is becoming better understood, excepting β-receptor blockers, there is no effective treatment approach for PHT. One reason to explain this shortfall is that the mechanism of splanchnic vasodilation is unclear. The organs involved in splanchnic hyperdynamic circulation refer to those whose blood flows into the portal vein, including the intestine, mesentery, colon, spleen and stomach. Previous studies have indicated that vasoldilation of the mesenteric vascular bed plays the greatest role in PHT, by increasing portal inflow[2]. In previous work from our laboratory, we also observed vasodilation of the mesenteric vascular bed, thus in the present study we focused on this tissue to try to explain splanchnic vascular dilation and possibly to identify new therapeutic targets for treating PHT. 
Splanchnic vasodilation is associated with the imbalance of vasoactive mediators[3,4] and hyporeactivity to vasoconstrictors[5]. Endothelin-1 (ET-1) is a potent endothelium derived vasoactive peptide. For many years, ET-1 has received considerable interest in the area of liver cirrhosis for its potential contribution to PHT[6-9]. This has led to many studies being focused upon the effect of ET-1 and its receptors in the liver; however, there are only a few studies concerning the possible mechanism of the endothelin signaling system in hyperdynamic circulation. It has been established that the divergent effect of ET-1 on blood vessels depends on the different expression of endothelin receptors on smooth muscle and endothelial cells[10]. There are two known types of ET-1 receptor: the endothelin A receptor (ETAR) and the endothelin B receptor (ETBR)[11]. ETBR has two recognized subtypes: ETB1 and ETB2[10-13]. ETAR and ETB2 are predominantly expressed in vascular smooth muscle cells, whereas ETB1 is characteristic of endothelial cells. ET-1 binds to ETAR and ETB2 to induce vasoconstriction, while ET-1 binds to ETB1 to cause vascular relaxation[14]. Both mixed ETAR-ETBR antagonists and selective ETBR antagonists have been proven to decrease portal pressure (PP) and increase mean arterial pressure (MAP), while ETAR antagonists have been shown to have no effect on MAP[14,15]. Moreover, selective ETBR inhibition in vivo significantly ameliorated hepatopulmonary syndrome (HPS)[16-18], which is also known to be caused by dilation of the microcirculation, similar to PHT[18]. Based on this literature, we speculate that ETBR may play a primary role in the hyperdynamic circulation associated with PHT. 
In addition to the localization and expression level of ET-1, its signaling is known to be affected by other regulators. For example, it has been observed that in some instances of high splanchnic ET-1 expression, the vascular bed of this tissue was still dilated, leading the authors to speculate that the sensitivity of the ET-1 receptor(s) was decreased[19]. Endothelin receptors may be desensitized by phosphorylation through G-protein-coupled receptor kinases (GRKs) and binding of β-arrestin-2[20]. As so far, seven kinds of GRKs have been cloned[21]. GRK2 is the most likely of the GRKs to initiate human human endothelin A and B receptors desensitization[22]. Endothelin signalling in arterial smooth muscle is tightly regulated by GRK2[23]. As such, in this study we also focused on two known regulators (GRK2) and β-arrestin 2. The current literature has indicated a possible role for ET-1 signaling in splanchnic vasodilation, though there is a lack of experimental data to support this hypothesis. The aim of the present study was to directly examine the expression of ET-1 and its receptors in the mesentery of rats with PHT, and to clarify how the ET-1 signaling system changed with the development of PHT.
MATERIALS AND METHODS
Animal models
Male Sprague-Dawley rats (approximately 250 g; Vital River Laboratory Animal Technology Co. Ltd., Beijing, China) underwent sham surgery or common bile duct ligation (CBDL). In brief, the common bile ducts of rats were exposed after median laparotomy and ligated twice. In each animal, the segment between the 2 ligations was resected, and the animal’s abdomen was sutured closed. Sham-operated rats served as controls. In these rats, the common bile duct was exposed, but no ligation or resection was performed. Seven animals were used in each group. The study was approved by the local committee for animal studies. 

Measurement of portal blood pressure and ET-1

In brief, after 2 or 4 wk following CBDL, a PE-50 catheter was inserted into the portal vein to measure portal blood pressure. After stable recordings of portal venous pressure were obtained, blood was drawn from the superior mesenteric artery (SMA) for further analysis. The level of ET-1 was measured in the mesenteric circulation using a commercial RIA kit (PLA Institute of RIA, Beijing, China) according to the manufacturer’s protocol.

Immunofluorescence 
For immunofluorescence double staining of ETAR and ETBR, mesentery tissues were harvested at 2 and 4 wk and fixed in 4% neutral paraffin. After antigen retrieval, all sections were incubated with PBS containing 1% bovine serum albumin (block buffer) for 60 min in a wet chamber at room temperature. Then, for ETAR, sectons were incubated with primary anti-ETAR (polyclonal antibody; Santa Cruz Biotechnology, Santa Cruz, CA; 1:100 dilution) and anti-smooth muscle actin SMA, Santa Cruz Biotechnology, Santa Cruz, CA; 1:200 dilution); for ETBR slides were incubated with primary anti-ETBR (polyclonal antibody; Santa Cruz Biotechnology, Santa Cruz, CA; 1:300 dilution) and anti-CD31 (polyclonal antibody; Santa Cruz Biotechnology, Santa Cruz, CA; 1:100 dilution) antibodies at 4°C overnight. Then all sections were washed with PBS. For the ETAR, the slides were incubated with goat anti-rabbit/mouse secondary antibodies at the same time. For the ETBR, the sections were incubated with rabbit anti-sheep and goat anti rabbit antibodies at the same time (Invitrogen, San Diego, CA, United States) for 1 h at room temperature. Subsequently, sections were washed with PBS. Control sections were incubated with secondary antibody in the absence of primary antibody. The results were analyzed using confocal laser scanning microscope.

Western blot analysis 

For Western blot analysis, samples of rat mesentery were homogenized in Radio Immunoprecipitation Assay (RIPA) lysis buffer containing 50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 5 mmol/L ethylenediamine tetraacetic acid, 1 mmol/L sodium orthovanadate, 20 mmol/L pepstatin A, 20 mmol/L leupeptin and 1 mmol/L phenylmethanesulfonyl fluoride. The protein content of the cleared homogenates was assessed with Bicinchoninic acid (BCA) Assay kit (Applygen, Beijing, China). After boiling with SDS sample buffer (Applygen, Beijing, China), 50 μg of protein per lane of each sample was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, SDS- polyacrylamide gel electrophore-sis (10% gels for GRK-2, 12.5% gels for ETAR, ETBR and β-arrestin2). After blotting on polyvinylidene difluoride membrane (PVDF, Millipore, Bedford, MA, United States), the membranes were probed with primary antibodies diluted in TBS containing blocking protein and 0.1% Tween, and left to incubate overnight at 4°C. The following primary antibodies in the indicated dilutions were used: mouse anti-GRK2, 1:500 (Abcam); rabbit anti-ETAR/ETBR and mouse β-arrestin 2, 1:200 (Santa Cruz Biotechnology, Santa Cruz, CA). Thereafter, the membranes were washed and incubated with appropriate peroxidase-coupled secondary antibodies diluted 1:5000 in TBS containing blocking protein and 0.1% Tween for 45 min (goat anti-rabbit or goat anti-mouse; Jackson, West Grove, PA, United States). Detection was performed with enhanced chemiluminescence (Applygen, Beijing, China), and films were developed using Kodak film. Densitometric quantification was performed using Phoretix 1D gel image analysis software for free.

Statistical analysis

All data are presented as the mean ± SD; statistical comparisons were performed using one way ANOVA. Physiological and biochemical findings represent averages of seven rats. Results of molecular assays represent averages of samples from at least five rats in each group. P values less than 0.05 were considered statistically significant.

RESULTS
Increased PP following CBDL

PP was measured in sham and experimental rats 2 and 4 wk after CBDL; PP of CBDL rats increased significantly (16.34 ± 1.63 mmHg vs 11.89 ± 1.38 mmHg for sham-operated animals). The increase in PP in CBDL rats was statistically significant compared with sham-operated rats at the 2 and 4 wk timepoint (P < 0.005).
Concentration of ET-1 in the mesenteric and systemic circulation 

The concentration of ET-1 was measured in the mesenteric and systemic circulation 2 and 4 wk after CBDL. At 2 and 4 wk, ET-1 levels in the mesenteric circulation of CBDL rats were 92.09 ± 13.26 pg/mL and 100.35 ± 16.36 pg/mL, which were significantly lower than that in sham-operated rats. Furthermore, in the systemic circulation, compared with sham-operated rats, ET-1 levels of CBDL rats were also significantly increased at 2 wk (142.77 ± 27.67 pg/mL); however, systemic ET-1 levels were decreased at 4 wk (88.62 ± 15.40 pg/mL). 

ETAR and ETBR immunofluorescence
The expression pattern of ETAR and ETBR in mesenteric tissues was determined by immunofluorescence (Figures 1, 2). From these pictures, the expression of ETAR was observed on SMA+ smooth muscle cells (Figure 1). In sham-operated rats, ETBR was mainly expressed in CD31+ endothelial cells of the vascular, though the microcirculation also had weak immunostaining (Figure 2A). Our data indicates that with PHT development, in addition to endothelial cells, ETBR expression was noticeably detectable in the CD31+ capillaries (Figure 2B, C). We also noted that the increased vasodilation in the mesentery and the formation of hyperdynamic circulation in CBDL rats, which was associated with increased angiogenesis (Figure 2B, C). 

Quantification of ETAR, ETBR, GRK2 and β-arrestin 2 expression by Western blot 

To confirm our immunofluorescence results, we investigated ETAR and ETBR expression by Western blot; we also used this method to assess GRK2 and β-arrestin 2 expression, as it relates to the sensitivity of the ET-1 receptors during the development of a hyperdynamic circulation (Figure 3). In agreement with our immunostaining, we found no statistically significant difference in ETAR expression between sham-operated and CBDL rats at the 2 and 4 wk timepoints (P > 0.05; Figure 3A). ETBR was significantly upregulated in CBDL rats after 2 wk (P < 0.01) and 4 wk (P < 0.01), as compared to sham-operated rats (Figure 3B). Similar to previous research, which has shown that GRK2 levels are increased in the aortas of CBDL rats[24], we also observed an upregulation GRK2 protein levels in the mesentery of CBDL rats at both timepoints, which was statistically significant (P < 0.005; Figure 3C). We also observed no significant change in the protein expression level of β-arrestin 2 between sham-operated and CBDL rats after 2 or 4 wk (P > 0.05; Figure 3D).

DISCUSSION
In accordance with Ohm’s law, PP depends on intrahepatic resistance and portal inflow. In cases of cirrhosis, both intrahepatic resistance and splanchnic blood flow are increased. The initiating factor is an increase in intrahepatic vascular resistance, whereas the increase in splanchnic blood flow is a secondary phenomenon that maintains or worsens the increased PP and gives rise to the hyperdynamic systemic state[25]. In terms of the relevant literature[16,17], it has been speculated that the ET-1 signaling system may play an important role in the hyperdynamic circulation, even though there is no direct experimental evidence. Moreover, there are also articles about endothelin receptor antagonism treatment in humans with PHT[26,27]. In this regard, this is the first in vivo study examining the expression of the ET-1 signaling system in the mesentery of PHT rats. 
We have found that the concentration of ET-1 in the mesenteric circulation decreases as the liver becomes fibrotic. We also found that ETBR expression, but not ETAR, increased in vascular smooth muscle cells and in the microcirculation of mesentery tissue, which may mean decreased vasoconstriction and increased vasodilatation induced by local ET-1 in the mesentery of PHT rats. Furthermore, the expression of GRK2 increased significantly in CBDL rats, which may imply that desensitization of ETAR and other vasoconstrictor receptors also promotes splanchnic vasodilatation. 
The ET-1 signaling system is associated with vascular dysfunction at three levels, changes in: ET-1 concentration, ET-1 receptor expression and sensitivity, and the ET-1 signaling transduction pathway. Thus, the ability to modulate ET-1 signaling at either of these levels may provide ways to improve splanchnic vascular dysfunction. Previous studies have shown that ET-1 was upregulated in the liver tissue and systemic circulation of patients[9], but the expression level of ET-1 in the splanchnic circulation is not consistent. The observed decreased in ET-1 in the splanchnic circulation 2 and 4 wk after CBDL leads us to speculate that one reason for mesenteric vascular bed dilation in this model is a local decrease in ET-1. 

ET-1 must bind to its receptor to modulate vascular tone, so variations in receptor subtype expression and quantity affect the action of ET-1 on blood vessels. Using an animal model of HPS, which is also applicable to PHT, it was found that the extensive dilation of the pulmonary microcirculation was related to a selective increase in ETBR expression[16,17]. PHT and HPS can both be induced by CBDL in rats, and dilation of the microcirculation exists in both syndromes, raising the question whether ET-1 signaling through ETBR plays the same role in the hyperdynamic circulation as it does in HPS? Further research will be required to address this important question and establish if this hypothesis is correct. In the present study, we observed that ETAR expression in the mesentery was not different between sham-operated and CBDL rats. Interestingly however, ETBR expression was obviously increased by CBDL. Our immunofluorescence data indicates that under normal physiological conditions, ETBR is primarily expressed in the endothelial cells of the vascular, whereas the microcirculation also had weak positive staining. With the development of liver fibrosis and liver cirrhosis, ETBR was not only expressed in endothelial cells but was also strongly observed in the microcirculation. Given that the primary function of the microcirculation is to accumulate blood, we interpreted from our data that in the mesentery of CBDL rats, signaling through ETBR mediates vasodilation via releasing nitrogen oxide from endothelial cells, leading to an increased blood volume. It is possible that ETBR expression in the smooth muscle cells is a compensatory mechanism to facilitate contraction of blood vessels and oppose the overdilation. Analysis of ETBR by Western blot confirmed the increase in expression following CBDL. Though we observed immune-positive staining for both ETAR and ETBR in fat tissue, this would not affect our Western blot data because the fat tissue in mesentery cannot be dissolved by the RIPA lysis buffer and was discarded during homogenization. 

ET-1 binds to its Gq protein-coupled receptor to send an extracellular signal into the cell, an event which is limited by the sensitivity of receptor. Under normal conditions, the receptor is desensitized to prevent excessive stimulation by vasoactive substances. Available experimental evidence demonstrates that augmentation of receptor sensitivity, by factors like norepinephrine, vasopressin, ET-1 or angiotensin, impairs the transduction of vasoconstrictor signals and promotes dilation of the splanchnic vascular bed[24]. It is known that GRKs and arrestins are key participants in the canonical pathways leading to phosphorylation-dependent or independent G protein-coupled receptor desensitization and endocytosis[ 28]. GRK2 is one member of the GRK family and has been shown to be able to specifically phosphorylate human ETAR and ETBR[20]. Our findings demonstrate that the increased PP following CBDL resulted in an upregulation of mesenteric GRK2 expression, but not β-arrestin 2. GRK2 and β-arrestin 2 may modulate ETAR and ETBR desensitization through the following mechanisms: (1) phosphorylation of ETAR by GRK2 promotes the receptor binding to β-arrestin 2, which blocks the activation of the G proteins and leads to rapid homologous desensitization; and (2) Independent of phosphorylation, GRK2 interacts with G alpha(q) directly, which results in uncoupling of ET-1 receptor and its associated G proteins, thus impairing the ET-1 signal transduction pathway[29]. Increased GRK2 expression in the mesentery of PHT rats not only results in desensitization of ETAR, but also the receptors of norepinephrine and angiotensin, which indicates that such vasoactive substances are unable to mediate vasoconstriction, regardless of ligand concentration or the level of receptor expression. 

In summary, PHT induced by CBDL in rats was associated with decreased levels of ET-1 in the mesenteric circulation, and increased mesenteric expression of ETBR and GRK2. We conclude that these changes underlie mesenteric vasodilation in an animal model of PHT, and are also applicable to patients with this condition. We interpret our data to indicate that the ET-1 signaling pathway is an important factor in the development of splanchnic vasodilation associated with PHT. These findings have major therapeutic implications not only for individuals with liver disease, but also for other diseases with vascular dysfunction. 
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Background

Portal hypertension (PHT) is a life-threatening condition which frequently develops in patients with liver cirrhosis, and has limited treated options. During PHT, vasodilation results in increased blood flow into the mesenteric circulation, thereby increasing flow into the portal circulation, which can worsen PHT. For many years, endothelin-1 (ET-1) has received considerable interest in the area of liver cirrhosis for its potential contribution to PHT. The aim of the present study was to directly examine the expression of ET-1 and its receptors in the mesentery of rats with PHT, and to clarify how the ET-1 signaling system changed with the development of PHT.

Research frontiers

PHT can give rise to many other severe and often lethal conditions, such as bleeding esophageal varices. Increased resistance to portal blood flow is the primary factor leading to PHT and is aggravated by a hyperdynamic, vasodilated, splanchnic circulation. Though the pathoyphysiology of PHT is becoming better understood, excepting β-receptor blockers, there is no effective treatment approach for PHT. One reason to explain this phenomenon is that the mechanism of splanchnic vasodilation is unclear. So in this study, the authors choose mesentery tissue of hypertensive rats to research the mechanisms of vasodilation based on ET-1 and its receptors.
Innovations and breakthroughs

The current literature has indicated a possible role for ET-1 signaling in splanchnic vasodilation, though there is a lack of experimental data to support this hypothesis. This is the first in vivo study examining the expression of the ET-1 signaling system in the mesentery of PHT rats.

Applications 

These findings have major therapeutic implications not only for individuals with liver disease, but also for other diseases with vascular dysfunction.
Terminology
PHT: Portal hypertension is the main complication of cirrhosis and is defined as a hepatic venous pressure gradient (HVPG) of more than 5 mmHg. Clinically significant portal hypertension is defined as HVPG of 10 mmHg or more; Hyperdynamic circulation: The hyperdynamic circulatory state of portal hypertension is characterized by splanchnic and peripheral vasodilation, increased plasma volume and increased cardiac output.

Peer review
In this paper, the authors show that that expression of G protein coupled kinase-2 is downregulated while expression of the endothelin B receptor is increased in the mesentery after common bile duct ligation, a model for PHT. These findings are interesting and might represent some mechanisms underlying the vasodilatation in the mesentery.
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Figure 1 Expression of endothelin A receptor in rat mesentery. Expression of endothelin A receptor (ETAR, green) on smooth muscle cells (red) in mesentery of sham-operated rats (A), and common bile duct ligation rats at 2 wk (B) and 4 wk (C). ETAR was expressed extensively in smooth muscle cells of the vascular.
[image: image10.jpg]ETBR

Oum



   [image: image11.jpg]CD31

20pum



   [image: image1.jpg]50pum




[image: image12.png]ETBR

20pum



[image: image13.jpg]CD31

20pum



[image: image14.png]merg v

20pum



              [image: image15.png]ETBR

10um



   [image: image16.jpg]CD31

10um



   [image: image17.png]%




Figure 2 Expression of endothelin B receptor in rat mesentery. Expression of endothelin B receptor (ETBR) in the mesentery of sham-operated rats (A), and commol/Lon bile duct ligation rats at 2 wk (B) and 4 wk (C). In the mesentery of sham-operated rats, ETBR (green) was mainly expressed in CD31+ endothelial cells (red) of the vascular, with weak staining in the microcirculation. With portal pressure rising, ETBR expression was detected in the smooth muscle cells of arterioles and the microcirculation. 
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Figure 3 Western blots of endothelin A receptor, endothelin B receptor, G protein coupled kinase-2 and β-arrestin 2 in rat mesentery. Expression of the investigated proteins in mesentery from sham-operated rats and mesentery from common bile duct ligation (CBDL) rats was compared by Western blot. Representative Western blots are shown for each protein and densitometric quantification of all experiments are provided (data are mean ± SEM; n = 3-6/group). aP < 0.05, bP < 0.01 for CBDL rats vs sham-operated rats.  
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