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The endothelin system consists of three ligands (ET-1, ET-2 and ET-3) and at least two receptors (ETA and
ETB). In mice ET-2 counterpart is a peptide originally called “vasoactive intestinal contractor” (VIC) for
this reason, this peptide is frequently named ET-2/VIC. In intestinal villi, fibroblasts-like cells express
endothelin’s receptors and response to ET-1 and ET-3 peptides, changing their cellular shape. Several

Keywords: functions have been attributed to these peptides in the “architecture” maintenance of intestinal villi act-
Endothelin ing over sub-epithelial fibroblasts. Despite this, ET-2/VIC has not been analyzed in depth. In this work we
:Elszz.:ﬁt;;;i_l;tesnnal contractor show the intestine gene expression and immunolocalization of ET-1, ET-2 and the ETA and ETB receptors
Intestinal villi from duodenum to rectus and in the villus—crypt axis in mice, allowing a complete analysis of their func-

tions. While ET-1 is expressed uniformly, ET-2 had a particular distribution, being higher at the bottom of
the villi of duodenum, ileum and jejunum and reverting this pattern in the crypts of colon and rectus,
where the higher expression was at the top. We postulated that ET-2 would act in a cooperative manner

Sub-epithelial fibroblasts
Fibroblast network

with ET-1, giving to the villus the straight enough to withstand mechanical stress.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The three components (ET-1, ET-2 and ET-3) of endothelin sys-
tem are 21-residues cyclic peptides with two disulfide bridges
established between cysteine residues located in position 1-15
and 3-11. ET-2 and ET-3 differ from ET-1 in two and six amino acid
residues, respectively. In mice, a homolog of ET-2 that only di-
verges in one amino acid residue was called vasoactive intestinal
contractor (VIC) [1]. Endothelins are important mediators of sev-
eral physiological processes, mainly in regulation mechanisms of
cardiovascular, renal and pulmonary functions [2-4]. Recently, it
has been determined that this system would also act in other parts
of the body, including reproductive and endocrine systems [5-7].
Furthermore, endothelin axis is implicated in patho-physiological

Abbreviations: ET, endothelin; ET-1, endothelin 1; ET-2, endothelin 2; ET-3,
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glyceraldehyde-3-phosphate dehydrogenase; OCT, optimal cutting temperature;
PBS, phosphate buffer solution; IgG, immunoglobulin G; FITC, fluorescein isothio-
cyanate; DAB, diaminobenzidine tetrahydrochloride.
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processes including cardiovascular, pulmonary and renal diseases
and other important biological processes such as development,
cancer, wound healing and even neurotransmission [8-10]. The ac-
tions of these peptides are mediated by their interaction with spe-
cific receptors that are classified as: ETA, ETB and ETC receptor
subtypes [11,12]. The ETA receptor subtype has high affinity for
ET-1 and ET-2 and low affinity for ET-3, while the ETB receptor
subtype has similar affinities for ET-1, ET-2 and ET-3 [13,14]. The
ETC receptor subtype found in Xenopus has a higher affinity for
ET-3 than for ET-1 and ET-2 [12].

ET-1 is the most potent vasoconstrictor factor known and could
be implicated in the maintenance of basal vasomotor tone and
blood pressure in humans [15,16]; it also has mitogenic activity
acting via receptors and stimulating the production of cytokines
and growth factors [17]. ET-1 has also been involved in facilitating
several aspects of cancer grow and progression [9]. Even though
ET-2/VIC shares many of the biological activities that have been
attributed to ET-1, it has been demonstrated to have specific func-
tions. ET-2/VIC is stimulated by hypoxia [18], is a chemoattractant
for macrophages [19] and could be implicated in tumor cell inva-
sion [20]. Furthermore, in ovary has been attributed a putative role
to ET-2 since elevated ET-2 triggered by Luteinizing Hormone
surge and hypoxia may facilitate the corpus luteum formation by
promoting angiogenesis, cell proliferation and differentiation
[21]. Different gene expression studies in adult mice have shown
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that endothelins - given their presence in vascular endothelium -
are distributed in virtually all organs [22-24]. ET-1 has the highest
expression in lungs [25] while ET-2/VIC reaches highest levels in
stomach, ovaries, intestine and lungs [25-28,21]. ET-3 is found in
high concentrations in neural tissue [29] where it plays an impor-
tant role in cellular proliferation and development. It is also pro-
duced in renal tubular epithelial cells and intestine [30] where it
causes increases the proliferation of epithelial cells and survival
of goblet cells [31].

The expression and localization of ET-2/VIC and ET-1 was stud-
ied in the whole intestinal tract segments of normal mouse. Gene
expression profile of ET-2/VIC was higher than ET-1 except in the
colon and rectus [32]. Immunolocalization of ET-2/VIC was ob-
served mainly in epithelial cells concentrated in the vicinity of
the basement membrane while ET-1 immunoreactivity was uni-
formly distributed in epithelial cells. Regarding to the receptors,
it is known that ETB is localized mainly closed to the nuclei of
villus epithelial cells [33]. Although other studies concerning the
ET system in the intestine have been reported, until now, the gene
expression and immunolocalization of endothelins on intestine
along the villus—crypt and the duodenum-colon axes has not been
deciphered altogether. In this study, using real-time PCR immuno-
histochemistry and immunofluorescence techniques we have elu-
cidated the gene expression levels and the regional localization
of endothelin system (ET-1, ET-2/VIC and their receptors ETA and
ETB) in mice intestine. The analysis of these findings could high-
light a putative key role of ET-2/VIC in maintenance normal func-
tions of intestinal villi.

2. Materials and methods
2.1. Animals

Adult male ICR mice (n=5) between eight and thirteen weeks
old and 10-30¢g body weight, were purchased from Japan Clea
(Tokyo, Japan). Mice were killed by cervical dislocation. Segments
of intestine (duodenum, jejunum, ileum, colon and rectum) were
removed. Our experimental procedures were in accordance with
the Guidelines on Handling of Laboratory Animals for our
institution.

2.2. Quantitative real-time PCR

Total RNA was isolated from the intestine segments with Isogen
(Nippon Gene, Tokyo, Japan). The cDNA was synthesized using an
RNA PCR kit AMV (Takara Biomedicals, Japan). Real-time PCR was
performed as previously described [34]. Real-time PCR for ET-1,
ET-2, ETA, ETB and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was performed using the TagMan PCR Core Reagent kit
(Perkin-Elmer, Applied Biosystems, Foster City, USA). Composition
of the forward and reverse primers for ET-1, ET-2/VIC, ETA, ETB and
GAPDH are listed in Table 1. The process was performed on an ABI
Prism 7700 (Perkin-Elmer-Applied Biosystems, Foster City, CA,
USA). Reaction conditions were 95 °C for 10 min followed by 50 cy-
cles of the amplification step (95 °C for 20 s and 62 °C for 2 min).
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Gene expression levels were calculated using standard curves, nor-
malized to GAPDH and presented as gene expression rates as pre-
viously described [32].

2.3. Immunohistochemistry

Intestinal segments were fixed with 2% paraformaldehyde/ 15%
saturated picric acid in 0.15 M sodium phosphate buffer (pH 7.3;
4°C, 2h) and embedded in optimal cutting temperature (OCT)
compound (Tissue-Tek, Torrance, CA, USA). The immunoreactions
were made on 8 um-thick cryostat (HM500-OM, Microm,
Germany) sections. To avoid nonspecific reactions, sections were
blocked with heat-inactivated normal goat serum/0.1% sodium
azide/PBS. Immunostain was carried out as previously described
[35]. The antibodies used were rabbit polyclonal immunoglobulin
G (IgG) antibodies (Immuno-Biological Laboratories Co., Ltd.,
Gunma, Japan) against ET-1 (diluted 1:50), ET-2/VIC (diluted
1:64), ETA (diluted 1:10), and ETB (diluted 1:50). All reactions were
visualized by diaminobenzidine tetrahydrochloride (DAB). Sections
were counterstained with Alcian Blue. Control staining was carried
out jumping the primary antibody to the dilution buffer.

2.4. Immunofluorescence

The procedure was similar to the applied for immunofluores-
cence but the secondary antibodies were donkey IgG antibodies
FITC-conjugated (Chemicon, Temecula, CA, USA) diluted 1:200, to
37 °C for 30 min. After reaction, the sections were mounted using
Vectashield, fluorescence mounting medium (Vector Laboratories).

2.5. Statistical analysis

The results are presented as means + SD and analyzed by non
parametric Mann-Whitney test to determine significant differ-
ences among data groups. p values lower than 0.05 were consid-
ered statistically significant.

3. Results

In the present report, the expression of ET-2/VIC, ET-1 and their
receptors ETA and ETB was regionally discriminated in the mouse
intestine. Several studies have shown that in this system ET-3 is
also expressed [30,31,36]. Expression rates of ET-2/VIC exceeded
those of ET-1 in duodenum, jejunum and ileum, it was similar in
colon although in rectus was lower. ET-2/VIC only was significantly
higher than ET-1 in ileum (p < 0.05). Expression rates of ETA were
higher than ETB in colon and rectus, but only in the last, these per-
centages were statistically significant (p <0.05). The expression
rates in the remaining segments analyzed were the opposite
way, being the differences statistically significant only in ileum
(p<0.05) (see Fig 1).

The ET-2/VIC peptide was mainly distributed in mucosal epithe-
lial cells and weakly in myenteric plexus. The signal was of higher
intensity closer to the basement membrane than in the apical bor-
der of duodenal and ileum villi, reversing this pattern in the colon.

Table 1

Optimal primers for real-time PCR of murine endothelin system and GAPDH.
Gene Sense Antisense
ET-2/VIC 5'-CTGCG CGTCGTTGCT-3' 5'-TGCAGCTCATGGTGTTATCTCTTC-3’
ET-1 5'-TTCCCGTGATCTTCTCTCTGCT-3' 5'-TCTGCTTGGCAGAAATTCCA-3'
ETA 5-GCTGGTTCCCTCTTCACTTAAGC-3’ 5'-TCATGGTTGCCAGGTTAATGC-3’
ETB 5'-TGTGCTCTAAGTATTGACAGATATCGAG-3’ 5'-GGCTGTCTTGTAAAACTGCATGA-3’

GAPDH 5'-CTTCACCACCATGGAGAAGGC-3’

5'-GGCATGGACTGTGGTCATGAG-3'
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Fig. 1. Gene expression rates of ETA, ETB, ET-2/VIC and ET-1 in duodenum (Duo), jejunum (Jej), ileum (Ile), colon (Col) and rectus (Rec); using real-time PCR and absolute

quantification. The gene expression indexes were normalized with GAPDH gene. The results are shown as means + SD (n = 4). Statistically significant differences between
groups are shown; *p < 0.05.
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Fig. 2. Immunolocalization of ET-2/VIC and ET-1 peptides in the mouse intestinal tract. Left panel: ET-2/VIC-like immunoreactivity along villus-crypt axis and duodenum-
colon axis of (A) duodenum, (B) jejunum, (C) and (D) ileum, (E) and (F) colon. The expression was changing from duodenum to ileum, being higher at the bottom part of the
villi to ileum; in colon the pattern inverted it, showing higher expression at the top of the crypts (schematic representation). The immune-detection of ET-2/VIC was
increasing from duodenum to colon. Right panel: ET-1-like immunoreactivity along villus-crypt axis and along duodenum-colon axis of (G) duodenum, (H) ileum, (I) colon.
ET-1 appeared homogeneously located along intestine. The images (B and D) and (F) of the left were obtained by immunofluorescence whilst the rest were obtained by
immunohistochemistry and counterstained with Alcian Blue.

This situation differed to ET-1-like immunoreactivity which ap- The ETA-like immunoreactivity was widely and uniformly dis-
peared uniformly distributed in epithelial cells along intestinal vil- tributed both in the mucosal and muscular layers. However ETB
lus axis (see Fig 2). The cellular types that exhibit ET-1 receptor showed remarkable peculiarities. In the mucosal layer,
immunoreactions are intestinal epithelial cells, sub-mucosal gan- villus epithelial cells, crypt cells, and stromal cells of the lamina
glion cells, myenteric plexus cells, mast cells, macrophage and vas- propria were immunostained. In agreement with Takizawa and

cular endothelial cells. et al. [33], ETB was localized to the nuclei in villus epithelial cells.
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Fig. 3. Immunofluorescence detection of ETA and ETB receptors. (A) Duodenum, (B) jejunum, (C and D) ileum, (E and F) colon. Both receptors were homogeneously

distributed in intestinal tract. ETs was particularly located to the nuclei.

In muscular layer, ETB was found in circular muscle cells and
myenteric plexus (see Fig 3).

4. Discussion

The structure and function of the intestine vary along the vil-
lus—-crypt and the duodenum-colon axes. In the small intestine,
sub-epithelial fibroblasts change their cellular shape in three re-
gions: the crypt, the upper and the lower area of the villus. In
the last one, cells are flat with broad cell processes, but in the
upper area, cells are stellate with several thin processes, suggesting
different functions. Numerous slender processes contact with each

other, and form a cellular sieve which becomes more porous to the
top of the villus [37]. This configuration allows water, nutrients
and immune cells penetrate through these pore structures [38].
According with functional and structural differences verified and
on the intestinal tract wall, it was observed a marked regionaliza-
tion of immunolocalization of ET-2/VIC.

In addition to contraction-relaxation functions, and given the
particular distribution of endothelin peptides and their receptors
[32,33,39,40], it has been postulated that this system would be
implicated in the regulation of sieve/barrier function, in the mobil-
ity and mechano-sensitivity of intestinal villi. This regulation
would be carried out targeting sub-epithelial and lamina propria
fibroblasts (see Fig 4). This hypothesis strengthens it because
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Fig. 4. On the left villus, a schematic representation of ET-2/VIC (blue circles) and ET-1 (red circles) are depicted. Also is represented the possible roles exercised on it. ET-2/
VIC and ET-1 would regulate the inter-conversion of the fibroblastic cellular shape, the size of sieve of the filtration barrier, the tension, the contractility and the mechanical
sensitivity. As observed, the fibroblastic phenotype changes along baso-apical axis of the villus, in line with the expression of ET-2/VIC. On the right villus: schematic
representation of the ETA receptor (yellow circles) and ETB receptor (green circles). It is remarkable the particular distribution of ETB receptor at cells nuclei while ETA
receptor is widely distributed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

recently it has been demonstrated that ETs mediate morphological
changes in sub-epithelial fibroblasts modulating the mentioned
functions [40]. Furthermore, it has been found that fibroblasts pos-
sess endothelin receptors [33,37,39-41].

4.1. Possible role of ET-2/VIC in the control of intestinal villi
permeability

The physical distribution of fibroblasts is tightly correlated with
gradient expression of ET-2/VIC found in this work, where the
major expression levels were found on the basal region, decreasing
to the apical part of the villus. This distribution strongly suggests a
relationship between fibroblasts and enterocytes. This last type of
cells through the ET-2/VIC production may mediate a paracrine
mechanism to regulate the fibroblast network. In vitro studies have
demonstrated that cultured fibroblasts undergoing different ETs
doses change their morphology. In line with increased cAMP levels,
these change their geometry from flat to stellate reversing this pro-
cess after ET-1 or ET-3 are added, with consistent decrease of CAMP
[40]. Studies using ETA and ETB specific antagonists (BQ123 and
BQ788, respectively) suggest that this switch is achieved via both
receptors. In the previously mentioned work, it was verified that
endothelial cells adjacent to the fibroblast network have ET-1-like
immunoreactivity, allowing postulating that the regulation of
fibroblastic shape would be mediated by these peptides [40]. Addi-
tionally, it has been shown that ET-1 is synthesized and released by
intestinal epithelial cells when they are stimulated by interleukin 2
(IL-2); which can be secreted by fibroblasts [42]. Therefore, given
the localization of ET-1 [32] in mouse and having in mind the
above results, Furuya and Furuya propose that ET-1 released for
endothelial cells and enterocytes would regulate, via receptors,
the size of sieve of fibroblast network, changing their cellular mor-
phology [37]. However, since we and also Furuya have found that
the ET-1 expression is uniform along intestinal villi, we are propos-
ing that the differential changes in fibroblastic morphology must
be attributed to ET-2/VIC differential gradient more than the
ET-1 one (see Fig 4).

4.2. Possible role of ET-2/VIC in mechanical properties of intestinal villi

Previous studies have reported that the immunosignal of pro-
teins linked to contractile cytoskeleton of intestinal villi is more in-

tense in the fibroblasts located near the crypts than that located in
the apical border of the villi and very weak in the lamina propria
fibroblasts [43]. In duodenum, the fibroblasts at the bottom of
the villi exhibit a high signal from o-actin while this is weak or null
at the upper portion of them. This declination of the immunosignal
could be due to the decrease of a-actin expression or its depoly-
merization [37]. These results suggest that flat fibroblasts are fa-
vored in their cytoplasm contractibility and the maintaining of
the tension while the stellate fibroblasts are disfavored in that pro-
cesses [37]. With the contributions of this work, it is possible pos-
tulate a correlation between the expression gradient of VIC/ET-2
and o-actin in the villi as the expression of both molecules is high-
est at the bottom, decreasing to the apical border. This gradient
also suggests a connection between the ETs levels and the mobility
of the villi. This last property is exerted in part by the smooth mus-
cle contraction at the center of the villi and, also by the fibroblasts
contraction. The contraction of the longitudinal axis could be in-
duced by VIC/ET2. This hypothesis seems highly plausible given
that, besides to induce morphological changes it has been demon-
strated sub-epithelial fibroblasts can contract when are exposed to
ETs and ATP [40]. Both the ATP (0.1-100 uM) and ETs (0.1-10 nM)
application induce an increase of cytoplasmatic Ca?*, followed by
contraction of the villi [40]. In vitro studies showed that colon
fibroblasts exhibit a persistent contraction (10-15 min) when they
are exposed to ET-1 [44], although in the duodenum the contrac-
tion only takes a few seconds [40]. This difference could be in part
explained for the major expression of the receptors and ligands
found in this work in colon, respect the other segments of the
intestine.

As main remarks, we can conclude that the fibroblastic pheno-
type does change along the baso-apical axis of the villus establish-
ing a gradient of flattened-stellated fibroblast in this direction.
This will give to the villi a mechanical differential sensitivity along
its major axis. The cell shape also do changes temporarily by the
specific expression gradient of ETs, regulated by several cell types
of the villi. Therefore, the mechanical sensitivity of the villi would
change locally, temporally and dynamically based on cellular
environmental conditions, determining the absorptive and defen-
sive functions of the intestine. Based on the background discussed
above, we can conclude that ET-2/VIC and ET-1are key factors in
the complex control of the permeability of the intestinal villi. ETs
would regulate the mechanical properties of contractility and
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tension of these villi, acting on their fibroblasts. Given the distribu-
tion gradient of ET-2/VIC peptide and the role postulated for the
endothelin system in the mechanics of the villi, we can propose
that ET-2/VIC also participate in this function like a paracrine
factor that assists in the maintenance of greater mechanical stress
and/or the maintenance of contraction in fibroblasts from the
bottom of these structures, in a cooperative manner with the ET-1.

References

[1] K. Saida, Y. Mitsui, N. Ishida, A novel peptide, vasoactive intestinal contractor,
of a new (endothelin) peptide family. Molecular cloning, expression, and
biological activity, J. Biol. Chem. 264 (1989) 14613-14616.

[2] F.Rodriguez-Pascual, O. Busnadiego, D. Lagares, S. Lamas, Role of endothelin in
the cardiovascular system, Pharmacol. Res. 63 (2011) 463-472.

[3] J.-L. Vachiéry, A. Davenport, The endothelin system in pulmonary and renal
vasculopathy: les liaisons dangereuses, Eur. Respir. Rev. 18 (2009) 260-271.

[4] D. Shao, J.E.S. Park, S.J. Wort, The role of endothelin-1 in the pathogenesis of
pulmonary arterial hypertension, Pharmacol. Res. 63 (2011) 504-511.

[5] PJ. Bridges, J. Cho, C. Ko, Endothelins in regulating ovarian and oviductal
function, Front. Biosci. (Schol Ed) 3 (2011) 145-155.

[6] J.E. Donckier, J. Mertens-Strijthagen, B. Flamion, Role of the endothelin axis in
the proliferation of human thyroid cancer cells, Clin. Endocrinol. 67 (2007)
552-556.

[7] L. Rosano, R. Cianfrocca, F. Spinella, V. Di Castro, M.R. Nicotra, A. Lucidi, G.
Ferrandina, P.G. Natali, A. Bagnato, Acquisition of chemoresistance and EMT
phenotype is linked with activation of the endothelin a receptor pathway in
ovarian carcinoma cells, Clin. Cancer Res. 17 (2011) 2350-2360.

[8] A. Bagnato, M. Loizidou, B.R. Pflug, J. Curwen, ]. Growcott, Role of the
endothelin axis and its antagonists in the treatment of cancer, Br. J. Pharmacol.
163 (2011) 220-233.

[9] A. Bagnato, L. Rosano, The endothelin axis in cancer, Int. ]. Biochem. Cell Biol.
40 (2008) 1443-1451.

[10] A. Khimji, D.C. Rockey, Endothelin-biology and disease, Cell. Signal. 22 (2010)
1615-1625.

[11] H. Watanabe, H. Miyazaki, M. Kondoh, Y. Masuda, S. Kimura, M. Yanagisawa, T.
Masaki, K. Murakami, Two distinct types of endothelin receptors are present
on chick cardiac membranes, Biochem. Biophys. Res. Commun. 161 (1989)
1252-1259.

[12] S. Karne, C.K. Jayawickreme, M.R. Lerner, Cloning and characterization of an
endothelin-3 specific receptor (ETC receptor) from Xenopus laevis dermal
melanophores, J. Biol. Chem. 268 (1993) 19126-19133.

[13] H. Arai, S. Hori, I. Aramori, H. Ohkubo, S. Nakanishi, Cloning and expression of a
cDNA encoding an endothelin receptor, Nature 348 (1990) 730-732.

[14] T. Sakurai, M. Yanagisawa, Y. Takuwa, H. Miyazaki, S. Kimura, K. Goto, T.
Masaki, Cloning of a cDNA encoding a non-isopeptide-selective subtype of the
endothelin receptor, Nature 48 (1990) 732-735.

[15] D.E. Kohan, N.F. Rossi, E.W. Inscho, D.M. Pollock, Regulation of blood pressure
and salt homeostasis by endothelin, Physiol. Rev. 91 (2011) 1-77.

[16] S.L. Bourque, S.T. Davidge, M.A. Adams, The interaction between endothelin-1
and nitric oxide in the vasculature: new perspectives, Am. J. Physiol. Regul.
Integr. Comp. Physiol. 300 (2011) R1288-R1295.

[17] F. Bellisai, G. Morozzi, F. Scaccia, F. Chellini, A. Simpatico, G. Pecetti, M.
Galeazzi, Evaluation of the effect of Bosentan treatment on proinflammatory
cytokine serum levels in patients affected by systemic sclerosis, Int. ].
Immunopathol. Pharmacol. 24 (2011) 261-264.

[18] M. Grimshaw, S. Naylor, F.R. Balkwill, Endothelin-2 is a hypoxia-induced
autocrine survival factor for breast tumor cells, Mol. Cancer Ther. 1 (2002)
1273-1281.

[19] MJ. Grimshaw, J.L. Wilson, F.R. Balkwill, Endothelin-2 is a macrophage
chemoattractant: implications for macrophage distribution in tumors, Eur. J.
Immunol. 32 (2002) 2393-2400.

[20] M. Grimshaw, T. Hagemann, A. Ayhan, C.E. Gillett, C. Binder, F.R. Balkwill, A
role for endothelin-2 and its receptors in breast tumor cell invasion, Cancer
Res. 64 (2004) 2461-2468.

[21] E. Klipper, A. Levit, Y. Mastich, B. Berisha, D. Schams, R. Meidan, Induction of
endothelin-2 expression by luteinizing hormone and hypoxia: possible role in
bovine corpus luteum formation, Endocrinology 151 (2010) 1914-1922.

[22] K. Hosoda, K. Nakao, S. Hiroshi-Arai Suga, Y. Ogawa, M. Mukoyama, G.
Shirakami, Y. Saito, S. Nakanishi, H. Imura, Cloning and expression of human
endothelin-1 receptor cDNA, FEBS Lett. 287 (1991) 23-26.

[23] R.F. Highsmith, Endothelin. Molecular Biology, Physiology and Pathology,
Humana Press, New Jersey, 1998.

[24] M. Baltazares Lipp, H. Rodriguez, ]. Ortega, A. Sotres, M.E. Baltazares Lipp,
Sistema Endotelina, Rev. Inst. Nal. Enf. Resp. Mex. 18 (2005) 308-320.

[25] T. Uchide, J. Adur, K. Saida, Rapid quantification of murine endothelin-1 and
vasoactive intestinal contractor gene expression levels by a real-time PCR
system, J. Biotechnol. 84 (2001) 187-192.

[26] T. Uchide, H. Masuda, Y. Mitsui, K. Saida, Gene expression of vasoactive
intestinal  contractor/endothelin-2 in ovary, uterus and embryo:
comprehensive gene expression profiles of the endothelin ligand-receptor
system revealed by semi-quantitative reverse transcription-polymerase chain
reaction analysis in adult mouse tissues and during late embryonic
development, J. Mol. Endocrinol. 22 (1999) 161-171.

[27] T. Kozakai, H. Zhao, M. Sakate, Y. Masuo, T. Uchide, K. Saida, Effect of aging on
gene expression rates of endothelin-1 and endothelin-2/vasoactive intestinal
contractor in ethanol-induced gastric mucosal injury of the mouse, Clin. Sci.
(Lond) 48 (2002) 4555-458S.

[28] P.J. Bridges, M. Jo, L. Al Alem, G. Na, W. Su, M.C. Gong, M. Jeoung, C. Ko,
Production and binding of endothelin-2 (EDN2) in the rat ovary: endothelin
receptor subtype A (EDNRA)-mediated contraction, Reprod. Fert. Develop. 22
(2010) 780-787.

[29] O. Shinmi, S. Kimura, T. Sawamura, Y. Sugita, Y. Yoshizawa, Y. Uchiyama, M.
Yanagisawa, K. Goto, T. Masaki, I. Kanazawa, Endothelin-3 is a novel
neuropeptide: Isolation and sequence determination of endothelin-1 and
endothelin-3 in porcine brain, Biochem. Biophys. Res. Commun. 164 (1989)
587-593.

[30] H. Matsumoto, N. Suzuki, H. Onda, M. Fujino, Abundance of endothelin-3 in rat
intestine, pituitary gland and brain, Biochem. Biophys. Res. Commun. 164
(1989) 74-80.

[31] J. Kalabis, G. Li, M. Fukunaga-Kalabis, A.K. Rustgi, M. Herlyn, Endothelin-3
stimulates survival of goblet cells in organotypic cultures of fetal human
colonic epithelium, Am. J. Physiol. Gastrointest. Liver Physiol. 295 (2008)
G1182-G1189.

[32] S. Takizawa, T. Uchide, J. Adur, T. Kozakai, E. Kotake-Nara, J. Quan, K. Saida,
Differential expression of endothelin-2 along the mouse intestinal tract, J. Mol.
Endocrinol. 35 (2005) 201-209.

[33] S. Takizawa, T. Uchide, T. Kozakai, J. Adur, ]J. Quan, K. Saida,
Immunolocalization of endothelin-B receptor in mouse intestinal tract, J.
Cardiovasc. Pharmacol. 44 (2004) S329-S331.

[34] T. Uchide, H. Masuda, Y.S. Lee, Y. Makiyama, Y. Mitsui, K. Saida, Fluctuating
gene expression and localized cellular distribution of vasoactive intestinal
contractor (VIC) in mouse uterus, J. Histochem. Cytochem. 48 (2000) 699-707.

[35] T. Uchide, ]J. Adur, K. Yoshioka, T. Sasaki, K. Temma, K. Saida, Endothelin-1 in
smooth muscle cells and mast cells of mouse uterus after parturition, J. Mol.
Endocrinol. 27 (2001) 165-173.

[36] R. Shiba, T. Sakurai, G. Yamada, H. Morimoto, A. Saito, T. Masaki, K. Goto,
Cloning and expression of rat preproendothelin-3 c¢cDNA, Biochem. Biophys.
Res. Commun. 186 (1992) 588-594.

[37] S. Furuya, K. Furuya, Subepithelial fibroblasts in intestinal villi: roles in
intercellular communication, Int. Rev. Cytol. 264 (2007) 165-223.

[38] J. Desaki, M. Shimizu, Are-examination of the cellular reticulum of fibroblast-
like cells in the rat small intestine by scanning electron microscopy, J. Electron.
Microsc. (Tokyo) 49 (2000) 203-208.

[39] G. Egidy, L. Juillerat-Jeanneret, P. Korth, F.T. Bosman, F. Pinet, The endothelin
system in normal human colon, Am. J. Physiol. Gast. Liv. Physiol. 279 (2000)
G211-G222.

[40] S. Furuya, K. Furuya, M. Sokabe, T. Hiroe, T. Ozaki, Characteristics of cultured
subepithelial fibroblasts in the rat small intestine. II. Localization and
functional analysis of endothelin receptors and cell-shape-independent gap
junction permeability, Cell Tissue Res. 319 (2005) 103-119.

[41] G. Egidy, L. Juillerat-Jeanneret, J.F. Jeannin, P. Korth, F.T. Bosman, F. Pinet,
Modulation of human colon tumor-stromal interactions by the endothelin
system, Am. J. Pathol. 157 (2000) 1863-1874.

[42] T. Shigematsu, S. Miura, M. Hirokawa, R. Hokari, H. Higuchi, N. Watanabe, Y.
Tsuzuki, H. Kimura, S. Tada, R.C. Nakatsumi, H. Saito, H. Ishii, Induction of
endothelin-1 synthesis by IL-2 and its modulation of rat intestinal epithelial
cell growth, Am. J. Physiol. 275 (1998) G556-G663.

[43] N.C. Joyce, M.F. Haire, G.E. Palade, Morphologic, biochemical evidence for a
contractile cell network within the rat intestinal mucosa, Gastroenterology 92
(1987) 68-81.

[44] LEE. Kernochan, B.N. Tran, P. Tangkijvanich, A.C. Melton, S.P. Tam, H.F. Yee Jr.,
Endothelin-1 stimulates human colonic myofibroblast contraction and
migration, Gut 50 (2002) 65-70.



