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Abstract Mesangial cell growth is a key feature of several
glomerular diseases. Vascular endothelial growth factor
(VEGF) is a potent mitogen of vascular endothelial cells
and promoter of vascular permeability. Here, we examined
the ability of vasopressin (AVP), which causes mesangial
cell proliferation and hypertrophy, to stimulate VEGF
secretion from cultured rat mesangial cells. AVP potently
induced a time- and concentration-dependent increase in
VEGEF secretion in these cells, which was then inhibited by
a V4 receptor-selective antagonist, confirming thisis a V5
receptor-mediated event. VEGF also induced hyperplasia
and hypertrophy in mesangial cells, which was completely
abolished by an anti-VEGF antibody. In addition, AVP-
induced hyperplasia and hypertrophy were completely
inhibited by the V5 receptor-selective antagonist and
partially abolished by the anti-VEGF antibody. These
results indicate that AVP increases VEGF secretion in rat
mesangial cells via V, receptors and modulates mesangial
cell growth not only by direct action but also through
stimulation of VEGF secretion. This autocrine mechanism
might contribute to glomerulosclerosis in renal diseases
such as diabetic nephropathy.
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Introduction

Vascular endothelial growth factor (VEGF) is a 35-45 kDa
heparin-binding homodimeric glycoprotein that functions
as an endothelial cell mitogen and stimulator of angio-
genesis [1]. Alternative exon splicing of a single VEGF
gene results in at least six different isoforms containing
121, 145, 165, 183, 189, and 206 amino acids
(VEGF151_506) in humans, with rodent forms one amino
acid shorter each [2]. VEGF¢s/164 (human/rodent homo-
logue) is the predominant isoform secreted by a variety of
normal and transformed cells [3]. Furthermore, at some
50,000 times more potent than histamine, VEGF is one of
the most potent vascular permeability-enhancing factors
identified to date [4]. This potent action of VEGF makes
it an attractive candidate as a mediator of normal and
pathological changes in vascular permeability. VEGF is
produced by mesenchymal and epithelial cells and acts
selectively on endothelial cells through activation of two
high-affinity transmembrane tyrosine kinase receptors,
previously described as fms-like tyrosine kinase (Flt-1) and
fetal liver kinase 1 (Flk-1/KDR) and now designated as
VEGFR-1 and VEGFR-2, respectively [5-7]. However, the
specific function of each receptor subtype remains poorly
defined, and the signal transduction pathways for ligand-
receptor interaction are largely unknown.

Production of VEGF has also been demonstrated in
mammalian tissues, including the kidney [8, 9], where it is
hypothesized to be important in maintaining blood vessel
differentiation [10]. In the human kidney, VEGF mRNA
and protein have been identified in glomerular visceral
epithelial cells and collecting ducts [9]. Further, human and
rat mesangial cells in culture have been proven to produce
VEGF, synthesis of which is stimulated by cytokines
involved in the development of glomerulosclerosis, such as
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platelet-derived growth factor (PDGF) and transforming
growth factor-f (TGF-f) [11, 12]. VEGF has also been
reported to induce proteinuria in rats [13] and has been
implicated in the pathogenesis of minimal change disease
[14]. These previous findings suggest that mesangial cells
activated during renal diseases may constitute an additional
source of VEGF production.

Vasopressin (AVP) plays an important role in the
development of glomerulosclerosis, as supported by sev-
eral studies indicating that pharmacologic blockade of V|
receptors retards the progression of nephropathy and glo-
merulosclerosis in experimental models and human
patients with renal disease [15—17]. Further, AVP acts on
VA receptors on mesangial cells, not only causing their
contraction but also stimulating their growth and produc-
tion of the extracellular matrix [18-20]. These previous
data, together with recent findings that AVP stimulates
VEGEF production in vascular smooth muscle cells pheno-
typically similar to mesangial cells [21], prompted our
investigation into whether or not AVP regulates the pro-
duction of VEGF in rat mesangial cells. To assess VEGF’s
potential role in mesangial cell pathophysiology, we
investigated the ability of AVP to stimulate secretion of
VEGF from rat mesangial cells.

Materials and methods
Materials

AVP and angiotensin Il were obtained from Peptide
Institute (Osaka, Japan). Rat VEGF;q, and anti-rat
VEGF,¢4-neutralizing antibody were obtained from R&D
Systems (Minneapolis, MN, USA). The V5 receptor-
selective antagonist YM218 [22] and the V, receptor-
selective antagonist SR121463A [23] were synthesized at
Astellas Pharma (Ibaraki, Japan). These nonpeptide
antagonists were initially dissolved in dimethyl sulfoxide
(DMSO) at 1072 M and diluted to the desired concentra-
tion using assay buffer. Fetal calf serum (FCS) and trypsin-
EDTA were obtained from Gibco Invitrogen (Grand Island,
NY, USA). Bovine serum albumin (BSA) was obtained
from Nacalai Tesque (Kyoto, Japan).

Cell culture

Mesangial cells were isolated from glomeruli of kidneys of
7- to 10-week-old-male Wistar rats as previously described
[24]. Briefly, kidneys were excised from rats, and cortical
tissues were minced and passed through series of stainless
steel sieves of decreasing pore size (212, 104, and 75 pm).
The sedimentation step was repeated three times using
Hank’s balanced salt solution. The glomeruli were then
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treated with 5 mg/ml of collagenase type I (Sigma-Aldrich,
St. Louis, MO, USA) for 10 min and plated into flasks
maintained in RPMI-1640 supplemented with 20% FCS
and insulin-transferrin-selenium-G supplement (ITS Pre-
mix) (Gibco Invitrogen), penicillin 100 U/ml, and strep-
tomycin 100 pg/ml at 37°C in 5% CO, and 95%
atmospheric air. By 2-3 weeks after plating, only mesan-
gial cells with strap-like outgrowth in interwoven bundles
remained and grew to confluence. Experiments were per-
formed using cells from passages 5 through 10, and sub-
culture was performed via trypsin-EDTA treatment.

VEGF secretion by mesangial cells

Mesangial cells were seeded into 12-well culture plates at
80% confluence, washed with phosphate-buffered saline
(PBS), and incubated for 24 h in culture medium con-
taining 0.5% FCS. The cultures were then incubated in
conditioned medium containing 0.5% FCS, ITS Premix,
and 0.1% BSA with vehicle alone or various concentrations
of AVP, antagonists/antibody, or both for 24 h. After
incubation, the medium was collected and stored at —40°C
until assay. To determine total protein content of cells per
culture well, the cell layers were washed with PBS and
scraped from the plates. The suspensions were homoge-
nized, and protein was determined using the Coomassie
blue method (Bio-Rad Laboratories, Hercules, CA, USA),
with BSA as a standard. VEGF concentration in the med-
ium was determined via a quantitative enzyme-linked
immunosorbent assay (ELISA) system using anti-mouse
VEGF antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Results were normalized per cellular protein
content.

Hyperplasia and hypertrophy of mesangial cells

Mesangial cells were seeded into 48-well culture plates at
50% confluence, washed with PBS, and incubated for 48 h
in RPMI-1640 medium supplemented with 0.5% FCS. The
cultures were then incubated for a further 72 h in condi-
tioned medium containing 0.5% FCS, ITS Premix, and
0.1% BSA with vehicle alone or VEGF/AVP, antibody/
antagonists, or both. To determine the number of cells per
culture well, the cells were treated with AlamarBlue (Asahi
Techno Glass, Tokyo, Japan) [25] during the final 3 h of
incubation, and the absorbance of each well at 570 and
600 nm was measured using a SPECTRAmax 250 micro-
plate spectrophotometer (Molecular Devices, Sunnyvale,
CA, USA). Control experiments showed a linear relation-
ship between absorbance and cell number up to a cell
density of 100,000 cells/well. To determine the total pro-
tein content of cells per culture well, the cell layers were
washed three times with PBS and scraped from the plate.
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The suspensions were then homogenized, and protein
content was determined as described above.

Type IV collagen production by mesangial cells

Mesangial cells were seeded into 24-well culture plates at
50% confluence, washed with PBS, and incubated for 48 h
in culture medium supplemented with 0.5% FCS. The
cultures were then incubated in conditioned medium con-
taining 0.5% FCS, ITS Premix, 0.1% BSA, 0.4 mM
p-aminopropionitrile, and 0.3 mM ascorbic acid with
vehicle alone or VEGF/AVP, antibody/antagonists, or both
for 72 h. Medium was stored at —40°C until assay. To
solubilize cell-associated matrix proteins, cells were
washed with PBS, incubated with 0.5 N NaOH containing
10 mM phenylmethylsulfonyl fluoride, sonicated, and
stored at —40°C. Total protein content of cells was deter-
mined as described above. Type IV collagen concentrations
in the samples were determined via a highly sensitive
ELISA using anti-mouse type IV collagen antibody (LSL,
Tokyo, Japan), which cross-reacts with rat type IV colla-
gen. Results were normalized per cellular protein contents.

Statistical analysis

Data are expressed as mean + SE or mean with 95%
confidence limits. Significant differences between pairs of
groups were determined using Student’s ¢ test, while those
between multiple groups were determined using Dunnett’s
multiple range test. Significance was set at P < 0.05. All
analyses were conducted using the SAS 8.2 software
package (SAS Institute Japan, Tokyo, Japan) and Prism
program (GraphPad Software, San Diego, CA, USA).

Results
Effect of AVP on VEGF secretion

Time-dependent secretion of VEGF by rat mesangial cells
stimulated by AVP is shown in Fig. 1. When mesangial
cell monolayers were incubated with conditioned medium,
VEGF secretion by mesangial cells increased in a time-
dependent manner. Incubation with AVP (100 nM) sig-
nificantly enhanced VEGF secretion in a time-dependent
manner compared to conditioned medium-treated cells.
While this increase in VEGF secretion was not observed up
to 3 h after stimulation by AVP, it was clearly detected
from 6 h on. Further, AVP-induced VEGF secretion
increased almost linearly over the first 24 h and then
gradually for up to 72 h. Angiotensin II (100 nM) and FCS
(20%) also induced VEGF secretion from mesangial cells
with similar time course changes (data not shown). In total,
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Fig. 1 Time-dependent secretion of VEGF from rat mesangial cells
stimulated with AVP. Cells were incubated with AVP (100 nM) for
the indicated duration. Values are expressed as the mean =+ SE of
four independent experiments. *P < 0.05 versus control

VEGEF secretion was stimulated by AVP, angiotensin II,
and FCS at respective rates of 260, 340, and 360% over
that in conditioned medium-treated cells at 24 h.

Concentration-dependent increases in VEGF secretion
from mesangial cells stimulated with various concentrations
of AVP for 24 h are shown in Fig. 2. The minimum stim-
ulatory effect of AVP on VEGF secretion from mesangial
cells was observed at a concentration of 3 nM, with an ECs
value of 5.50 (2.98-10.2) nM and maximum stimulation
320% that of conditioned medium-treated cells (control:
8.1 £ 1.5 ng/ml; AVP 100 nM: 27.1 & 1.3 ng/ml). In
addition, AVP significantly and concentration-dependently
increased total protein content of cells, suggesting stimu-
lation of mesangial cell growth (data not shown).

We also examined the effects of AVP receptor antago-
nists using preparations stimulated with 100 nM AVP
(Fig. 3). The Vs receptor-selective antagonist YM218
potently and concentration-dependently inhibited AVP-
stimulated VEGF secretion with an ICsy value of 1.75
(0.83-3.69) nM. This antagonist also potently inhibited
AVP-induced mesangial cell growth (data not shown). In
contrast, the V, receptor-selective antagonist SR121463A
did not potently inhibit AVP-stimulated VEGF secretion,
showing an ICsq value of 7,770 (4,700-12,800) nM.

Effect of VEGF on proliferation, hypertrophy,
and type IV collagen synthesis

Addition of VEGF caused a concentration-dependent
increase in cell number and protein content of mesangial
cells (Fig. 4), effects that were significant at concentrations
of 100 ng/ml or higher; maximum stimulations over vehicle-
treated control were 1.4- and 1.7-fold, respectively.
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Fig. 2 Concentration-dependent secretion of VEGF from rat mesan-
gial cells stimulated with AVP. Cells were incubated with various
concentrations of AVP for 24 h. Values are expressed as the
mean + SE of four independent experiments. *P < 0.05 versus
control
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Fig. 3 Inhibitory effects of AVP receptor antagonists on AVP-
stimulated VEGF secretion in rat mesangial cells. Cells were
incubated with AVP (100 nM) and antagonists for 24 h. Each point
represents the mean + SE of four independent experiments.
*P < 0.05 versus AVP

In addition, VEGF caused a concentration-dependent
increase in both secreted and cell-associated type IV col-
lagen production by rat mesangial cells. This effect was
also significant at concentrations of 100 ng/ml or higher,

and the maximum stimulation over vehicle-treated control
was 1.8-fold.

Involvement of VEGF in AVP-induced mesangial cell
growth

VEGF-induced hyperplasia, hypertrophy, and type IV
collagen production were completely abolished on addition
of an anti-VEGF antibody but were not affected by AVP
receptor antagonists (Fig. 5). In contrast, AVP-induced cell
growth effects were completely abolished on addition of
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Fig. 4 Concentration-dependent a hyperplasia, b hypertrophy, and
¢ type IV collagen production in rat mesangial cells stimulated with
VEGF. Cells were incubated with various concentrations of VEGF for
72 h. Values are expressed as the mean £ SE of four independent
experiments. *P < 0.05 versus control

the VA receptor-selective antagonist YM218 and partly
but significantly inhibited on addition of an anti-VEGF
antibody (Fig. 6). Addition of AVP receptor antagonists or
anti-VEGF antibody to mesangial cell cultures not treated
with VEGF or AVP did not significantly affect mesangial
cell growth (data not shown).
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Fig. 5 Effect of AVP receptor antagonists and anti-VEGF antibody
on VEGF-induced a hyperplasia, b hypertrophy, and ¢ type IV
collagen production in rat mesangial cells. Cells were incubated with
VEGF (100 ng/ml) and either YM218 (1 pM), SR 121463A (1 uM),
or anti-VEGF antibody (10 pg/ml) for 72 h. Values are expressed as
the mean & SE of four independent experiments. *P < 0.05 versus
control, #p < 0.05 versus VEGF

Discussion

Mesangial cells are thought to regulate both glomerular
microcirculation and inflammatory responses to glomerular
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Fig. 6 Effect of AVP receptor antagonists and anti-VEGF antibody
on AVP-induced a hyperplasia, b hypertrophy, and ¢ type IV collagen
production in rat mesangial cells. Cells were incubated with AVP
(100 nM) and either YM218 (1 uM), SR 121463A (1 uM), or anti-
VEGF antibody (10 pg/ml) for 72 h. Values are expressed as the
mean = SE of four independent experiments. *P < 0.05 versus
control, *P < 0.05 versus AVP

damage. Additionally, contraction, hyperplasia, and
hypertrophy of glomerular mesangial cells are associated
with the appearance of proteinuria, glomerulosclerosis, and
progressive renal failure [26]. A number of cytokines,
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growth factors, and vasoactive agents have been found to
induce physiologic and pathophysiologic responses,
including mitogenesis, in mesangial cells [27]. Among
these factors, AVP potently induces hyperplasia and
hypertrophy in, and production of extracellular matrix by,
mesangial cells that express only the AVP V5 receptor
subtypes, which may consequently contribute to the
development of glomerular injury [19, 20, 28]. Indeed,
administration of V4 receptor antagonists has been found
to inhibit AVP-induced mesangial cell growth and attenu-
ate glomerular sclerosis and improve renal function in
animal models of chronic renal failure [15, 19, 29]. These
observations further suggest that AVP may also play a
crucial role in the pathophysiology of renal diseases.

In the present study, we demonstrated that AVP sim-
ulates secretion of VEGF from mesangial cells concom-
itant with cell growth via the V5 receptor. Our finding
that cultured mesangial cells constitutively synthesize
VEGF is in agreement with previous results obtained in
rat- and human-cultured mesangial cells, in which both
VEGF mRNA and protein secretion were detected [11,
12]. VEGF secretion has been found to be potently
increased in response to hypoxia [30], vasopressor hor-
mones such as angiotensin II [31, 32], cytokines (i.e.,
TGF-f and interleukin-1) [33, 34], and growth factors
(i.e., tumor necrosis factor, fibroblast growth factor, and
PDGF) [35-37]. VEGF secretion has also been found to
be stimulated when mechanical stretching is applied
to mesangial cells, suggesting that hemodynamic insult to
the glomerulus may activate production of VEGF [38].
With specific relevance to diabetic mellitus, elevated
glucose concentrations have also been found to increase
VEGF expression [39]. Indeed, VEGF and its receptors
are up-regulated in experimental animal models and
humans with types 1 and 2 diabetes [40—42]. Thus, there
are many stimuli that are known to be deeply involved in
the pathogenesis of renal diseases that could act inde-
pendently or in combination to upregulate VEGF pro-
duction by mesangial cells.

In the human kidney, VEGF is known to be abundantly
expressed in the podocytes of glomeruli, important cell
constructions of the glomerular filter barrier that express
VEGF receptors [2, 43]. Diabetic animal studies using
inhibition of VEGF activity by neutralizing antibodies or
small molecule inhibitors of VEGF receptor kinase sig-
naling have demonstrated marked amelioration of albu-
minuria/proteinuria [44-46], suggesting that VEGF is
directly involved in the albuminuria/proteinuria noted in
diabetic nephropathy. Stimulation of VEGF secretion by
podocytes is thus able to increase macromolecular perme-
ability of the glomerular capillary by affecting blood flow
and glomerular endothelial cell function as well as possibly
exerting an autocrine effect to alter podocyte synthesis of
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the glomerular basement membrane constituents and foot
processes [43]. AVP V,, receptor antagonists have been
reported to attenuate proteinuria in several renal disease
models [15, 47]. Thus, VEGF secreted by mesangial cells
in response to AVP might act in a paracrine manner to
induce podocyte dysfunction—in particular, the induction
of albuminuria/proteinuria.

VEGF receptors are expressed not only in endothelial
cells but also mesangial cells of glomeruli [48]. In the
present study, VEGF induced hyperplasia, hypertrophy,
and production of type IV collagen in rat mesangial cells.
These findings, which are consistent with previously
reported results [48-50], suggest that VEGF acts as a
mitogen not only for endothelial cells but also mesangial
cells and directly influences their function. A significant
effect on mesangial cell growth by VEGF was seen at
concentrations of approximately 100 ng/ml, a level higher
than that found to induce endothelial cell proliferation [51]
but comparable to that which induces monocyte migration
and pericyte proliferation [52, 53]. In addition, AVP
stimulated secretion of VEGF at concentrations of this
order (approximately 30 ng/ml), suggesting that these
concentrations may be pathophysiologically relevant. In
addition, mesangial cell growth induced by AVP via V4
receptors was somewhat inhibited on administration of
an anti-VEGF antibody. Taken together with the above-
mentioned observations regarding paracrine activity, these
findings suggest that VEGF secreted by mesangial cells in
response to AVP may also act in an autocrine manner.

We previously reported that AVP stimulated secretion
of TGF-f, which induces an increase in the production of
extracellular matrix proteins such as type IV collagen via
VA receptors in cultured rat mesangial cells [20]. A recent
study confirmed that TGF-f in turn stimulates VEGF
synthesis and secretion from mesangial cells [54]. Fur-
thermore, in our preliminary examination, anti-TGF-f
antibody significantly inhibited AVP-induced VEGF
secretion from rat mesangial cells. It is therefore conceiv-
able that AVP-induced VEGF secretion may be mediated,
at least in part, via AVP-induced release of TGF-f. AVP
stimulates the secretion of VEGF and TGF-f5, which then
stimulates mesangial matrix expansion, thus fostering the
development of glomerulosclerosis.

In summary, we demonstrated that AVP stimulated the
secretion of VEGF through V,, receptors in rat mesangial
cells, modulating mesangial cell growth via direct action as
well as through VEGF secretion. Interaction between AVP
and VEGF may be involved in regulating mesangial cell
growth in patients with renal diseases.

Acknowledgments The authors thank Drs. Isao Yanagisawa, Seit-
aro Mutoh, Yasuaki Shimizu, and Yutaka Yanagita (Astellas Pharma)
for their valuable comments and continued encouragement.



J Physiol Sci (2011) 61:115-122

121

References

11.

12.

13.

14.

15.

16.

17.

18.

. Dvorak HF, Detmar M, Claffey KP, Nagy JA, van de Water L,

Senger DR (1995) Vascular permeability factor/vascular endo-
thelial growth factor: an important mediator of angiogenesis in
malignancy and inflammation. Int Arch Allergy Immunol
107:233-235

. Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z (1999)

Vascular endothelial growth factor (VEGF) and its receptors.
FASEB J 13:9-22

. Ferrara N, Houck K, Jakeman L, Leung DW (1992) Molecular

and biological properties of the vascular endothelial growth
factor family of proteins. Endocr Rev 13:18-32

. Senger DR, Connolly DT, Van de Water L, Feder J, Dvorak HF

(1990) Purification and NH,-terminal amino acid sequence of
guinea pig tumor-secreted vascular permeability factor. Cancer
Res 50:1774-1778

. de Vries C, Escobedo JA, Ueno H, Houck K, Ferrara N, Williams

LT (1992) The fms-like tyrosine kinase, a receptor for vascular
endothelial growth factor. Science 255:989-991

. Millauer B, Wizigmann-Voos S, Schnurch H, Martinez R, Moller

NP, Risau W, Ullrich A (1993) High affinity VEGF binding and
developmental expression suggest Flk-1 as a major regulator of
vasculogenesis and angiogenesis. Cell 72:835-846

. Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D,

Armellino DC, Gospodarowicz D, Bohlen P (1992) Identification of
the KDR tyrosine kinase as a receptor for vascular endothelial cell
growth factor. Biochem Biophys Res Commun 187:1579-1586

. Monacci WT, Merrill MJ, Oldfield EH (1993) Expression of

vascular permeability factor/vascular endothelial growth factor in
normal rat tissues. Am J Physiol 264:C995-C1002

. Brown LF, Berse B, Tognazzi K, Manseau EJ, Van de Water L,

Senger DR, Dvorak HF, Rosen S (1992) Vascular permeability
factor mRNA and protein expression in human kidney. Kidney
Int 42:1457-1461

. Ferrara N, Davis-Smyth T (1997) The biology of vascular

endothelial growth factor. Endocr Rev 18:4-25

Takahashi T, Shirasawa T, Miyake K, Yahagi Y, Mayuyama N,
Kasahara M, Kawamura T, Matsumura O, Mitarai T, Sakai O
(1995) Protein tyrosine kinases expressed in glomeruli and cul-
tured glomerular cells: Flt-1 and VEGF expression in renal
mesangial cells. Biochem Biophys Res Commun 209:218-226
Iijima K, Yoshikawa N, Connolly DT, Nakamura H (1993)
Human mesangial cells and peripheral blood mononuclear cells
produce vascular permeability factor. Kidney Int 44:959-966
Iijima K, Yoshikawa N, Connoly D, Nakamura H (1992)
Expression of vascular permeability factor by mesangial cells.
J Am Soc Nephrol 3:514a

Brenchley PE (1996) VEGF/VPF: a modulator of microvascular
function with potential roles in glomerular pathophysiology.
J Nephrol 9:10-17

Kurihara I, Saito T, Obara K, Shoji Y, Hirai M, Soma J, Sato H,
Imai Y, Abe K (1996) Effect of a nonpeptide vasopressin V1
antagonist (OPC-21268) on experimental accelerated focal
glomerulosclerosis. Nephron 73:629-636

Nishikawa T, Omura M, lizuka T, Saito I, Yoshida S (1996)
Short-term clinical trial of 1-{1-[4-(3-acetylaminopropoxy)-
benzoyl]-4-piperidyl }-3,4-dihydro-2(1H)-quinolinone in patients
with diabetic nephropathy. Arzneim Forsch 46:875-878

Okada H, Suzuki H, Kanno Y, Saruta T (1996) Evidence for the
involvement of vasopressin in the pathophysiology of adriamy-
cin-induced nephropathy in rats. Nephron 72:667-672

Ganz MB, Pekar SK, Perfetto MC, Sterzel RB (1988) Arginine
vasopressin promotes growth of rat glomerular mesangial cells in
culture. Am J Physiol 255:F898-F906

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tahara A, Tsukada J, Tomura Y, Suzuki T, Yatsu T, Shibasaki M
(2007) Effect of YM218, a nonpeptide vasopressin V receptor-
selective antagonist, on rat mesangial cell hyperplasia and
hypertrophy. Vasc Pharmacol 46:463-469

Tahara A, Tsukada J, Tomura Y, Suzuki T, Yatsu T, Shibasaki M
(2008) Vasopressin stimulates the production of extracellular
matrix by cultured rat mesangial cells. Clin Exp Pharmacol
Physiol 35:586-593

Tahara A, Saito M, Tsukada J, Ishii N, Tomura Y, Wada K,
Kusayama T, Yatsu T, Uchida W, Tanaka A (1999) Vasopressin
increases vascular endothelial growth factor secretion from
human vascular smooth muscle cells. Eur J Pharmacol 368:89-94
Tsukada J, Tahara A, Tomura Y, Kusayama T, Wada K, Ishii N,
Taniguch N, Suzuki T, Yatsu T, Uchida W, Shibasaki M (2005)
Pharmacological properties of YM218, a novel, potent, nonpep-
tide vasopressin V5 receptor-selective antagonist. Vasc Phar-
macol 42:47-55

Serradeil-Le Gal C, Lacour C, Valette G, Garcia G, Foulon L,
Galindo G, Bankir L, Pouzet B, Guillon G, Barberis C, Chicot D,
Jard S, Vilain P, Garcia C, Marty E, Raufaste D, Brossard G,
Nisato D, Maffrand JP, Le Fur G (1996) Characterization of SR
121463A, a highly potent and selective, orally active vasopressin
V2 receptor antagonist. J Clin Invest 98:2729-2738

Kohno M, Horio T, Ikeda M, Yokokawa K, Fukui T, Yasunari K,
Kurihara N, Takeda T (1992) Angiotensin II stimulates endo-
thelin-1 secretion in cultured rat mesangial cells. Kidney Int
42:860-866

Ahmed SA, Gogal RM Jr, Walsh JE (1994) A new rapid and
simple non-radioactive assay to monitor and determine the pro-
liferation of lymphocytes: an alternative to [3H]thymidine
incorporation assay. J Immunol Methods 170:211-224

Striker LJ, Doi T, Elliot S, Striker GE (1989) The contribution of
glomerular mesangial cells to progressive glomerulosclerosis.
Semin Nephrol 9:318-328

Ruef C, Budde K, Lacy J, Northemann W, Baumann M, Sterzel
RB, Coleman DL (1990) Interleukin 6 is an autocrine growth
factor for mesangial cells. Kidney Int 38:249-257

Tahara A, Tsukada J, Tomura Y, Kusayama T, Momose K,
Taniguchi N, Suzuki T, Yatsu T, Shibasaki M (2006) Binding
signal transduction characteristics of the nonpeptide vasopressin
V4 receptor-selective antagonist YM218 in cultured rat mesan-
gial cells. Pharmacology 78:81-90

Windt WA, Tahara A, Kluppel AC, de Zeeuw D, Henning RH,
van Dokkum RP (2006) Early, but not late therapy with a vaso-
pressin Vla-antagonist ameliorates the development of renal
damage after 5/6 nephrectomy. J Renin Angiotensin Aldosterone
Syst 7:217-224

Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endo-
thelial growth factor induced by hypoxia may mediate hypoxia-
initiated angiogenesis. Nature 359:843-845

Williams B, Baker AQ, Gallacher B, Lodwick D (1995) Angio-
tensin II increases vascular permeability factor gene expression
by human vascular smooth muscle cells. Hypertension 25:913—
917

Pedram A, Razandi M, Hu RM, Levin ER (1997) Vasoactive
peptides modulate vascular endothelial cell growth factor pro-
duction and endothelial cell proliferation and invasion. J Biol
Chem 272:17097-17103

Brogi E, Wu T, Namiki A, Isner JM (1994) Indirect angiogenic
cytokines upregulate VEGF and bFGF gene expression in vas-
cular smooth muscle cells, whereas hypoxia upregulates VEGF
expression only. Circulation 90:649-652

Stavri GT, Zachary IC, Baskerville PA, Martin JF, Erusalimsky
JD (1995) Basic fibroblast growth factor upregulates the
expression of vascular endothelial growth factor in vascular

@ Springer



122

J Physiol Sci (2011) 61:115-122

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

smooth muscle cells: synergistic interaction with hypoxia. Cir-
culation 92:11-14

Nauck M, Roth M, Tamm M, Eickelberg O, Wieland H, Stulz P,
Perruchoud AP (1997) Induction of vascular endothelial growth
factor by platelet-activating factor and platelet-derived growth
factor is downregulated by corticosteroids. Am J Respir Cell Mol
Biol 16:398-406

Williams B, Quinn-Baker A, Gallacher B (1995) Serum and
platelet-derived growth factor-induced expression of vascular
permeability factor mRNA by human vascular smooth muscle
cells in vitro. Clin Sci 88:141-147

Ryuto M, Ono M, Izumi H, Yoshida S, Weich HA, Kohno K,
Kuwano M (1996) Induction of vascular endothelial growth
factor by tumour necrosis factor alpha in human glioma cells:
possible roles of SP-1. J Biol Chem 271:28220-28228

Gruden G, Thomas S, Burt D, Lane S, Chusney G, Sacks S,
Viberti G (1997) Mechanical stretch induces vascular perme-
ability factor in human mesangial cells: mechanisms of signal
transduction. Proc Natl Acad Sci USA 94:12112-12116

Kim NH, Jung HH, Cha DR, Choi DS (2000) Expression of
vascular endothelial growth factor in response to high glucose in
rat mesangial cells. J Endocrinol 165:617-624

Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De La Cruz MC,
Hong SW, Isono M, Chen S, McGowan TA, Sharma K (2000)
Long-term prevention of renal insufficiency, excess matrix gene
expression, and glomerular mesangial matrix expansion by treat-
ment with monoclonal antitransforming growth factor-f antibody
in db/db diabetic mice. Proc Natl Acad Sci USA 97:8015-8020
Chou E, Suzuma I, Way KJ, Opland D, Clermont AC, Naruse K,
Suzuma K, Bowling NL, Vlahos CJ, Aiello LP, King GL (2002)
Decreased cardiac expression of vascular endothelial growth
factor and its receptors in insulin-resistant and diabetic states: a
possible explanation for impaired collateral formation in cardiac
tissue. Circulation 105:373-379

Wasada T, Kawahara R, Katsumori K, Naruse M, Omori Y
(1998) Plasma concentration of immunoreactive vascular endo-
thelial growth factor and its relation to smoking. Metabolism
47:27-30

Chen S, Kasama Y, Lee JS, Jim B, Marin M, Ziyadeh FN (2004)
Podocyte-derived vascular endothelial growth factor mediates the
stimulation of alpha3(IV) collagen production by transforming
growth factor-betal in mouse podocytes. Diabetes 53:2939-2949
Wolf G, Chen S, Ziyadeh FN (2005) From the periphery of the
glomerular capillary wall toward the center of disease: podocyte

@ Springer

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

injury comes
54:1626-1634
de Vriese AS, Tilton RG, Elger M, Stephan CC, Kriz W, Lameire
NH (2001) Antibodies against vascular endothelial growth factor
improve early renal dysfunction in experimental diabetes. J] Am
Soc Nephrol 12:993-1000

Sung SH, Ziyadeh FN, Wang A, Pyagay PE, Kanwar YS, Chen S
(2006) Blockade of vascular endothelial growth factor signaling
ameliorates diabetic albuminuria in mice. J Am Soc Nephrol
17:3093-3104

Okada H, Suzuki H, Kanno Y, Saruta T (1995) Effects of novel,
nonpeptide vasopressin antagonists on progressive nephroscle-
rosis in rats. J Cardiovasc Pharmacol 25:847-852

Thomas S, Vanuystel J, Gruden G, Rodriguez V, Burt D, Gnudi
L, Hartley B, Viberti G (2000) Vascular endothelial growth factor
receptors in human mesangium in vitro and in glomerular disease.
J Am Soc Nephrol 11:1236-1243

Onozaki A, Midorikawa S, Sanada H, Hayashi Y, Baba T, Katoh
T, Watanabe T (2004) Rapid change of glucose concentration
promotes mesangial cell proliferation via VEGF: inhibitory
effects of thiazolidinedione. Biochem Biophys Res Commun
317:24-29

Amemiya T, Sasamura H, Mifune M, Kitamura Y, Hirahashi J,
Hayashi M, Saruta T (1999) Vascular endothelial growth factor
activates MAP kinase and enhances collagen synthesis in human
mesangial cells. Kidney Int 56:2055-2063

Connolly DT, Heuvelman DM, Nelson R, Olander JV, Eppley
BL, Delfino JJ, Siegel NR, Leimgruber RM, Feder J (1989)
Tumor vascular permeability factor stimulates endothelial cell
growth and angiogenesis. J Clin Invest 84:1470-1478

Clauss M, Gerlach M, Gerlach H, Brett J, Wang F, Familletti PC,
Pan YC, Olander JV, Connolly DT (1990) Vascular permeability
factor: a tumor-derived polypeptide that induces endothelial cell
and monocyte procoagulant activity, and promotes monocyte
migration. J Exp Med 172:1535-1545

Takagi H, King GL, Aiello LP (1996) Identification and char-
acterization of vascular endothelial growth factor receptor (Flt) in
bovine retinal pericytes. Diabetes 45:1016-1023

Wang L, Kwak JH, Kim SI, He Y, Choi ME (2004) Transforming
growth factor-fi1 stimulates vascular endothelial growth factor
164 via mitogen-activated protein kinase kinase 3-p38a« and p386
mitogen-activated protein kinase-dependent pathway in murine
mesangial cells. J Biol Chem 279:33213-33219

of age in diabetic nephropathy. Diabetes



	Vasopressin regulates rat mesangial cell growth by inducing autocrine secretion of vascular endothelial growth factor
	Abstract
	Introduction
	Materials and methods
	Materials
	Cell culture
	VEGF secretion by mesangial cells
	Hyperplasia and hypertrophy of mesangial cells
	Type IV collagen production by mesangial cells
	Statistical analysis

	Results
	Effect of AVP on VEGF secretion
	Effect of VEGF on proliferation, hypertrophy, and type IV collagen synthesis
	Involvement of VEGF in AVP-induced mesangial cell growth

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


