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Summary. The involvement of the phosphoinositide
(PI) signaling pathway in the regulation of mesangial
cell growth was investigated using cultured rat mesan-
gial (M) cells. Angiotensin Il (Ang II), which is known
to contract M cells through stimulating the PI path-
way, enhanced DNA synthesis in quiescent M cells in
the presence but not in the ahsence of insulin. This
suggests that Ang Il is a competence-type growth
factor. When Ang Il-induced stimulation of the PI
pathway was inhibited by the pretreatment with pertus-
sis toxin, the stimulating effect on DNA synthesis was
also abolished. This indicates that the stimulation of the
PI pathway is an important signaling mechanism for
Ang II by which it can exert its growth-promoting
action on cells. Besides Ang II, a variety of M cell
growth-promoting factors including endothelin, ar-
ginine vasopressin and platelet-derived growth factor
are known to stimulate the PI pathway. Interleukin 6,
a recently found potent growth factor for M cells, also
stimulated the PI pathway. Thus, the PI pathway may
be involved in the intracellular signal transduction of
external growth factors for M cells.

In addition, Ang II and thrombin stimulated the
release of interleukin 6 and endothelin, respectively,
from M cells probably through enhancing the PI path-
way. Since both interleukin 6 and endothelin are known
to be potent growth factors for M cells, these results
suggest that the PI pathway in M cells is involved in the
regulation of the release of autocrine growth factors.

Because the PI pathway is integrally related to
mesangial cell proliferation and this, in turn, is one of
the causes of the progression of glomerular diseases,
control of the pathway should be useful.

INTRODUCTION

Proliferation of mesangial cells associated with
matrix expansion is a common histologic abnormal-
ity in glomerular diseases.” Recent in vitro studies
using cultured mesangial cells have revealed that
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mesangial cell growth is regulated by a number of
positive and negative modulators? 2® (Table 1), sug-
gesting that ultimate morphologic and functional
outcome in patients with mesangial proliferation
depends on complex interactions among these fac-
tors. It is very difficult to know which factor is most
responsible and thus, should be inhibited or stimulat-
ed in any given case involving mesangial prolifera-
tion.

Fortunately, a variety of growth-control factors
utilize a limited repertoire of intracellular signal
transduction systems. These include the phos-
phoinositide (PI) pathway, cyclic AMP system, cyclic
GMP system and the tyrosine kinase system. Explor-
ing the involvement of each of these signaling sys-
tems in the regulation of mesangial cell growth
provides an efficient means by which the goal of the
treatment of glomerular diseases can be realized. In
this paper, we describe the close relationship that
exists between mesangial cell growth and the PI
pathway.

OUTLINE OF THE PI PATHWAY (Fig. 1)

The stimulation of the PI pathway by external
stimuli such as Ca**-mobilizing hormones and several
growth factors is a common mechanism in many
different target cells.?®*® The initial biochemical
event in this pathway is receptor-mediated hydrolysis
of phosphatidylinositol 4,5-bisphosphate (PIP,), a
minor phospholipid constituent of plasma membrane,
by Pl-specific phospholipase C. The phospholipase C
is also termed phosphoinositidase C (PIC). PIP,
hydrolysis by PIC generates two second messengers:
inositol 1,4,5-trisphosphate (IP;) and diacylglycerol
(DG).

The primary function of IP; is to mobilize Ca®*
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Table 1. Growth control factors for mesangial cells

Stimulators Inhibitors

Angiotensin 1% Atrial natriuretic peptide?'??
Arginine vasopressin® Nitric oxide®®

Bradykinin®? Prostaglandins E,, 1,*®
Endothelin®® Transforming growth factor-g%+*%

Epidermal growth factor?”
Insulin®?

Insulin-like growth factor-[*-'"
Interleukin-1'!®

Interleukin-6'+

Leukotriene D,'®
Platelet-derived growth factor's!?
Prostaglandin F,a'®
Serotonin'?

Thrombin®”

Transforming growth factor-a”
Tumor necrosis factor”
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Fig. 1. Phosphoinositide signaling pathway. PIC; phosphoinositidase C, TK; tyrosine kinase, Gp; GTP-binding
regulatory protein coupled to PIC, PIP,; phosphatidylinositol 4,5-bisphosphate, DG; diacylglycerol, 1,4,5-1P;;
inositol 1,4,5-trisphosphate, 1,3,4,5-1P,; inositol 1,3,4,5-tetrakisphosphate, PKC; protein kinase C.
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from intracellular Ca®* stores®® such as calcio-
somes.’” This leads to an increase in intracellular
free Ca®* concentration ([Ca®*]i). Recent evidence
suggests that inositol 1,3,4,5-tetrakisphosphate (IP,),
a further phosphorylated product of IP,, also plays an
important role in the regulation of [Ca®**]i by stimu-
lating Ca®* influx through the plasma membrane.®®
DG, the other product of PIP, hydrolysis, activates
protein kinase C (PKC) by influencing its affinity for
Ca®* 249 Two limbs of this bifurcating pathway, the
IP,/(IP,)/Ca** limb and the DG/PKC limb, provide a
control mechanism for a variety of cellular functions.

Upon receptor occupancy by certain agonists, PIC
is activated by guanine nucleotide regulatory (G)
protein in a manner similar to the stimulation of
adenylate cyclase by a G protein.?***? The G protein
(Gp) responsible for linking receptors to PIC has not
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vet been characterized. However, in certain cell types
stimulated by certain agonists, the G protein is simi-
lar to adenylate cyclase-coupled inhibitory G protein
(Gi) in that it is sensitive to pertussis toxin.3**** In
contrast, receptor tyrosine phosphorylation is an
intermediary mechanism between the binding of cer-
tain growth factors to receptors with tyrosine kinase
activity and activation of PIC.*®

ANGIOTENSIN 11
GROWTH

AND MESANGIAL CELL

Of active substances which regulate mesangial cell
functions, angiotensin II (Ang II) has been most
extensively studied. The contraction in response to
Ang II is a marker for cultured glomerular cells of
mesangial origin.*® From the time that it was report-

Control

Ang I (M)

Fig. 2. The effect of Ang Il on *H-thymidine incorporation into cultured rat mesangial cells. The primary
cultured rat mesangial cells were seeded onto 35 mm plastic dishes. In the subconfluent state, the cells were
incubated with fetal calf serum-free RPMI 1640 medium for 3 days in order for them to enter the quiescent phase.
They were stimulated by Ang II for 24 h with (%) or without ([]) 5 xg/ml of insulin. Then, 1 ¢Ci of *H-thymidine
was added and the *H- radioactivity in TCA-insoluble fraction was measured after 24 h. Data are expressed as
the means + SE of triplicate experiments. *p<0.05 vs the controls with or without insulin.
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ed that mas oncogene isolated from human epitheloid
carcinoma encodes angiotensin receptor protein,*®
much attention has been given to Ang II as a growth
factor in addition to its role as a potent vasocon-
strictor. Therefore, we attempted to investigate pos-
sible growth-promoting action of Ang II on cultured
rat mesangial cells.?

Cells were pretreated with fetal calf serum-
depleted RPMI medium for 3 days prior to the experi-
ments in order for them to enter the quiescent (G,)
phase. When stimulated by Ang II at a dose of 100 nM
or more, 24 h-incorporation of *H-thymidine into the
cells significantly increased in the presence but not in
the absence of high concentration (5 xg/ml) of insulin
(Fig. 2). In these experiments, insulin could be sub-
stituted for insulin-like growth factor I (IGF-I). In
BALB/c 3T3 cells, it has been reported that there are
two sets of growth factors: One is a competence
factor which makes the cells competent to leave G,
phase and enter the cell cycle, and the other is a
progression factor which makes it possible for com-

petence factor-treated cells (G, phase) to enter into
DN A-synthetic (S) phase'” (Fig. 3). Since insulin and
IGF-I have been identified as progression factors, our
results suggest that Ang II acts as a competence-type
growth factor for mesangial cells.

Thus, Ang II not only regulates the glomerular
ultrafiltration process by contracting mesangial
cells,*® but also may be involved in the pathogenesis
and progression of glomerular diseases by stimulat-
ing mesangial cell growth.

THE PI PATHWAY AS A SIGNALING MECHA-
NISM OF ANGIOTESIN II

We previously reported that Ang II stimulates the PI
pathway both in cultured rat mesangial cells’® and in
isolated rat glomeruli.®® Firstly, when the mesangial
cells prelabeled with 3*H-arachidonic acid were
stimulated by Ang II, PIP, labeling rapidly decreased
while DG labeling increased. These changes occurred
within 30 sec. The increase in DG was dose-dependent
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Fig. 3. Cell cycle and growth factors (47). G,; quiescence, G,; before DNA synthesis, S; DNA synthesis, G,;

after DNA synthesis, M cell division.
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within the range of 10 nM to 1 M of Ang II. Further-
more, the 100,000 x g supernate of the cells contained
Ca®*-activated, phospholipid-dependent protein
kinase (PKC). Therefore, the Ang Il-induced increase
in DG may activate PKC, leading to the regulation of
various mesangial cell functions.

Next, to study the effect of Ang II on the metabo-
lism of inositol phosphates, we developed a new
method for analyzing individual inositol phosphates
using an isocratic system of high-performance liquid
chromatography (HPLC) equipped with a refractive
index monitor.®*® This system enabled us to sepa-
rate IP;, its isomer inositol 1,3,4-trisphosphate (1,3,
4-IP;) (which is a dephosphorylated product of IP,),
and more polar inositol phosphates including IP,
from each other. This was achieved within 20 min
with high resolution. When cultured rat mesangial
cells prelabeled with *H-inositol were stimulated by
Ang II, IP, sharply increased to reach a peak at 10
sec, and rather rapidly returned to around the control
level. IP, also showed a rapid increase during the first
10 sec, though the subsequent decrease was more
gradual than that of IP;. By contrast, 1,3,4-1P;
continued to increase gradually, and showed an up-
ward trend even at 60 sec. The increase in IP, at 10
sec was dose-dependent within the range of 10 nM to
1 uM of Ang Il

All of the above mentioned results indicate that
Ang II provokes PIP, hydrolysis by PIC, yielding DG
and IP, in cultured rat mesangial cells. The generat-
ed IP; is further phosphorylated to IP,, which is then
dephosphorylated to 1,3,4-IP3. The activation of PKC
by DG and the increase in [Ca®*]i by IP; and possibly
by IP, play an important role in the regulation of
mesangial cell functions by Ang II. The functional
role of IP, in mesangial cells has not yet been estab-
lished. Ang II induces the initial peak of [Ca?*]i
probably via IP;, followed by the sustained increase
which is dependent on extracellular Ca.?**® If IP,
stimulates Ca?* influx through the plasma membrane
in mesangial cells as reported in sea urchin eggs,*® it
might be involved in the sustained increase of [Ca®*]
i. Consistent with this idea, the increase in IP, by Ang
II was more persistently sustained than that of IP,.5?

The response of cultured mesangial cells to exter-
nal stimuli might be altered by the culture procedure
itself. To overcome this issue, we studied the effect of
Ang II on the PI pathway using isolated glomeruli
where the only known responding cell type to Ang II
was mesangial cells.®® When glomeruli isolated from
Sprague-Dawley rat kidney were prelabeled with
*H-glycerol and stimulated by Ang II, a decrease in
PIP, labeling with an increase in DG labeling was

observed. These changes occurred within 15 sec. Both
the decrease in PIP, and the increase in DG induced
by Ang II at 15 sec were dose-dependent. These
results suggest that Ang II provokes PIP, hydrolysis
by PIC in isolated glomeruli, a preparation more
similar to in situ conditions than cultured glomerular
cells. The stimulation of the PI pathway by Ang Il in
mesangial cells seems to play a pivotal role in their
contractile response. We demonstrated that the ini-
tial phase of Ang II-induced mesangial cell contrac-
tion was dependent on intracellular Ca** release by
IP;, wihile the sustained phase on both extracellular
Ca?" influx possibly by IP, and PKC activation by
DG

THE PI PATHWAY AND MESANGIAL CELL
GROWTH

In addition to the pivotal role of the PI pathway in
rapid responses such as the contraction of mesangial
cells, the pathway seems to participate in Ang II-
mediated regulation of intracellular events involved
in mesangial cell growth.? When cultured rat mesan-
gial cells were pretreated with pertussis toxin, an
inhibitor of Gi,*® Ang Il-induced generation of IP;
was completely inhibited. This indicates that mesan-
gial Ang Il receptors are coupled to PIC via pertussis
toxin-sensitive G protein. The pretreatment with
pertussis toxin also eliminated Ang Il-induced
increase in *H-thymidine incorporation into the cells.
‘This suggests that the stimulation of the PI pathway
is an essential prerequisite for Ang II by which it can
exert its growth-promoting action on the cells.

A close relationship between the PI pathway and
cell growth is generally suggested for the following
reasons: 1) PKC, which is activated by DG, one of the
messenger products of the PI pathway, is a target for
tumor-promoting phorbol esters,®® 2) the PI pathway
is stimulated in cells transformed by tumor viruses
and chemical carcinogens,®*® 3) several growth fac-
tors, including platelet-derived growth factor (PDGF)
and epidermal growth factor (EGF), stimulate the PI
pathway,**~*® and finally and most importantly, 4)
antibody to PIP, abolishes cell growth induced by
some types of growth factors.®®

Contradicting these lines of evidence is a very
recent report which revealed that overexpression of
PIC in NIH 3T3 cells with the resultant enhancement
of PIP, hydrolysis does not influence PDGF-induced
DNA synthesis.’® This finding suggests that PDGF-
induced DNA synthesis uses biochemical pathways
independent on the PI pathway, although the possibil-
ity cannot be excluded that a certain amount of PIP,
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hydrolysis is essential for the PDGF effect.

Of particular importance is the finding that, at least
in mesangial cells, a considerable number of growth-
stimulating factors thus far reported (Table 1)
enhance the PI pathway (see Ref. #61, for review).
These factors include Ang I1,**7%® arginine vasopres-
sin, bradykinin, endothelin,®® leukotriene D,,'®
PDGF, prostaglandin (PG) F,a, serotonin and
thrombin.?” In addition, EGF stimulates the PI path-
way in some cell types other than mesangial cells.?%°"
Insulin® and interleukin 159 cause the accumulation
of DG via mechanisms other than PIP, hydrolysis.
The accumulated DG leads to activation of PKC.
Furthermore, we have recently found that interleukin
6 (IL-6), a newly discovered potent growth factor for
mesangial cells,'® stimulates the PI pathway in the
cells: Human recombinant IL-6 caused a dose-
dependent increase in IP; within 10 sec with a resul-
tant increase in [Ca**]i (unpublished data).

Given these lines of evidence, it can be concluded
that the PI pathway is an important signal transduc-
tion mechanism of growth-stimulating factors for
mesangial cells.

CROSSTALK AMONG INTRACELLULAR
SIGNALING PATHWAYS

In contrast to the close relationship between the PI
pathway and growth stimulation, other agents inhibit
mesangial cell growth. These agents include cyclic
AMP pathway stimulators PGI, and PGE,,'™ and
cyclic GMP pathway stimulators atrial natriuretic
peptide?>?¥ and nitric oxide.?® As mentioned, sub-
stances such as Ang II, arginine vasopressin and
endothelin stimulate the PI pathway and DNA syn-
thesis in mesangial cells. They also enhance PGE,
production in the cells (see Ref. #61, for review).
Therefore, the PI and cyclic AMP pathways should
constitute a negative feedback network by which
mesangial cell growth is regulated.

Many potent growth factors, including EGF, IGF-1
and PDGF, mediate growth-stimulating actions by
binding to and activating cell surface receptors which
have intrinsic protein tyrosine kinase activity (see
Refs #65-67, for review). Receptor protein tyrosine
kinases catalyze the phosphorylation of exogenous
substrates as well as tyrosine residues within their
own polypeptide chains. The tyrosine phosphorylated
proteins may play a crucial role in transmitting the
signal of growth factors into the cell nucleus. Also, in
cultured rat mesangial cells we have found that
PDGF induces tyrosine phosphorylation of several
proteins including a 180 kDa protein.®® The molecu-

lar weight of this protein was consistent with the
reported value for PDGF receptor protein.®® When
tyrosine phosphatase was inhibited by vanadate™
during the activation of the cells with PDGF, several
additional proteins were phosphorylated including a
145 kDa protein. The molecular weight of this protein
was similar to PIC which catalyzes PIP,
hydrolysis.”™ Thus, the PI pathway and protein
tyrosine phosphorylation may constitute a cross-
talking network in the growth-regulating action of
PDGF: tyrosine phosphorylation of the PDGF rece-
ptor by PDGF causes tyrosine phosphorylation of
PIC which leads to stimulation of the PI pathway.

Data accumulated thus far on growth-control fac-
tors for mesangial cells may lead to the conclusion
that inhibition of the PI pathway and protein tyrosine
phosphorylation, and stimulation of the cyclic AMP
and cyclic GMP pathways are useful in preventing
mesangial cell proliferation.

NEW ROLE OF THE PI PATHWAY IN THE
REGULATION OF MESANGIAL CELL GROWTH

As described above, the PI pathway is an important
primary signal which stimulates mesangial cell
growth. Our recent findings provide a new distinct
role for the pathway in the regulation of meangial
cell growth.

Several growth factors for mesangial cells such as
PDGEF,"» IL-6'"" and endothelin (our unpublished
observation) are synthesized in and released from
mesangial cells themselves. In other words, they act
as autocrine growth factors. However, the regulatory
mechanisms for their synthesis and release in the
cells are largely unknown. We recently obtained two
interesting results (unpublished data). One is that Ang
II, which stimulates the PI pathway,* *? enhanced
the release of IL-6 from cultured mouse mesangial
cells. The other is that thrombin, which also stimu-
lates the PI pathway,?® enhanced the release of en-
dothelin from cultured rat mesangial cells. Since both
IL-6 and endothelin are growth factors for mesangial
cells,>®® these findings suggest that the PI pathway
plays a secondary signaling role in the regulation of
mesangial cell growth through releasing autocrine
growth factors. However, the involvement of these
autocrine growth factors in the growth-stimulating
actions of Ang II and thrombin should be further
elucidated.
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CONCLUSION

The PI pathway in mesangial cells, consisting of the
IP;/IP,/Ca*" limb and the DG/PKC limb, is an impor-
tant signaling mechanism by which external stimuli
can induce responses. These include the rapid
response of contraction as well as the long-term
response of cell growth. The pathway is involved in
the regulation of mesangial cell growth in two ways:
One is as a primary signal for external growth fac-
tors to mediate their growth-stimulating actions, and
the other is as a secondary signal by which the
release of autocrine growth factors is regulated.

The inhibition of the PI pathway, thus, may pro-
vide a promising therapeutic approach for the control
of mesangial cell proliferation, one of the causes of
the progression of glomerular diseases.
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