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Abstract

To determine how angiotensin Il inhibits the Na* pump (Na*, K *—ATPase) in rat zona glomerulosa, we selectively blocked signaling
proteins that could be activated by the angiotensin AT, receptor and known to affect Na™ pump activity. Inhibitors of protein kinase C
[calphostin C (1 wM); staurosporine (1 M)], phospholipase A, [arachidonyl triflouromethyl ketone (25 M); quinacrine (75 wM)],
diacylgycerol lipase [RHC-80267 (5 wM)], and tyrosine phosphorylation [tyrphostin 47 (100 wM)] had no effect on angiotensin Il
inhibition of the Na* pump. On the other hand, inhibitors of tyrosine phosphatases [phenylarsine oxide (5 uw.M) and 4-bromotetramisole
oxalate (100 wM)] blocked angiotensin |1 inhibition, where as inhibitors of serine/threonine phosphatases [okadaic acid (1 wM) and
microcystin (1.5 wM)] did not. Thus, angiotensin Il inhibition of the Na™ pump may in part be mediated by a tyrosine phosphatase.
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1. Introduction

Stimulation of the angiotensin AT, receptor by an-
giotensin Il inhibits the Na™ pump (Na*, K*—ATPase) in
rat zona glomerulosa by an unknown mechanism that
requires the presence of extracellular Ca?* (Hajnoczky et
al., 1992). The goa of this study is to begin the identifica-
tion of signaling proteins that mediate inhibition in order
to understand how angiotensin Il regulates the Na* pump
and to evaluate how changes in Na* pump activity alter
the secretion of aldosterone (Hajnoczky et d., 1992; Yingst
et al., 1999). Such studies will contribute to our under-
standing of how angiotensin Il regulates Na* transport,
which is relevant to the use of angiotensin-converting-en-
zyme inhibitors and angiotensin |l receptor antagonists to
treat hypertension and congestive heart failure (Burnier
and Brunner, 2000). Our approach was to test the possible
involvement of known regulators of the Na*™ pump that are
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activated by the angiotensin AT, receptor in adrenal
glomerulosa cells or by the subsequent increase in intra-
cellular Ca?*. The classes of proteins studied include
protein kinase C (Efendiev et al., 1999; Tian et al., 1998),
those that could generate arachidonic acid (Bharatula et al.,
1998), and tyrosine kinases and phosphatases (Bodart et
al., 1995; Kapas €t a., 1995; Feraille et al., 1999).

2. Materials and methods

Okadaic acid and quinacrine were purchased from Sigma
(St. Louis, MO). Phenylarsine oxide, 4-bromotetarmisole
oxaate, and staurosporine were bought from Fluka
(Milwaukee, WI). Tyrphostin 47, arachidonyl tri-
flouromethyl ketone (AACOCF;), and RHC-80267 were
acquired from Biomol Research Laboratories (Plymouth
Meeting, PA). Microcystin, calphostin C, phorbol-12-myri-
state-13-acetate, and monensin were procured from Cal-
biochem (San Diego, CA). PD 098059 was a gift from
Parke-Davis (Ann Arbor, MI). ®Rb was ordered from
NEN Research Products (Boston, MA). Losartan was a gift
from Merck (Rahway, NJ).
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A stock solution of 500 M monensin was prepared in
0.5% dimethyl sufoxide (DMSO) at 37°C. Calphostin C,
staurosporine, quinacrine, microcystin, tyrphostin 47, 4-
bromotetramisole oxalate, and phenylarsine oxide were
dissolved in DMSO such that the final DMSO concentra-
tions in the assay ranged from 0.04% to 0.2%. AACOCF;
and okadaic acid were prepared in absolute ethanol, result-
ing in ethanol concentration in the assay of 0.1%. All
drugs were added to the assay 15-30 min before the
addition of *Rb.

2.1. Adrenal cell preparation

Adrenal capsules, containing the zona glomerulosa, were
obtained from female Sprague—Dawley rats weighing
200-224 g. Glomerulosa cells were collagenase dispersed
as previously described (Craven et al., 1988) in medium
199 (Gibco, Grand Island, NY) containing modified Earle’s
salts (130 mM NaCl, 40 mM KCI, 1.8 mM CaCl,, 0.8
mM MgCl,), 10 mM HEPES, Na salt, 0.2% bovine serum
albumin, and no bicarbonate at pH 7.4. Following disper-
sion the cells were incubated for 2 h to alow for recovery
and continuously gassed with 100% O,.

2.2. Na* pump activity

The activity of the Na® pump was measured as
ouabain-sensitive *Rb uptake over a period of linear
uptake as previously described (Hajnoczky et al., 1992).
Quadruplicate samples were run in the presence and ab-
sence of 1 mM ouabain. Experiments were performed in a
total volume of 150 .l with 100,000 cells and from 1 to 3
nCi of ®Rb in a 96 well plate (Millipore, Cat. N.
MADPNG6550) maintained at 37°C on top of heated sand.
Ouabain or buffer was added to all cells at time zero.
Monensin at a final concentration of 10 wM was added at
20 min. Angiotensin |l was added at a final concentration
of 100 nM at 25 min. The flux was begun by adding ®Rb
at 30 min and ended at 35 min by rapid filtration of the
cells onto membranes using a Millipore Multiscreen Assay
System followed by six washes (~ 300 .l /wash) with ice
cold medium 199. The membranes (containing the washed
cells) were punched out and placed in 0.5 ml of 1%
sodium dodecy! sulfate (SDS) to which scintillation fluid
was added. The filter blank in this assay was < 0.015% of
the total counts.

2.3. Satistics

Each data point is the mean and S.E. of quadruplicate
samples of an individual experiment. Each experiment is
representative of at least three similar experiments. The
data were analyzed by a one-way anaysis of variance.
Groups were compared using a Bonferroni multiple com-
parisons test. Values of P < 0.05 were considered statisti-
caly significant.

3. Results

In the studies presented here, Na® pump activity
was maximally inhibited using 100 nM angiotensin Il
(Hajnoczky et a., 1992). The inhibitory effect of an-
giotensin Il was completely reversed by 10 wM losartan
(data not shown), confirming that inhibition was mediated
by angiotensin AT, receptor (Hajnoczky et al., 1992).

3.1. Protein kinase C

High concentrations of calphostin C and staurosporine,
which should inhibit al known isoforms of protein kinase
C (Mizuno et a., 1995), had no effect on angiotensin |1
inhibition of Na*™ pump activity (Table 1A and B). Like-
wise, acute treatment with 0.1-1.0 wM phorbol-12-myri-
state-13-acetate did not affect Na™ pump activity (data not
shown). Thus, these data do not support the concept that
angiotensin 11 inhibits the Na* pump through activation of
protein kinase C.

3.2. Phospholipase A, and arachidonic acid

Neither AACOCF,, a potent inhibitor (K; <5x 107°
mol fraction) of the 85 kDa cytoplasmic phospholipase A,
(Street et a., 1993), nor quinacrine (mepacrine), a non-
specific inhibitor of Ca?*-dependent phospholipase A,
activity (Hofmann et al., 1982), blocked the inhibitory
effect of angiotensin Il (Table 1C and D). However,
arachidonic acid can also be produced by diacylglycerol
lipase acting on diacylglycerol produced by the activation
of phospholipase C by angiotensin I1. We, therefore, tested
the effects of RHC-80267 (5 wM), which inhibits diacyl-

Table 1

The effect of angiotensin Il on sodium pump activity in the presence and
absence of inhibitors of protein kinases, protein phosphatases, and phos-
pholipase A ,

Control +Angiotensin 112 Inhibitor
A 45004212  1431+97 -

3872+75 2036+ 263 + Calphostin (1 uM)
B 4343+215 1945+120 -

4465+ 414 2350+ 36 + Staurosporine (1 M)
C  4554+136  2411+135 -

4672+ 177 2084+ 112 +AACOCF; (25 pM)
D  5940+155  3355+79 -

4686+192 1994+ 161 + Quinacrine (75 wM)
E 67144372  2391+206 -

6557+361  2442+275 + Okadaic acid (1 M)
F 5548 + 235 1691+ 57 —

4854 + 277 2514+ 112 + Microcystin (1.5 w.M)

The values shown are the mean and SE. of ouabain-sensitive ®*Rb
uptake (cpm).
# < 0.05 relative to corresponding controls.
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glyceral lipase with an IC., of 5 uM (Moriyama et al.,
1999). However, RHC-80267 had no effect (data not
shown). Thus, our data do not suggest that arachidonic
acid produced by diacylglycerol or phospholipase A, me-
diates angiotensin 11 inhibition of the Na* pump.
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Fig. 1. Effect of angiotensin Il on sodium pump activity in the presence
and absence of: (A) tyrphostin 47 [100 wM]; (B) 4-bromotetramisole
oxaate [100 wM]; and (C) phenylarsine oxide (5 wM). “P <0.05
relative to corresponding control.

3.3. Tyrosine phosphorylation

Angiotensin |l inhibition was effectively blocked by
both 4-bromotetramisole oxalate and phenylarsine oxide
(Fig. 1B and C) which inhibit tyrosine phosphatases
(Kovach et al., 1992; Scher et al., 1998; Liao et al., 1991).
Tyrphostin 47, which inhibits tyrosine kinase activity (Gazit
et a., 1989), did not block or reduce angiotensin Il inhibi-
tion of the Na™ pump, athough it did tend to reduce the
basal flux in the absence of the hormone (Fig. 1A). This
reduction was statistically significant in one out of three
experiments performed (data not shown). In contrast, nei-
ther okadaic acid nor microcystin, which inhibit many
serine/threonine phosphatases (Bialojan and Takai, 1988;
MacKintosh et al., 1990), altered inhibition of the Na*
pump by angiotensin Il (Table 1E and F). Thus, these data
suggest that tyrosine phosphorylation plays a role in medi-
ating inhibition of the Na* pump by angiotensin I1.

4. Discussion

These studies are the first to implicate tyrosine phos-
phorylation in the mechanism by which angiotensin Il
inhibits the Na® pump in any cell. Specifically, they
suggest that angiotensin |1 could inhibit the Na*™ pump by
activating a tyrosine phosphatase. Our inhibitor studies do
not implicate either protein kinase C or the production of
arachidonic acid in the mechanism of Na* pump inhibi-
tion, although both are stimulated by the angiotensin AT,
receptor in the zona glomerulosa and are known to regu-
late the Na™ pump in other cells.

A role for tyrosine phosphorylation in the mechanism
by which hormones regulate Na* pump activity is a novel
concept suggested by the recent observation that insulin
both stimulates Na* pump activity and increases the phos-
phorylation of Tyr'® inthe o subunit of the Na* pump in
the proximal tubule (Feraille et a., 1999). There have been
no studies to determine if angiotensin Il increases the
phosphorylation of the Na* pump in the zona glomeru-
losa. Thus, the target of phosphorylation could either be
the Na™ pump itself, a protein that interacts with the Na*
pump, or part of the signaliing pathway that alters Na*
pump activity.

In addition to inhibiting tyrosine phosphatase activity,
both phenylarsine oxide and 4-bromotetramisol e have other
effects, as do all other tyrosine phosphatase inhibitors,
including orthovanadate (Morioka et a., 1998). For in-
stance, 4-bromotetramisole inhibits alkaline phosphatase
activity and phenylarsine oxide inhibits receptor internal-
ization (Hunyady et al., 1991). What they have in common
is their ability to inhibit tyrosine phosphatase activity, an
observation that strengthens our conclusion.

In summary, these studies are the first to suggest that
changes in tyrosine phosphorylation could be part of the
mechanism by which angiotensin Il inhibits the Na* pump
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in the zona glomerulosa. As such, they will be useful in
guiding future work. Direct biochemical conformation of
the role of tyrosine phosphorylation and identification of
the proposed phosphatase and its protein target will require
additional research.
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