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edical University of Łódź, Dr. Sterling Str. 3, 91-425 Łódź, Poland
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shown to bind to AT1 receptors (5), which are coupled to
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Angiotensin II (AngII) is known to act in the
nterior pituitary through phosphatidiloinositol
reakdown, increasing the level of inositol-1,4,5-
risphosphate (IP3) and diacyloglycerol (DAG), a po-
ential activator of protein kinase C (PKC). We ex-
mined the effect of estradiol and progesterone
reatment in vivo on IP3 levels and activity of PKC
nder the influence of AngII. Three groups of intact

emale rats received in vivo injections of 17-b-
stradiol, progesterone, and oil (control) for five
ays, and then the in vitro effect of AngII was exam-

ned using homogenate of the anterior pituitary.
ngII increased either the IP3 concentration or the
ynapsin I phosphorylation catalyzed by PKC. Estra-
iol enhanced the basal (without AngII) IP3 level
nd PKC activity induced by AngII. Progesterone
id not change the basal and AngII-induced IP3 con-
entrations. On the other hand, it decreased the
asal PKC activity and blocked the effect of AngII.
ur data suggest that ovarian steroids can modulate

he effect of AngII on the anterior pituitary
land. © 2000 Academic Press

Key Words: angiotensin II; inositol 1,4,5-trisphos-
hate; pituitary; estradiol; progesterone.

Angiotensin II (AngII), an octapeptide of the renin–
ngiotensin family, is mostly involved in regulating the
uid balance and the arterial pressure, but can also
ediate release of anterior pituitary hormones such as

rolactin, luteinizing hormone, and adrenocortico-
ropic hormone (1). It is likely that the effects of AngII
n the pituitary gland could be modulated by sex ste-
oids. Angiotensin II release from the brain (2) and the
umber of AngII receptors in the anterior pituitary (3)
hange during the estrus cycle. Estrogens can also
odulate AngII action in the pituitary in ovariecto-
ized rats (4). In the anterior pituitary AngII has been
7

he activation of a phosphoinositide-specific phospho-
ipase C (4). The activation of phospholipase C hydro-
yzes membrane phosphoinositides into inositol phos-
hates (among others, inositol-1,4,5-trisphosphate,
P3) and sn-1,2-diacyloglycerol (DAG) (6). The release
f IP3 mobilizes calcium from intracellular stores, and
ncreases on DAG, in concert with cellular calcium,
ctivates protein kinase C (PKC) (7). The calcium ions
nd protein kinase C have a major role in signal trans-
uction, processes of cell proliferation and hormone
elease also in the anterior pituitary (8). The purpose of
his study was to investigate changes in angiotensin II
ction after the treatment with two ovarian steroids,
7-b-estradiol and progesterone, in vivo. We have eval-
ated the effects of both steroids on inositol-1,4,5-
risphosphate concentration and protein kinase C ac-
ivity in the anterior pituitary. Synapsin I, the
hosphoprotein, evoked the neurotransmitter release
nd found to be a good brain substrate for various
rotein kinases, including PKC (9).

ATERIALS AND METHODS

Randomly chosen cycling female, Wistar rats weighing 180–220 g
ere used. The rats had been kept in light- and temperature-

ontrolled rooms with tap water and food available ad lib. The rats
ad been divided into three groups. The first group had been injected

ntraperitoneally with estradiol benzoate (15 mg/g of body weight)
or 5 days and the second one with progesterone, at the same dose
nd for the same time. The third control group was injected with
imilar volume of oil. After the decapitation, the pituitary gland was
ollected, the posterior lobe was removed, and the anterior lobe was
eighed and homogenized at 0–4°C in medium containing aprotin-

ne as protease inhibitor. Protein content in the samples was esti-
ated according to the method of Ohnishi and Barr (10), with bovine

erum albumin as a standard. The dose-dependent effects of Ang II
ere investigated in vitro after 15 min incubation with peptide

oncentration from 10211 to 1025 M. The time-dependent effects were
tudied using incubation times of 3, 5, 15, and 30 min, with 1027 M
f angiotensin II. The homogenates incubated without angiotensin II
erved as control. The IP3 concentration was measured by using
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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ssay kits, obtained from Amersham International plc according to
he procedure provided by producer. The standard phosphorylation
ssay medium contained 50 mM Tris–HCl, pH 7.4, 10 mM MgCl2, 1
M DTT, 0.1 mM EGTA, 1 mM CaCl2 1 mM PMA and 1 mM vanadyl

ulfate as phosphatase inhibitor. Medium also contained 1 mM phor-
ol 12-myristate 13-acetate (PMA) which is a specific activator of the
rotein kinase C. The reaction was started by adding [g32P]ATP to
he reaction mixture, in the presence of endogenous synapsin I in
he homogenate as a substrate. After incubation for 2 min at
7°C the reaction was stopped by the addition of dissociation buffer
ontaining 50 mM Tris–HCl, pH 6.8, 20% (v/v) glycerol, 0.1%
-mercaptoethanol, 6% SDS and 0.002% bromophenol blue and heat-

ng at 100°C for 2 min. The solubilized proteins were resolved on 10%
DA–polyacrylamide gel as described by Laemmli (11). Simulta-
eously, the pattern proteins with molecular weights of 24–100 kDa
ere separated. After electrophoresis, the gels were silver stained

12) and dried. The radioactivity of the band was detected by auto-
adiography. Protein phosphorylation was quantified from densito-
etric scans of autoradiograms by measuring peak areas and com-

aring to the control values. Synapsin I was identified by limited
roteolysis (proteases from Staphylococcus aureus V8) (13), and us-
ng monoclonal antibody (Calbiochem). The data were calculated as

ean values 6 SD (P , 0.01). The comparison between means was
erformed using ANOVA followed by Neuman–Keul’s test and re-
ression and correlation coefficient analysis. The experiment was
epeated in triplicate with similar results.

ESULTS

Both of examined steroids caused different effects
ven on basal, (i.e., nonstimulated by angiotensin),
oncentration of IP3. In the homogenates of anterior
ituitary estradiol caused the increase of basal IP3

ontent (Fig. 1), whereas progesterone did not alter the

FIG. 1. The changes in IP3 concentration in anterior pituitary
ncubation with various doses of angiotensin II. White bars, rats
ross-hatched bars, rats treated with progesterone. The asterisk me
ngiotensin) P , 0.01.
8

asal IP3 level. After adding the AngII to the homoge-
ates of rats not treated with any steroid, we have
bserved a significant increase of IP3 in comparison to
he control (Fig. 1), also after using doses as low as
0211 M. The maximum stimulation occurred at 1029 M
f AngII (P , 0.01). Angiotensin II added to the ho-
ogenates of estradiol-treated rats caused much

reater elevation of IP3 level, statistically significant
ompared to the rats injected with oil. However, when
e use the tissue from progesterone-treated rats.
ngII elevated the levels of IP3 in the same degree as

n olive oil-treated rats. The increase of IP3 concentra-
ion was relatively short, maximum 20 min, either in
stradiol-treated animals or in animals injected with
il (data not shown). The protein kinase C-induced
hosphorylation of synapsin I is dependent on various
teroids (see Fig. 2). Angiotensin and estradiol alone
ncrease the PKC activity; nevertheless, the stimula-
ion caused by estradiol was greater. AngII and estra-
iol together raise the PKC-stimulated phosphoryla-
ion to a greater degree than when used alone.
rogesterone alone decreased PKC activity and re-
uced the effect of AngII.

ISCUSSION

Previous studies concerning the influence of ovarian
teroids on angiotensin II action have been suggested
hat endogenous estrogen in vivo reduced the number

rats previously treated with 17-b-estradiol and progesterone after
viously treated with oil; dotted bars, rats treated with estradiol;
the statistical significance compared to the control values (without
of
pre
ans
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f AngII receptors in anterior pituitary, especially in
roestrus, when endogenous estrogen levels are high
14). The administration of exogenous estrogens to
variectomized or to intact rats also caused decrease
umber of AngII receptors (15, 16). It was also shown
hat in ovariectomized rats treated with estrogen the
ngiotensin II-induced level of IP3 was lower than that
n animals treated with vehicle (4). However, in our
arlier study performed on male rats, estradiol benzo-
te was found to enhance the AngII-induced rise of IP3

evel in the anterior pituitary (17). We have also shown
hat estradiol, but not progesterone, enhanced these
ffects. The results of the present experiment corrobo-
ate with our earlier finding. Our study demonstrates
hat angiotensin II increases the IP3 concentration and
rotein kinase C activity in the anterior pituitary
land. Although the homogenate used in our study
ontained the mixed population of the pituitary cells, it
eems that the observed changes concern the lac-
otrophs which are known to be the main target of
ngiotensin II. It was shown that the estrogen treat-
ent did not decrease the AngII-induced prolactin re-

ease (14), and even increased the PRL synthesis in
pite of reduced number of AT1 receptors (15, 18). The
esults above indicate that receptor down-regulation
id not change the target cells responsiveness (14);
hey also corroborate with our results. Although pro-
esterone did not influence the basal and AngII-
nduced IP3 levels, we have found that this hormone
ecreased the basal PKC activity. It also blocked the
ngiotensin-induced activation of PKC. This novel

FIG. 2. The effects of angiotensin II alone and with steroids on
egard to group received neither steroids nor AngII. The results are ex
he statistical significance compared to the control values (without a
9

nding indicates that progesterone may antagonize, at
east in part, the action of AngII within the anterior
ituitary. This assumption corroborates with the re-
ent findings of Kalenga et al. (19) that progesterone
own-regulates the AT1 receptors in human placenta
nd of Johren et al. (20) who found the decrease in the
umber of AT1B receptors in the anterior pituitary of
stradiol-primed ovariectomized rats treated with pro-
esterone. The mechanism by which the ovarian ste-
oids modulate the IP3 generation or PKC activity re-
ains unclear. They may involve the genomic actions,

ut there is also a possibility of direct action on cell
embranes. Estradiol and progesterone were shown to

ct in the brain as neuroactive steroids; their mem-
rane receptors were found in the brain (21). Both
teroids can bind to GABAA and NMDA receptors (pro-
esterone also to a1adrenergic receptors (22)) and thus
ould change the neurotransmitter release (23). Bres-
ion et al. suggest that there is evidence for an estra-
iol binding to the pituitary cells membrane (24), and
lso we could not exclude the direct involvement of
stradiol but not progesterone in membrane phospho-
ipids breakdown and thus also regulation of protein
inase C activity. Angiotensin II has been shown to
ctivate the membrane-bound protein kinase C activ-
ty in smooth muscle (25), intestinal epithelium (26),
nd adrenal cortex (27) but to date not in the anterior
ituitary. The phospholipid-dependent protein kinase
is assumed to have a major role in signal transduc-

ion and probably in cell proliferation. Estrogens can
nduce pituitary prolactin cell hyperplasia and induce

osphorylation of synapsin I catalyzed by PKC. Control values with
essed as a percentage of control activity 5 100%. The asterisk means
iotensin) P , 0.01.
ph
pr
ng
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ossibility that AngII is involved in this process (29–
1). The increase in secretion of normal lactotrophs is
ssociated with high levels of PKC activity, and estro-
ens have also been found to increase PKC activity in
ormal and hyperplastic pituitaries (32, 33). Moreover,
strogens can mediate, similar to AngII, the LH release
hrough facilitated responses to GnRH and GnRH se-
retion, probably via PKC (34). On the other hand, the
ole of progesterone in modulating the hypothalamus–
ituitary axis is not yet clear. In the brain, progester-
ne caused the attenuation of phosphoinositol hydro-
ysis, via a-adrenergic stimulation, but this effect
ccurred only in the presence of estrogens (22).
In conclusion, we suggest that ovarian steroids mod-

late angiotensin II action in the pituitary. Estradiol
nhances the effect of AngII on phosphatidylinositol
ydrolysis and protein kinase C activity and, in this
ay, can modulate cell proliferation and hormone se-

retion. Progesterone, in turn, may alternate the effect
f AngII on PKC activity.
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7. Lachowicz, A., Rȩbas, E., Ochȩdalski, T., and Pawlikowski, M.

(1995) Biol. Signals 4, 206–211.
8. Steele, M. K. (1992) Trends Endocrinol. Metabol. 318, 295–301.
9. Kalenga, M. K., De Gasparo, M., Thomas, K., and De Hertog, R.

(1996) J. Clin. Endocrinol. Metab. 81, 998–1002.
0. Johren, O., San Vitto, G. L., Egidy, G., and Saavedra, J. M.

(1997) J. Neurosci. 17, 8283–8292.
1. Jung-Testas, I., and Baulieu, E. E. (1998) J. Steroid Biochem.

Mol. Biol. 65, 243–257.
2. Karkanias, G. B., Petitti, N., and Etgen, A. M. (1995) Endocri-

nology 136, 1993–1999.
3. Orichnik, M., and McEwen, B. S. (1993) Neurotransmission 1,

1–6.
4. Bression, P., Michard, M., Le Dafniet, M., Pagesy, P., and Peil-

lon, F. (1986) Endocrinology 119, 1048–1051.
5. Dixon, B. S., Sharma, R. V., Dickerson, T., and Fortune, J. (1994)

Am. J. Physiol. 266, C1406–1420.
6. Smith, R. D., Corps, A. N., Hadfield, K. M., Vaughan, T. J., and

Brown, K. D. (1994) Biochem. J. 15, 302, 791–800.
7. Kapas, S., Purbrick, A., and Hinson, J. P. (1995) Biochem. J.

15;305, 433–438.
8. Lloyd, R. V. (1983) Am. J. Pathol. 113, 198–206.
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