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Abstract
Aldosterone, possibly locally generated, has been suggested to have a role in potentiating angiotensin II
(AII)-stimulated hypertrophy of cultured vascular smooth
muscle cells. To examine the possibility that aldosterone
may mediate the proliferative actions of AII, rat aortic
smooth muscle cells (RASMCs) in culture were treated
with AII in the presence and absence of the specific AII
type 1 receptor (AT1) antagonist, losartan, and aldosterone
was assayed in culture medium extracts by radioimmunoassay. AII significantly enhanced aldosterone
formation (at 10 8 M: 123·814·85 vs control 71·28
8·71 fmol/105 cells, P<0·05; at 10 7 M: 172·3833·44,
P<0·05), but not in the presence of losartan (at 10 8 M:
53·7118·73, P>0·05; at 10 7 M: 89·6825·05,
P>0·05). In other studies, the reverse transcriptase-

polymerase chain reaction, performed on RNA extracted
from RASMCs using aldosterone synthase (CYP11B2)
specific primers, gave a single band of about 268 bp,
consistent with that expected for the enzyme. Finally,
using [3H]methylthymidine uptake as an index of cellular
proliferation, tritium incorporation was increased in the
AII-treated group at concentrations greater than 1010 M.
The aldosterone antagonist, spironolactone (10 5 M),
inhibited the incorporation of [3H]thymidine into
RASMCs stimulated by AII.
These results suggest that locally generated aldosterone
may mediate the eﬀects of AII, acting via the AT1
receptor, in stimulating RASMC proliferation.

Introduction

also in endothelial and smooth muscle cells isolated from
human pulmonary artery (Hatekeyama et al. 1994, 1996,
Takeda et al. 1995, 1996). Hatakeyama et al. (1994) also
showed that externally added aldosterone potentiates AIIinduced hypertrophy of cultured human vascular smooth
muscle cells, suggesting a physiological role for the steroid.
The present study was designed to determine if AIIstimulated vascular smooth muscle cell proliferation may
be regulated via local aldosterone production.

Aldosterone is crucial for fluid, electrolyte, and blood
pressure homeostasis in vertebrates (Gomez-Sanchez et al.
1997). In mammals, it is synthesized in the zona glomerulosa of the adrenal cortex, and its target organs are known
to include epithelia involved in the vectorial transfer of
sodium, vascular smooth muscle cells, and specific areas of
the brain (Gomez-Sanchez 1991). Angiotensin II (AII) is
an important regulator of adrenal mineralocorticoid biosynthesis and secretion (Shibata et al. 1991, Clyne et al.
1996), and it maintains both the structure of the glomerulosa, and the secretion of aldosterone (Aguilera & Catt
1983, Natarajan et al. 1992, McEwan et al. 1996). It also
increases the levels of aldosterone synthase in glomerulosa
cells, thus replicating the actions of a low sodium diet
(Aguilera et al. 1980, Ogishima et al. 1992, Rubattu et al.
1994).
As well as this classical steroid biosynthetic pathway in
the adrenal, extra-adrenal sites of steroid hormone production have been identified, for example in brain and blood
vessels (Casey & MacDonald 1982, Mellon & Deschepper
1993, Hatakeyama et al. 1994, Takeda et al. 1996).
Aldosterone synthase and 11-hydroxylase gene expression have been demonstrated in rat mesenteric artery, and
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Materials and Methods
Preparation of rat aortic smooth muscle cells (RASMCs)
RASMCs were isolated from rat thoracic and abdominal
arteries by the media explant method, and were cultured
over several passages according to the method of Ross
(1971) with minor modifications. Cells were incubated
with RPMI-1640 culture medium (Sigma, Poole, Dorset,
UK) containing 100 units/ml penicillin (Gibco, Paisley,
Strathclyde, UK), 100 µg/ml streptomycin (Gibco),
4 µmol/l -glutamine (Gibco) and 20% fetal bovine serum
(FBS, Sigma). Cells growing from the explants became
relatively confluent within a period of approximately 2
weeks. They were then rinsed with phosphate buﬀered
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saline (PBS, Sigma) and subsequently trypsinized with a
solution of 0·125% trypsin and 0·02% EDTA in PBS by
incubating them in this solution for 1–2 min at 37 C. The
resulting cell suspension was pipetted into 75-cm2 tissue
culture flasks containing 10 ml culture medium and
incubated as previously described. Experiments were
performed using cells from passages 3–5.
Aldosterone assay
One millilitre aliquots of an RASMC suspension (105
cells/ml) in RPMI-1640 supplemented with 20% FBS
were distributed to a 24-well multiwell plate on the
first day of the experiment. The medium was replaced
24 h after subculture with serum-free medium (SFM) containing 10 10, 10 9, 10 8, 10 7 and 10 6 M AII with
or without the specific AII type 1 receptor antagonist,
losartan (10 5 M, generously given by Merck, Hoddesdon,
UK); there were 4 wells per group and experiments were
terminated after 48 h. Media were extracted with ethyl
acetate, and aldosterone was assayed by RIA, using methods
previously described (Henville et al. 1989).
Tritiated thymidine uptake
A suspension of RASMCs was distributed to a multiwell
plate, cultured and stimulated as for the aldosterone assay
experiment above. After 24 h culture, when the cells
were quiescent, the medium was replaced, and fresh
medium containing angiotensin II and the aldosterone
antagonist, spironolactone, was added as required. After a
further 24 h, [3H]methylthymidine (10 µl, 0·1 mCi/ml,
Amersham, Little Chalfont, Bucks, UK) was added to
each well. The cells were collected using the method of
Oikawa et al. (1987), 24 h after the addition of radioactive
thymidine. Media were aspirated and the cultured cells
were rinsed 3 times with cold PBS. Cells were then
dissolved in 0·5 ml 0·1 M NaOH and a 0·3 ml aliquot
was mixed with 3·5 ml scintillation fluid (Packard,
Pangbourne, Berks, UK) and, after standing overnight at
room temperature, tritium content was assayed in a
WALLAC 1410 (Perkinelmer, Cambridge, UK) liquid
scintillation counter.
Isolation of total cellular RNA and reverse
transcriptase-polymerase chain reaction (RT-PCR)
Total cellular RNA was extracted from cultured RASMCs using the RNAce Total Pure kit (Bioline, London,
UK) according to the manufacturer’s protocol, and quantified spectrophotometrically by measuring absorbancy at
260 and 280 nm. The extracted RNA was treated with
DNAase (Promega, Southampton, UK) as described in the
manufacturer’s protocol.
RNA was reverse-transcribed as follows. A 20 µl reaction volume was used containing the following components: 5 µg DNAse-treated total RNA, 4 µl 5First
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Figure 1 Aldosterone formation by RASMCs cultured for 48 h
under different concentrations of AII without (hatched bars) or
with losartan (10 5 M) (open bars). Controls, solid bars. Values
are means S.E., n=4 per group. *P<0·05, **P 0·01 versus
control. AII significantly enhanced aldosterone formation at 10 8
and 10 7 M, but not in the presence of losartan.

Strand buﬀer (250 mM Tris–HCl, pH 8·3 at room temperature, 375 mM KCl, 15 mM MgCl2), 2 µl 0·01 M
dithiothreitol (DTT), 1 µl 10 mM each of dATP, dGTP,
dCTP and dTTP at neutral pH (Gibco), 25 pmol antisense
primers for rat aldosterone synthase, 0·5 µl RNAse inhibitor (10 U/µl, Gibco), 1 µl reverse transcriptase (200 U/µl,
Gibco), and the volume made up to 20 µl with water. This
was incubated at 37 C for 1 h. The synthesized cDNA
was stored at –20 C until use. The sequences of sense
and antisense primers for rat aldosterone synthase
(CYP11B2) were designed according to published
sequences and were custom-made by Gibco. The
sequences of sense and antisense primers for rat aldosterone
synthase were 5 GATATCTTCAAAAGAGAGG 3 and
5 TACTGTTCAGCTAATCACG respectively, corresponding to bases 186–204 and 436–454 (exon 1–2) of the
cloned full-length sequence. After incubation for 3 min at
94 C, 2 µl of the single-stranded cDNA in the 20 µl
reaction mixture were amplified using 50 pmol each of
sense and antisense primers and 1 µl Taq DNA polymerase
(5 U/µl) in 100 µl 20 mM Tris–HCl (pH 8·4), 50 mM
KCl, 1·5 mM MgCl2, with 0·2 mM of each dNTP. The
reactions were performed for 1 min at 95 C and 1 min at
60 C for 40 cycles. The RT-PCR products in 20 µl
aliquots were electrophoresed on a 1·4% agarose gel.
Results
Aldosterone assay
The eﬀects of increasing concentrations of AII on the
secretion of aldosterone by cultured RASMCs are
presented in Fig. 1. AII added alone at 10 8 and 10 7 M
significantly enhanced aldosterone formation, but not in
the presence of losartan.
Tritiated thymidine incorporation
Tritiated thymidine incorporation was also increased in
the cells stimulated with AII alone at above 10 10 M, but
www.endocrinology.org
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Figure 2 [3H]Methylthymidine incorporation to DNA in cultured
RASMCs with different concentrations of AII without (hatched
bars) or with spironolactone (10 5 M) (open bars) for 48 h.
Controls, solid bars. Values are means S.E, n=4 per group.
Tritium incorporation was increased in the AII-treated group above
10 9 M but inhibited by spironolactone. Spironolactone also
inhibited the [3H]thymidine uptake in the presence of
non-stimulatory AII concentrations (10 10) *P<0·05, **P<0·01.

Figure 3 Using RASMC RNA and primers derived from the
aldosterone synthase sequence, RT-PCR produced a single band,
with the size predicted for aldosterone synthase of 268 bp.

this eﬀect was inhibited in the presence of spironolactone
(Fig. 2). Spironolactone also inhibited [3H]thymidine
uptake in wells in which the concentration of AII (10 10 )
was not stimulatory.
RT-PCR
Using RASMC RNA and primers derived from the
aldosterone synthase sequence, a single band was detected,
with the size predicted for aldosterone synthase of 268 bp
(Fig. 3).
Discussion
There is an increasing body of evidence that locally
produced vasoactive hormones that function on the
autocrine-paracrine level (Dzau 1988) are important in
cardiovascular regulation (Weber & Brilla 1991, Baker
et al. 1992). Thus, it has been shown that all components
of the renin-angiotensin system (RAS) are expressed
in both the vascular wall and the heart, and function in
this way (Lokett & Retallack 1970, Campbell 1977,
www.endocrinology.org
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Dzau 1988, Paul et al. 1993). Extra-adrenal steroid
21-hydroxylation and 11-hydroxylation have also been
shown to occur in a variety of human tissues (Takeda et al.
1994), and both messenger RNA coding for aldosterone
synthase and also aldosterone synthesis have been reported
in human endothelial cells and rat mesenteric arteries
(Hatakeyama et al. 1994), although Gomez-Sanchez et al.
(1997) were unable to confirm aldosterone formation in
rat mesenteric artery. As in the adrenal, in which AII is an
important regulator of adrenal mineralocorticoid biosynthesis and secretion (Aguilera et al. 1980, Shibata et al.
1991, Natarajan et al. 1992, Clyne et al. 1996, McEwan
et al. 1996), the biosynthesis of aldosterone and corticosterone in rat cardiac muscle has also been shown to be
stimulated by AII (Silvestre et al. 1998).
Since it is known that aldosterone may play a role in
raising blood pressure by modulating human vascular
smooth muscle tone (Pirpiris et al. 1992), the present study
was undertaken to investigate the possibility that the
proliferation of smooth muscle cells induced by AII may be
mediated by aldosterone. The results do indeed show that
AII enhanced aldosterone formation (Fig. 1). Since the
AII-stimulated proliferation of these cells, as judged by
tritiated thymidine uptake, was inhibited by spironolactone, the results further suggest that the action of AII is, at
least partly, mediated by aldosterone (Fig. 2), particularly
since RT-PCR suggested the presence of aldosterone
synthase mRNA in cultured RASMCs (Fig. 3). However,
the action of AII on aldosterone output was biphasic, since
it was unaﬀected at micromolar concentrations, although it
was stimulated at lower concentrations. This was not well
correlated with tritiated thymidine uptake which was,
nevertheless, still stimulated by micromolar concentrations
of AII (albeit at a somewhat lower level than that shown at
0·1 µmol/l) and inhibited by spironolactone. The fact that
spironolactone also inhibited the [3H]thymidine uptake at
non-stimulatory levels of AII suggests a basal level of
steroid biosynthesis in these cells. That this is a mineralocorticoid receptor-mediated eﬀect is strongly indicated by
the reported specificity of spironolactone (McInnes &
Ramsay 1987), although it remains possible that other
steroids or receptors may be involved, since spironolactone
may act not only as a potent mineralocorticoid antagonist,
but may also directly interfere with the biosynthesis of
aldosterone and other corticosteroids in the adrenal cortex
(Müller 1988).
Several questions remain unresolved by these findings.
One point is to understand the way in which aldosterone
synthesis is achieved and regulated in these cells. Thus, the
finding of aldosterone synthase alone is insuﬃcient, given
that, in the adrenal at least, a minimum of three cytochrome P-450 species and one dehydrogenase/isomerase
system are required, i.e. CYP 11A (cholesterol side chain
cleavage P450), 5,3-hydroxysteroid dehydrogenase/
isomerase, CYP21 (21-hydroxylase) and CYP11B2
(aldosterone synthase). Furthermore, the regulation of
Journal of Endocrinology (2000) 165, 533–536
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aldosterone synthesis is thought to take place at two of
these steps in biosynthesis, at least, namely at the point of
cholesterol side chain cleavage and at a late pathway stage,
presumably involving aldosterone synthase (Vinson et al.
1992). It will be necessary in the future to establish
whether all these steps can occur locally within the vasculature, or whether there is a pool of precursor that is taken
up from the circulation.
Clearly, too, the relative importance of circulating and
locally synthesized aldosterone in normal physiology will
have to be established. The field is currently digesting the
now well documented significance of tissue located RASs,
many of which appear to have physiological roles that are
quite unrelated to those of the circulating system, including in particular reproductive functions (Vinson et al.
1995). In the vasculature, it is becoming evident that this
is only part of the story.
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