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Abstract

Mineralocorticoid receptor (MR) binding is tightly regulated by the enzym@-figdroxysteroid dehydrogenase type 2 $1SDII)
which selectively metabolizes glucocorticoids to inactive metabolites, thus allowing for MR activation by aldosterone. To examine whether
this enzyme is involved in the pathophysiology of salt-sensitive hypertensiBaEDI| activity and messenger RNA (MRNA) levels were
determined in blood vessels of Dahl lwai salt-sensitive (DS) and salt-resistant (DR) rats. Decré¢astslLactivity and mRNA levels
in mesenteric arteries were observed in 8-week-old DS rats on a high-salt diet, indicating2H4SD1l may play a significant role in
salt sensitivity and hypertension. It has been suggested that mineralocorticoids act on blood vessels, leading to increased vasoreactivity anc
peripheral resistance. We present direct evidence that blood vessels are aldosteronogenic. The production of aldosterone in blood vessel:
was compared between stroke-prone spontaneously hypertensive rats (SHRSP) and Wistar-Kyoto (WKY) rats. Vascular aldosterone and
CYP11B2 mRNA levels were significantly increased in 2-week-old SHRSP versus WKY rats. However, the vascular aldosterone levels in
4- and 9-week-old SHRSP and WKY rats were similar. High sodium intake further increased both blood pressure and vascular aldosterone
synthesis in the SHRSPs. Both the local renin—angiotensin—aldosterone system (RAAS) and the vg3dd&bDIllevel are critically
important in the pathophysiology of cardiovascular disorders.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction is found in tissues with high levels of MR activity such
as kidney, placenta and coldi]. Both 113-HSDI and
Blood vessels are target tissues for glucocorticoids and 118-HSDII are expressed in the vascular wall, although
mineralocorticoids. There has been increasing evidence thathe tissue distribution has not yet been fully characterized.
mineralocorticoids, acting directly on peripheral vascular Both the expression of messenger RNA (mRNA) and the
tissue, cause hypertension. The concentration of cortisol,enzyme activity of 1g-HSDI and 1B-HSDII have been
the physiological glucocorticoid in humans, exceeds the demonstrated in the vascular smooth muscle cells (VSMC)
circulating level of the mineralocorticoid aldosterone by and in endothelial cells. Glucocorticoid receptors (GR) and
1000-fold. The mineralocorticoid receptor (MR) is known MR are expressed in blood vessels, and corticosteroids have
to possess a similar in vitro affinity for cortisol and al- diverse actions on vascular function.
dosterone. The mineralocorticoid target tissues metabolize The normal activity of 18-HSDII is essential to pre-
glucocorticoids to less active compounds, utilizing the en- vent the mineralocorticoid activity of cortisol. Therefore, a
zyme 1B-hydroxysteroid dehydrogenase GEHSD), thus deficiency of the 1@-HSD isoforms, whether congenital
protecting the cytosolic MRHig. 1). or resulting from inhibition of this enzyme by administra-
Biochemical studies have revealed that there are two iso-tion of licorice or carbenoxolone, leads to the activation of
forms of 13-HSD, a NAD"-dependent form (13-HSDII) MRs by glucocorticoids. This in turn results in sodium re-
and a NADP -dependent form (J8-HSDI). 113-HSDII tention and hypertension. A syndrome characterized by an
apparent mineralocorticoid excess has been reported, and
it is associated with several mutations of3tHSDII gene
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Fig. 1. 13-Hydroxysteroid dehydrogenase (3HSD) functions as a protecting mechanism preventing cortisol binding to the mineralocorticoid receptor.
MR, mineralocorticoid receptor; HRE, hormone responsive element.

2. Vascular 11B-HSDII in salt-sensitive hypertension 2.1. Materials and methods

Excess sodium intake is intimately involved in the patho- Male DS and DR rats aged 3—4 weeks, were initially
genesis of hypertension. In large populations, significant fed a standard chow (0.45%). Both DS and DR rats were
correlations between levels of salt intake, blood pressure,fed high sodium chow (7%) for 4 weeks. TheptHSDII
and the frequency of hypertension have been reported. Paactivity in mesenteric arteries was determined by measuring
tients with essential hypertension do not have overt signsthe rate at which3H]-corticosterone (B) was converted to
of mineralocorticoid excess; however, more subtle changes[3H]-11-dehydrocorticosterone (A) at 3T over 30 min.
such as a positive correlation between blood pressure andThe reaction mixture contained gdof the microsomal frac-
serum sodium levels or a negative correlation with potas- tion of mesenteric arteries (2p® protein), 1Qul of 1.12 x
sium levels suggest a corticosteroid influei@e There is 108 mol/l [3H]-B, 250pumol/l of NAD*, and 60 nmol/l of
also growing evidence for decreased31HISDII activity in B as previously reportefB]. The reaction was stopped by
essential hypertensiofY]. Since steroid hormones modu- adding an equal volume of ethyl acetate. Metabolites of B
late renal sodium retention, it is likely that variations in were separated by HPLC as previously repoféjd Quan-
118-HSDII activity are responsible for the sensitivity of tification of 113-HSDIl mMRNA in the mesenteric artery was
blood pressure to dietary salt. Ferrari and Krozowski have performed using the competitive PCR method as previously
reported that impaired activity of BtHSDII is associated  reported10]. The sequences of sense and antisense primers
with an increased susceptibility of blood pressure to salt for 118-HSDIl were 3-ACTCCGTGGCC-TGAGACG-3
load[8]. and B-TTCAAGTCCACCACACAG-3, respectively, as

Dahl lwai salt-sensitive (DS) rats are widely used to previously describefll0].
study genetic determinants of salt-sensitive hypertension.

In this strain, supplemental dietary sodium increases blood 2.2. Results

pressure, whereas in the Dahl lwai salt-resistant (DR) strain,

supplemental dietary sodium has little or no effect on blood The blood pressure of 8-week-old DS rats (228
pressure. There are several reports describing abnormalitied7 mmHg) significantly exceeded that of DR rats (106

of the renin—angiotensin system, adrenal steroids, and the4 mmHg) (P < 0.05). There were no significant differences
sympathetic nerve system in DS rats. To clarify the mech- in blood pressure between the 4-week-old DS and DR rats.
anism of salt-induced hypertension in DS rats, vascular Plasma corticosterone and aldosterone concentrations did
11B-HSDII activity and the gene expression ofgtHSDII not differ in either 4- or 8-week-old DS versus DR rats.
MRNA in mesenteric arteries of DS and DR rats were Fig. 2 shows the vascular BtHSDII activity and mRNA
compared. levels in DS and DR rats. The gaHSDII activity and the
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Fig. 2. High sodium intake significantly decreased both vascul@rH3DII activity and 1B-HSDII mRNA levels in DS rats. 13-HSDII, 113-hydroxy-
steroid dehydrogenase; DR, Dahl salt-resistant rat; DS, Dahl salt-sensitive rat. The syjnbdiqatesP < 0.05 for DS vs. DR. B, corticosterone; A,
11-dehydrocorticosterone.

expression of mMRNA in mesenteric arteries of 8-week-old cular NADPH oxidase activity and vascular hypertrophy,
DS rats fed a high-salt diet was significantly lower than that while these increases were prevented by spironolactone.

of DR rats on a similar diet. Aldosterone mediates some of the Ang ll-induced vascu-
lar effects in hypertension, in part via associated increases
2.3. Discussion in oxidative stress. | summarize these dataFig. 3 that

decreased vascular HSDII activity led to an increased

We have reported substantially greater vascular responsed¢al glucocorticoid concentration, resulting in activation of
to noradrenalin in 8-week-old DS rats compared to DR the glucocorticoid receptor and in endothelial dysfunction.
rats. Ruschitzka et a[11] have reported that glycyrrhizic ~ ©On the other hand, increased vascular glucocorticoid levels
acid (GA)-induced hypertensive rats showed impaired nitric /SO activates the mineralocorticoid receptor, thus increas-
oxide-mediated vasodilatation. Since GA is a non-specific N9 the oxidative stress. Activation of both receptors may
11B-HSD inhibitor, it is not clear which 13-HSD isozyme  Cause salt-induced hypertension and vascular injury.
was responsible for these effects. Recently Hadoke Et2jl.
reported endothelial cell dysfunction in mice after a trans- _ .
genic knockout of type 2, but not type 1 @-HSD. There 8. VaSCUIar aldosterone synthesis in genetically
has been increasing evidence that mineralocorticoids, actinghypertensve rats
on peripheral vascular tissue, cause hypertension. Tobian ) ) ) o
and Redleaf13] have proposed that aldosterone affects the Classical s_tu@es have_ shown that tr_le mmeralqcortlcmd
salt and water balance in vascular cells, thereby influencing @/dosterone is involved in the regulation of sodium and
vessel lumen size. Virdis et dlL4] have reported that both water homeostasis and thus part|.0|p.ates in the regulation
aldosterone and angiotensin Il (Ang I1) increased both vas- of blood pressure. Aldosterone is involved in vascular_
smooth muscle hypertrophy and can cause vascular matrix
impairment and endothelial dysfunction. Kornel presented

[ Vascular 118-HSD II 1} evidence that glucocorticoids and mineralocorticoids con-
— trol contractility of VSMC [15]. This control is exerted
@ via glucocorticoid and mineralocorticoid receptors on the
Intracellular glucocorticoid levels in blood vessels T VSMC. We have detected MR mRNA in VSM[16], and

addition of aldosterone increased the incorporation of tri-
tiated leucine into these VSMC. This incorporation was

inhibited by a specific aldosterone antagofil§f]. We have
also reported that aldosterone synthesized in the vasculature

Vascular NADPH

oxidase activity | is partly controlled by Ang Il, and aldosterone participates
e in the development of vascular hypertrophy that correlates
eNOgA O:}atwe Stress {J with Ang Il concentration Fig. 4).

The hypertensive strain of stroke-prone spontaneously hy-
@ pertensive rats (SHRSP) was first established in 1974 by
Okamoto et al.[18] through the selective inbreeding of
Fig. 3. Pathophysiological roles of @ahydroxysteroid dehydrogenase in ~ Spontaneously hypertensive rats (SHR). In male SHRSP,
vascular cells. high-salt intake is associated with development of malignant
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Fig. 4. Cardiovascular renin—angiotensin—aldosterone system. Angiotensin Il is synthesized locally in various tissue, including the reaat\easddik.
Aldosterone synthesis in the cardiovascular tissues is reported in not only rodents but also in human.

hypertension, severe vascular injury, and cardiac hypertro-3.3. Discussion

phy [19]. The molecular mechanisms underlying the rapid

vascular damage related to salt intake observed in this ge- In this study, the concentrations of circulating aldos-
netic model of malignant hypertension are not fully un- terone and PRA were decreased by high-salt intake, while
derstood. The present study was undertaken to determinevascular aldosterone levels were increased in salt-loaded
whether a high-salt intake increases cardiovascular aldos-SHRSP. Increased levels of ATIR mRNA in the arteries

terone synthesis in SHRSP. of salt-loaded SHRSP were also observed. These results
suggest that high-salt intake activates the vascular local
3.1. Materials and methods renin—angiotensin—aldosterone system (RAAS) despite a

depressed systemic RAAS. Boddi et @0] also reported

Four-week-old SHRSP/Izm were housed in metabolic that Ang Il formation by human forearm vascular tissue was
cages with free access to tap water or 0.9% NaCl solu- increased by a high sodium diet while PRA was decreased.
tion as drinking water for 4 weeks as well as standard Aldosterone receptors are present in cardiac myocytes as
rat chow. Eight rats from each group were used for ex- well as in blood vessels. Peripheral infusion of aldosterone
periments involving mesenteric arterial perfusion. After inrats with a high sodium intake causes cardiac hypertrophy
20 min of equilibration, the perfusate was collected for 2h. and fibrosis without increasing their blood press{2&].
The aldosterone concentration in the perfusate was mea-There is increasing evidence supporting the existence of a
sured using RIA after HPLC separation. Eight rats from cardiac RAAS that promotes local angiotensin and aldos-
each group were used for quantification of CYP11B2 and terone formation. This localized angiotensin and aldosterone
Ang |l receptor (ATIR) mRNA in blood vessels. Quan- may contribute to the pathogenesis of cardiac hypertrophy,
titative reverse transcriptase-polymerase chain reactiontissue remodeling, and congestive heart fai[@2]. Ang II
(RT-PCR) assays for CYP11B2 and AT1IR mRNA were is an important regulator of adrenal mineralocorticoid syn-
performed using a competitive PCR method as previously thesis and secretion. We have reported that chronic treatment
described16].

0od Pressure asma o Vascular Aldo
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Fig. 5 summarizes the effects of high sodium intake in )
SHRSP on blood pressure, plasma aldosterone concentra-200

tion and vascular aldosterone synthesis. High sodium intake ﬁ |

L . : 2.5
resulted in significant® < 0.05) increases in blood pres- 100 - l
sure and vascular aldosterone production, which went up ' ‘ [ ﬁ**
by factors pf 1.3 and 2.8, res_pectively. Plz_isma gldosterone N ® @ g
concentrations were lowered in SHRSP with a high sodium Normal High Salt Normal High Salt Normal High Salt
intake, compared with rats on a diet with normal sodium Salt Salt Salt

levels. ngh sodium intake increased the arterial expressmn,:ig_ 5. High sodium intake increased blood pressure and decreased plasma
of CYP 11B2 mRNA and AT1IR mRNA by factors of 3.2 aidosterone concentration, but increased vascular aldosterone synthesis in
and 2.9, respectivelyR < 0.05). SHRSP.
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with Ang Il caused increases in cardiac aldosterone syn- [7] Y. Takeda, |. Miyamori, K. Iki, S. Inaba, K. Furukawa, H.
thesis, aldosterone synthase activity, and expression of  Hatakeyama, T. Yoneda, R. Takeda, Endogenous rergahgtiroxy-
CYP11B2 mRNA[23]. These results suggest that cardiac steroid dehydrogenase inhibitory factors in patients with low-renin

. . essential hypertension, Hypertension 27 (1996) 197-201.
aldosterone synthesis is controlled, in part, by the RAS [8] P. Ferrari, Z. Krozowski, Role of the Bthydroxysteroid dehydro-

at the transcriptional level. Silvestre et §4] have also genase type 2 in blood pressure regulation, Kidney Int. 57 (2000)
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in rats. A low sodium/high potassium diet increases aldos- ~ 12keda, Gene expression of fthydroxysteroid dehydrogenase in
the mesenteric arteries of genetically hypertensive rats, Hypertension

terone synthesis in the adrenal gland. We reported previ- 54 (1994) 577-580.

ously that high potassium levels led to increases in vascular[i] v. Takeda, S. Inaba, K. Furukawa, I. Miyamori, RenaBitydroxy-
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