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Acromegaly is a disease characterized by chronic growth
hormone (GH) excess. Since hypertension is a common finding
in patients with acromegaly, interactions between GH and the
renin-angiotensin-aldosterone system (RAAS) are under con-
troversial debate. We examined GH, IGF-I, aldosterone, and
renin in a well-defined group of acromegalic patients before and
after cure by surgery. In addition, we analyzed the impact of
chronic GH excess on the RAAS in mouse models over-
expressing GH alone (G) or in combination with insulin-like
growth factor-binding protein-2 (IGFBP-2; GB). Normalization of
GH secretion after cure by surgery was accompanied by
significant decreases of serum aldosterone in acromegalic
patients (pre-op: 96.5 = 37.1 pg/mL, post-op: 41.3 = 28.2 pg/
mL; P<0.001; n=13), but renin concentrations were unaffected.
In addition, aldosterone concentrations were positively corre-
lated to GH levels (Spearman r = 0.39; P = 0.025; n = 26). To
further study this association, we analysed two transgenic
mouse models and found a similar relationship between GH and
aldosterone in G mice, which showed about 3-fold elevated
serum aldosterone levels in comparison to non-transgenic
controls (males: 442 = 331 pg/mL vs. 151 = 84 pg/mL; P =
0.002; n > 12; females: 488 + 161 pg/mL vs. 108 + 125 pg/mL; P
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= 0.05; n > 4). Expression of aldosterone synthase was similar in
adrenal glands of C and G mice. Aldosterone levels in G and GB
mice of both genders were not different, indicating that the
elevated aldosterone was due to GH excess and not caused by
elevated IGF-l, which is known to be blocked by IGFBP-2
overexpression. Also in the mouse models, changes in
aldosterone were independent from renin. In summary, we show
that chronic GH excess is associated with increased aldoster-
one in humans and mice. GH-induced increases of aldosterone
potentially contribute to the increased cardiovascular risk in
acromegalic patients. The underlying mechanism is likely to be
independent of renin, excess IGF-l, or adrenal aldosterone
synthase expression. Exp Biol Med 234:1002—-1009, 2009
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Introduction

Growth hormone (GH) is a major stimulus for postnatal
growth (1, 2). A considerably high proportion of GH effects
on growth is mediated by insulin-like growth factor-I (IGF-
1) (3); however, different metabolic functions, such as for
carbohydrate and lipid metabolism, can be influenced by
direct GH effects (4, 5). GH has also been shown to interact
with the hypothalamic-pituitary-adrenal axis (6—8). Effects
of GH on glucocorticoids (9) have been studied in detail, but
data on the interaction between GH and aldosterone are
scarce and conclusions remain controversial.

Aldosterone is produced in the zona glomerulosa, the
outmost zone of the adrenal gland. Its synthesis and
secretion are mainly controlled by the renin-angiotensin-
aldosterone system (RAAS) via angiotensin II and III (10)
and by the potassium status. Furthermore, adrenocortico-
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tropic hormone (ACTH) (11) and sodium homeostasis
influence aldosterone secretion (12, 13). One of the key
enzymes in aldosterone synthesis is aldosterone synthase
(CYP 11B2). The classical action of aldosterone is the
regulation of sodium and potassium homeostasis through
modification of epithelial sodium channels in the kidney,
thereby influencing fluid balance and blood pressure. The
Framingham Offspring Study investigated the relation of
baseline aldosterone levels to increases in blood pressure
and the incidence of hypertension after four years in 1688
non-hypertensive participants. The results showed that
elevated aldosterone levels, even within the physiological
range, predispose the development of hypertension (14).

In humans, chronic excess of GH occurs in acromegaly,
a disease characterized by autonomous GH secretion from
mostly pituitary adenomas and subsequently elevated levels
of IGF-I (15). Hypertension is frequent in acromegaly and
patients suffer from an increased cardiovascular morbidity
and mortality (16, 17).

A link between acromegaly and adrenal gland function
was proposed 40 years ago (18, 19). However, previous
studies on the RAAS in acromegalic patients have produced
conflicting results. Therefore, we re-assessed the impact of
chronic GH excess on the RAAS in a subpopulation of
acromegalic patients selected to exclude interference from
different regimes to treat acromegaly.

Subsequent to an association we found between GH
and aldosterone in these patients and knowing the
limitations of a retrospective patient study, we further
explored the effect of chronic GH excess on the RAAS in a
transgenic mouse model. In order to differentiate between
direct and indirect (IGF-I mediated) effects of GH, we
measured aldosterone and renin activity in GH transgenic
mice (G) and in GH transgenic mice simultaneously
overexpressing the IGF-inhibitory binding protein IGFBP-
2 (GB).

Materials and Methods

Patients with Acromegaly. Out of the cohort of
more than 200 patients with acromegaly seen in our
outpatient clinic (Medizinische Klinik-Innenstadt, LMU,
Munich, Germany) during the last decade, we selected 13
patients fulfilling the following criteria: a) GH-secreting
pituitary adenoma, as documented by MRI and biochemi-
cally, b) no medical treatment of acromegaly before or after
surgery (dopamine agonists, somatostatin analogues, or GH
receptor antagonists), ¢) pre- and post-op normo-kalemia
(>3.5 mmol/L), d) cure by trans-sphenoidal surgery alone,
e) absence of concomitant diseases (including diabetes),
and f) availability of plasma samples. Pre-op, all
acromegalic patients had active disease, with a GH nadir
>1 pg/L after oral glucose tolerance test (OGTT) and
elevated IGF-I. Within 3 months after surgery, all 13
patients were considered cured based on normalized IGF-I
and GH nadir during OGTT <1 pg/L. GH nadir during

1003

Table 1. Characteristics of Acromegalic Patients

Patients with
Parameter acromegaly
Male/female patients 7/6
Age at diagnosis of acromegaly (years) 46.5 = 8.9
Body weight 81.3 = 171
Height (cm) 1715 = 11.1
First symptoms (anamnestic) until

final diagnosis (years) 12+6
Biochemical diagnosis until surgery?

(months) 55+ 4.1
Pre-op plasma K* (mmol/L) 41 +0.3
Post-op plasma K* (mmol/L) 41 +0.2
Pre-op plasma Na*(mmol/L) 141 = 1.6
Post-op plasma Na™ (mmol/L) 142 = 3.6

2 One patient refused surgery for 3.5 years (not included in statistic).

OGTT, IGF-I, aldosterone, and renin concentrations were
measured in the patients before (pre-op) and after (post-op)
the surgical intervention. Blood samples for aldosterone
and renin determinations were taken between 8:00 and
11:00 in the morning after 15 minutes of rest in a seated
position. Seven patients were normotensive, whereas 6 of
the 13 patients had a clinical diagnosis of hypertension.
Before surgery, 3 of the 6 hypertensive patients were on
beta blockers and 2 received angiotensin II receptor
blockers. In addition, 3 of the hypertensive patients were
on thiazide diuretics and 1 patient received an angiotensin
converting enzyme inhibitor and a calcium channel block-
er. After surgery, in 1 male patient, beta blocker therapy
was stopped, but in another male patient, beta blocker
therapy was added. Therefore, for the whole group,
antihypertensive agents were the same pre- and post-op.
Patients with TSH (n = 1) or ACTH deficiency (n = 2)
were on stable doses of thyroxine and/or hydrocortisone
throughout the observational period. Additional patient
characteristics are shown in Table 1.

Animal Husbandry and Generation of Trans-
genic Mice. Mice were maintained under specified
pathogen-free conditions in a closed barrier system and
monitored as recommended (20). All mice had free access to
a standard rodent pellet diet (V1534; Ssniff, Soest,
Germany) and tap water ad libitum. The diet used contained
0.59% sodium chloride and 0.97% potassium, which is
within the range of standard rodent pellet diets. At an age of
3 weeks, animals were weaned and separated according to
gender.

Transgenic founder mice expressing bovine GH (bGH)
under the control of the PEPCK promoter were originally
generated on a C57BL/6 x SJL genetic background and the
transgene was then transferred to a Naval Medical Research
Institute (NMRI) outbred background (12 generations).
Insulin-like growth factor-binding protein-2 (IGFBP-2)
overexpressing mice originated from a B6D2F2 founder
mouse (21) after backcrossing to C57BL/6N mice (>12
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generations). For the generation of double transgenic mice,
hemizygous PEPCK-bGH and CMV-IGFBP-2 transgenic
mice have been crossed as described previously (22).
Eleven-week-old male and female GH transgenic (G), GH
and IGFBP-2 double-transgenic (GB), and non-transgenic
littermate control mice (C) were analyzed.

Mice were weighed and anesthetized individually in a
glass jar containing saturated ether vapour, and retro-orbital
blood was collected with heparinized microcapillaries in
clearly less than 1 min from initial handling within the cage.
All blood samples were taken in the afternoon. After a blood
sample was taken, the animals were sacrificed by cervical
dislocation.

For weight analysis of the adrenal glands in male and
female C, G, and GB mice (male: C: n=38; G: n=28; GB: n
= 8; female: C: n =8, G: n=6; GB: n = 6), the abdominal
cavity was opened, and the adrenal glands were recovered,
carefully freed from adjacent tissues under a stereo
dissecting microscope, and weighed individually to the
nearest 0.1 mg. All animal experiments were carried out
according to the German Animal Protection Law.

Hormone Measurements. Human Assays. GH
concentrations during OGTT were taken from patients’
files, but all measurements had been done in the same
laboratory using either the Advantage GH assay (Nichols
Diagnostics Institute, Bad Nauheim, Germany) or (after
2006), the Immulite 2000 GH assay (DPC Biermann, Bad
Nauheim, Germany). Both assays had a functional sensi-
tivity below 0.2 pg/L. Discrepancies between GH assay
results are known, and in our hands, GH results as measured
by the Immulite were slightly higher than those obtained by
the Advantage at the time of the method change
(correlation: Advantage = 0.927*Immulite + 0.105). Never-
theless, patients were regarded as cured if GH nadir during
OGTT was <1.0 pg/L, regardless of the assay used.

Concentrations of IGF-I were determined in one run
using the Immulite 2000 IGF-I assay (DPC Biermann, Bad
Nauheim, Germany). Intra- and inter-assay coefficients of
variation were 7.9% and 8.3%, respectively. The results
obtained were expressed as a multiple of the upper limit of
the normal range (XULN), with reference to the published
normative data for this method (23).

Aldosterone was measured in unextracted human serum
samples by a commercially available RIA kit (Aldosterone
Coat-A-Count, DPC Biermann). All samples were measured
in duplicate. In our hands, intra- and inter-assay coefficients
of variation were below 8% and 13%, respectively.
Functional sensitivity was determined to be 35 pg/mL.
After surgical cure, in 4 patients, aldosterone concentrations
were below 35 pg/mL. These 4 values were set to 35 pg/mL
for statistical analysis.

Plasma renin concentrations were determined using the
Liaison active renin assay (Diasorin, Dietzenbach, Ger-
many). This assay, based on monoclonal antibodies, only
detects active renin molecules with no interference from
pro-renin. Intra- and inter-assay coefficients of variation
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were below 5.6% and 12.2%, respectively, and the
functional sensitivity was <2.0 pU/mL.

Mouse Assays. All serum samples were stored at
—80°C until analysis. Concentrations of GH, IGFBP-2, and
IGF-I in the different genetic groups of mice have been
reported before (22). In brief, serum concentrations of GH
were in the range of 2000 ng/mL, both in G and GB mice.
Circulating IGF-I levels were two- to three-fold higher
(~900 ng/mL) in G and GB compared to C mice. Serum
IGFBP-2 levels were four- to nine-fold increased in GB
mice (~2900 ng/mL) compared to C or G mice,
respectively.

Aldosterone was measured (male mice: C, n=16; G, n
=12; GB, n=38; female mice: C, n=06; G, n=4; GB, n=4)
by a competitive time-resolved fluorescence immunoassay
using a biotinylated aldosterone tracer, as recently described
in detail (13).

Plasma renin activity (PRA) of the different genetic
groups was determined in samples from female mice (C: n
=6; G: n =4; GB: n =4) using a commercially available
radioimmunoassay kit (Angiotensin-I RIA, DiaSorin,
Dietzenbach, Germany) with modifications similar to the
ones previously described (24). Plasma was diluted 1:20
with maleate buffer containing maleic acid, Tris, EDTA,
and neomycin sulphate. Then, 50 pL of the diluted sample
were mixed on ice with 7.4 pL plasma of 5/6 nephrectom-
ized rats (Charles River surgical services, Charles River,
Sulzfeld, Germany), with 14.8 pL of maleate buffer and
with 27.4 pL of assay buffers as provided by the
manufacturer. Finally, 2 pL of the enzyme inhibitor
phenylmethylsulfonyl-fluoride (PMFS) were added. The
samples were then divided into 2 aliquots: one aliquot was
incubated for 1.5 hours at 37°C; the other aliquot remained
at 0°C for 1.5 hours. Generated angiotensin-I was measured
by RIA. PRA was calculated as the difference between the
values obtained at 0°C and 37°C.

Expression of Aldosterone Synthase. Adrenal
glands from six male mice per genetic group were
homogenized in extraction buffer as described previously
(7), and protein content was quantified using the bicincho-
ninic acid method. Protein (20 pg) was separated on 12%
SDS-PAGE gels and transferred to polyvinylidene fluoride
membranes (Millipore, Eschborn, Germany). Membranes
were blocked (5% dry milk and 1% Tween 20 in Tris-
buffered saline) and incubated with primary antibody
(monoclonal mouse anti-aldosterone synthase, kindly pro-
vided by Dr. C. Gomez-Sanchez, Mississippi, USA) for 1.5
hours at room temperature at a dilution of 1:500. After three
washings in Tris-buffered saline containing 1% Tween 20,
membranes were incubated with horseradish peroxidase—
coupled horse anti-mouse IgG (1:1000; Cell Signaling,
Frankfurt/Main, Germany) for 1 hour at room temperature.
Finally, membranes were developed on a Kodak Image
Station using an enhanced chemiluminescence (ECL)
detection kit (LumigenTM TMA-6 solution A and B;
Lumigen, GE Healthcare, Germany). Band intensities were
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Figure 1. Serum IGF-I normalized for age and sex (XULN) in
acromegalic patients before (pre-op) and after (post-op) successful
transsphenoidal surgery (data are shown as medians + SD, pre-op
vs. post op; P < 0.001; n=13). Medians labeled with different letters
are significantly different.

quantified using the ImageQuant Software package (GE
Healthcare). All signal intensities were normalized for the
Coomassie blue signal.

Statistical Analysis. Statistical analysis was per-
formed using the SPSS software package (SPSS Inc.,
version 15.0, Chicago, USA). Endocrine parameters in
acromegalic patients before and after surgical cure were
compared using the nonparametric Wilcoxon matched pairs
test. For the statistical comparison of adrenal gland weights,
endocrine hormones and aldosterone synthase expression in
mice, one-way ANOVAs with subsequent Bonferroni post
hoc tests were performed.

A non-parametric Spearman correlation was performed
to determine the correlation between GH or IGF-I and
aldosterone or renin in acromegalic patients. P values <
0.05 were considered significant. In the figures, means
labeled with different letters are significantly different (“a”

versus “b” or “a” versus “c”: indicates a statistically

200+
1504

100+

[pg/ml]

504

serum aldosterone

L) L)
pre-op post-op
Figure 2. Serum aldosterone concentrations in acromegalic patients
before (pre-op) and after (post-op) successful transsphenoidal
surgery (data are shown as medians = SD, pre-op vs. post op; P
< 0.001; n = 13). Medians labeled with different letters are
significantly different.
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Figure 3. Basal serum GH and serum aldosterone in acromegalic
patients before (pre-op) and after (post-op) successful trans-
sphenoidal surgery. Non-parametric Spearman correlation revealed
that basal serum GH levels are positively correlated to aldosterone
concentrations (P = 0.025; Spearman r= 0.39; n= 26).

significant difference, “a” versus “a”: means no significant
difference). Data from acromegalic patients are presented as
medians = SD, mouse data as means = SD.

Results

Hormone Measurements in Acromegalic Pa-
tients Before and After Surgical Cure. Basal Serum
GH and IGF-I Concentrations. After surgical removal of
the pituitary adenoma (post-op) in acromegalic patients, all
patients had an OGTT GH-nadir <1 pg/L. Basal median
GH concentrations were significantly higher before cure by
surgery (pre-op: 8.2 pg/L; post-op: 0.95 ng/L; P = 0.01).
Serum IGF-I levels decreased significantly (pre-op: 685 =
303.8 ng/mL, post-op: 208 = 82.6 ng/mL, P < 0.001; n =
13). When normalized for age and sex (XULN), IGF-I levels
decreased accordingly (pre-op: 2.44 = 1.2, NT post-op:
0.92 £ 0.29, P < 0.001, n = 13; Fig. 1).

Serum Aldosterone Concentrations. Surgical cure
of acromegaly led to a significant decrease in serum
aldosterone levels of patients (pre-op: 96.5 = 37.1 pg/mL,
post-op: 41.3 = 28.2 pg/mL, P < 0.001, n = 13; Fig. 2).
Pre-op aldosterone concentrations tended to be higher in
normo- versus hypertensive patients, but the difference
failed to reach statistical significance (pre-op: normotensive:
95 * 39 pg/mL, hypertensive: 128 * 76 pg/mL; P = 0.45).
After cure by surgery, aldosterone levels declined signifi-
cantly in normo- and hypertensive patients.

Serum Renin Concentrations. Serum renin concen-
trations in acromegalic patients tended to be lower after
surgical cure, but the change failed to reach statistical
significance (pre-op: 17.4 *= 24 pU/mL, post-op: 14.8 *=
18.1 pU/mL, P = 0.47, n = 13). Accordingly, the
aldosterone to renin ratio declined post-op; however, this
was not statistically significant (pre-op: 6.6 = 7.7; post-op:
43 £ 8; P=0.13; n=13).

Correlation Between GH or IGF-I and Aldoster-
one. When analyzing pre-op and post-op samples in
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Figure 4A and 4B. Serum aldosterone concentrations in male (Fig.
4A) and female (Fig. 4B) non-transgenic controls (C), GH transgenic
(G), and GH/IGFBP-2 double-transgenic (GB) mice. Data are shown
as means = SD. Means labeled with different letters are significantly
different (males: C: n=16; G: n=12; GB: n=_8; females: C: n=6; G:
n=4; GB: n=4). Figure 4C. Plasma renin activity in female non-
transgenic controls (C), GH transgenic (G), and GH/IGFBP-2 double-
transgenic (GB) mice. Although plasma renin activity in G mice
tended to be lower, no significant differences were present between
the 3 genetic groups (data are shown as means = SD. C: n=6; G: n
= 4; GB: n = 4). Means labeled with the same letters are not
significantly different.
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patients, basal serum GH levels were positively correlated to
aldosterone concentrations (Spearman r = 0.39; P =0.025; n
=26; Fig. 3). Also, IGF-I concentrations pre-op and post-op
were positively correlated to aldosterone concentrations
(Spearman r = 0.43; P =0.027; n =26). In contrast, neither
GH nor IGF-I levels were correlated to renin concentrations
(P =0.32 and P = 0.81, respectively).

Adrenal Gland Weights in Mice. The weight of
both adrenal glands was significantly higher in male GH-
overexpressing (G) mice when compared to C mice.

Simultaneous overexpression of IGFBP-2 in GH trans-
genic mice (GB) resulted in a significant reduction of
adrenal gland weights when compared to only GH-over-
expressing mice. (C: 3.55 = 0.6 mg, G: 6.98 = 0.4 mg, GB:
5.89 = 0.4 mg; C vs. G and C vs. GB, P < 0.001; n =8/
genetic group). Also, in female mice, GH overexpression
significantly increased adrenal gland weights, whereas co-
overexpression of IGFBP-2 decreased adrenal weights when
compared to only G (C: 7.53 = 1.26 mg, G: 11.68 = 1.36
mg, GB: 9.98 = 0.88 mg; C vs. G and C vs. GB P < 0.01;
G vs. GB, P < 0.05; n > 6/genetic group).

Hormone Analysis in Mice. Male GH-overexpress-
ing mice (G) showed significantly higher serum aldosterone
concentrations compared to non-transgenic controls (442 =
331 pg/mL vs. 151 *£ 84 pg/mL; P =0.002, n > 12; Fig.
4A). Similarly, male GH transgenic mice simultaneously
overexpressing IGFBP-2 (GB) also had significantly
increased serum aldosterone levels when compared to
controls (GB: 436 * 194 pg/mL, P < 0.001, n = 8; Fig.
4A). No differences in aldosterone concentrations were
present between male G and GB mice (P = 0.96; Fig. 4A).

Significantly increased serum aldosterone levels were
also observed in female G and GB mice (C: 108 * 125 pg/
mL; G: 488 = 161 pg/mL; GB: 340 = 207 pg/mL; C vs. G,
P <0.01; Cvs. GB, P=0.05; Gvs. GB, P=0.3; n > 4,
Fig. 4B). There were no significant differences comparing
the aldosterone concentrations of male and female mice
within the same genotype.

In contrast, overexpression of GH alone or in
combination with IGFBP-2 had no significant effect on
plasma renin activity when compared to female control mice
(C: 37.7 £ 21.8 ng/mL/h vs. G: 21.5 * 14.8 ng/mL/h, P =
0.25; GB: 35.7 = 47.7 ng/mL/h, C vs. GB P =0.94; G vs.
GB P =0.59; C: n=06; G: n =4; GB: n =4, Fig. 4C).

Expression of Aldosterone Synthase in Adrenal
Glands. Expression of aldosterone synthase (CYP 11B2)
in adrenal gland homogenisates of male mice was not
different between C and G mice and was lower in GB mice
(aldosterone synthase expression (% of controls): C: 100 =
43.9%, G: 93.1 = 43.3%, GB: 35.7 £ 27.7%; C vs. GB P
< 0.05; n = 6/genetic group; Fig. 5).

Discussion

The main finding of our investigation is that aldoster-
one was increased under conditions of chronic GH excess in
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Figure 5. Expression of aldosterone synthase in adrenal gland
homogenisates of C, G, and GB mice (male mice, n = 6/genetic
group). Data are presented as means *= SD and are expressed
relative to the expression level of controls, which has been set to
100%. Means labeled with different letters are significantly different,
whereas “a” vs. “a” or “ab” is not statistically significant. ANOVA
analysis and subsequent Bonferroni testing did not reveal significant
differences between the genetic groups.

both humans and mice. After successful surgery, aldoste-
rone levels decreased in our group of acromegalic patients
in parallel to the normalization of GH secretory status. In
male and female GH-overexpressing mice, which also show
chronically increased serum GH levels, aldosterone con-
centrations were manifestly increased compared to control
animals. Although we could not identify a precise
mechanism by which chronic excess GH increases aldoste-
rone, we were able to exclude a number of likely causes in
mice: effects of renin, excess IGF-I, and increased adrenal
aldosterone synthase (CYP 11B2) expression.

Literature reports about the effects of GH on aldoste-
rone or on renin plasma levels are highly discrepant. On the
one hand, GH administration did not affect the RAAS (25—
27). On the other hand, GH administration stimulated the
RAAS and aldosterone secretion in healthy subjects (8§-30),
in children with idiopathic short stature (31), and in
hypopituitary adults (32).

There are several explanations for the controversial
reports: Very likely, short-term GH administration and
chronic GH excess have different effects on the RAAS.
Furthermore, GH excess in acromegaly and normalization of
GH levels in substitution therapy might differentially affect
the RAAS. Finally, and may be most relevant, effects of
treatment regimes for both acromegaly and hypertension
could have masked the effects of GH on the RAAS.
Consequently, to exclude potentially confounding factors
and to study directly the impact of GH on aldosterone
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concentrations, we investigated a well-characterized, selected
group of acromegalic patients. The retrospective design of
our study allowed us to select acromegalic patients cured by
surgery alone and thus to exclude any effects from medical
treatment of acromegaly. However, due to this setting, it was
not possible to exclude all effects of antihypertensive
medication. Although we excluded patients on mineralocor-
ticoid receptor antagonists, and overall the antihypertensive
drugs in the group were unchanged before and after surgery,
it might be possible that the antihypertensive drugs
influenced aldosterone and renin concentrations in the six
patients receiving antihypertensive medication. Investigating
this in a prospective setting after a washout period for
antihypertensive drugs remains a task for future studies.
Both pre- and post-op aldosterone concentrations were
within the method-specific normal range and therefore
would not have been considered suspicious in routine
clinical diagnostics. Nevertheless, the decrease in aldoste-
rone in cured acromegalic patients might be clinically
relevant, as the results from the Framingham Offspring
Study show that higher aldosterone levels, even within the
physiological range, predispose the development of hyper-
tension (14). Among the many systemic complications of
acromegaly in humans (17), hypertension is a common
finding. It has been suggested that development of hyper-
tension in acromegalic patients may be, at least in part, a
consequence of the chronic exposure to GH and IGF-I
excess (33). Accordingly, successful surgical treatment of
acromegaly induced a significant reduction of cardiovas-
cular risk factors, including a reduction of the mean 24-hour
blood pressure (34). This has also recently been proven in a
multicentric observational study in hypertensive acrome-
galic patients, where control of GH secretory status after
successful therapy was associated with marked improve-
ments in blood pressure control (35). Therefore, it might be
speculated that reduction of aldosterone post-op could
positively influence blood pressure control in cured patients
with acromegaly. Furthermore, it should be investigated
whether treatment of hypertension with mineralocorticoid
antagonists in patients with active excess GH could be of
particular benefit. Normalization of GH secretion is thought
to ameliorate blood pressure status by reducing GH-induced
fluid retention. However, the GH-induced fluid retention
should physiologically lead to a suppression of the RAAS,
which in turn would lead to lower aldosterone values (27).
In contrast, we observed that aldosterone concentrations
were significantly higher in acromegalic patients before
surgical cure. Therefore, the observed effects of GH on
aldosterone concentrations seem to be uncoupled from
plasma volume. In our study, GH-induced increases in
aldosterone levels were independent of renin concentrations,
as renin was not affected by GH excess. This, however, must
be interpreted with caution, as variation of renin concen-
trations was large and our study group was relatively small.
Mice chronically overexpressing GH showed signifi-
cantly elevated aldosterone concentrations, whereas in non-
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transgenic littermates, aldosterone was in the same magnitude
as previously published for mice of the same age and genetic
background (13). Also, GH transgenic mice, simultaneously
overexpressing IGFBP-2 (GB), showed increased serum
aldosterone concentrations and aldosterone levels were not
different in mice overexpressing GH only. Only very few
rodent studies directly investigated the interaction between
growth hormone and the RAAS. In one study, GH was
injected in a strain of genetically GH-deficient Lewis rats
(36), and a stimulatory effect on the renin-angiotensin system
was observed, but plasma aldosterone levels were unaffected.
In contrast to our transgenic mouse model, in which mice are
characterized by supra-physiological GH and IGF-I levels,
these GH-injected dwarf rats still had lower IGF-I levels
when compared to wild-type Lewis rats. Therefore, it might
be speculated that aldosterone is only increased through GH
excess above a certain threshold. IGFBP-2 is a presumed
inhibitor of IGF-I action in vitro (37) and in vivo (21, 38) and
the in vivo inhibition of IGF-I in GB mice resulted in reduced
adrenal gland weights, reduced cortical volumes, lower
corticosterone concentrations (7), and a smaller volume of the
zona glomerulosa (39). However, aldosterone was not
affected in GB mice, which indicates that the sole reduction
of adrenal gland size or zona glomerulosa, respectively, in
GB versus G mice did not lead to reductions in serum
aldosterone in our mouse models of GH excess. Furthermore,
the increased aldosterone levels seem to be mediated by GH
alone and not by IGF-I. Although we analyzed plasma renin
activity in female mice only, our results indicate that the
increase in aldosterone in G and GB mice is not related to
changes in plasma renin activity. A previous study showed an
increased mean arterial blood pressure in mice overexpress-
ing GH (40). Although the authors proposed that the
hypertensive phenotype is mainly maintained by a narrowing
of the resistance vasculature, one might speculate that the
increase in aldosterone, which was not measured in that
study, could contribute to the hypertensive phenotype.
Furthermore, in a rat model of GH excess, it was found that
ENaC-mediated sodium transport was increased in the
aldosterone-sensitive part of the distal nephron, which could
contribute to the sodium retention and thereby also to blood
pressure control (41).

Recently, the pathogenesis of hypertension was linked
to the RAAS, since polymorphisms of the aldosterone
synthase (CYP 11B2) gene were found in acromegalic
patients (42). To analyze the interaction between GH and
this key enzyme of aldosterone synthesis, we studied protein
expression of aldosterone synthase in the adrenal glands of
transgenic and non-transgenic mice. However, expression of
aldosterone synthase was not different between controls and
GH transgenic mice and the low expression in GB mice
deserves further investigation. This was unexpected, since it
has recently been shown that acute regulation of aldosterone
synthesis is accompanied by fast transcriptional modulation
of steroidogenic enzymes, including aldosterone synthase
(43). On the one hand, we might speculate that excess GH
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could influence preceding enzymes of the aldosterone
synthesis pathway like steroidogenic acute regulatory
protein (StAR) or P450 side chain cleavage enzyme. In
addition, the chronicity of excess GH might override the
acute regulatory axis of aldosterone synthesis, potentially
explaining why we did not find changes in aldosterone
synthase expression. On the other hand, aldosterone
synthase expression has also been found in a number of
extra-adrenal tissues (44, 45); thus, excess GH could
possibly affect extra-adrenal aldosterone production.

In conclusion, we have shown that in both humans and
mice, chronic GH excess is associated with increased
aldosterone levels, which is likely to be independent of
systemic renin secretion. The clear association between GH
secretion and aldosterone might have been detected in our
study because potentially confounding factors have been
minimized by the very strict inclusion criteria. In mice, this
effect seems to be mediated by GH and not through IGF-I.
Although the increased serum GH levels in GH overexpress-
ing mice have a different aetiology than those seen in the
acromegalic patients, the transgenic mice might be a helpful
model to study the relation between GH excess and serum
aldosterone and to investigate the underlying mechanisms.

The impact of chronic GH excess upon aldosterone
secretion potentially contributes to the development of
hypertension in acromegaly. Furthermore, given the direct
effects of aldosterone on the heart, this might also aggravate
cardiovascular risk profile in these patients. By reducing
circulating aldosterone, rapid cure in acromegaly might help
to protect the patients from cardiovascular complications. In
turn, it should be investigated if patients with acromegaly
might particularly benefit from mineralocorticoid antagonist
treatment.
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