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BACKGROUND AND PURPOSE

Plasma aldosterone levels correlate positively with obesity, suggesting a link between the hypertension associated with obesity
and increased mineralocorticoid levels. We tested the hypothesis that aldosterone is involved in the BP response to
angiotensin Il (Angll) in obese rats.

EXPERIMENTAL APPROACH
Lean (LZR) and obese (OZR) Zucker rats were treated with Angll (9 ug-h~'; 4 weeks), and BP and plasma Angll and
aldosterone were determined.

KEY RESULTS

Chronic Angll increased the BP in OZR markedly more so than in LZR. Plasma Angll levels in LZR and OZR were similar after
Angll treatment. The Angll stimulated a rise in plasma aldosterone that was sixfold more in OZR than in LZR. The thickness of
the zona glomerulosa of the adrenal glands was selectively increased by Angll in OZR. Adrenal mRNA levels of CYP11B2
aldosterone synthase and the AT;g receptor were selectively increased in Angll-treated OZR. The BP response to chronic Angll
stimulation was diminished in OZR after adrenalectomy when plasma aldosterone was absent. Acute bolus injections of Angll
did not increase the BP response or aldosterone release in OZR.

CONCLUSIONS AND IMPLICATIONS

The Angll-induced BP response is enhanced in obesity and this is associated with a specific increase in circulating aldosterone.
Due to the Angll-induced growth of the zona glomerulosa in OZR, the AT receptors and aldosterone synthase may be
selectively enhanced in obesity under concomitant Angll stimulation, increasing the adrenal synthesis of aldosterone. Our
results confirm functionally that aldosterone plays a major role in obesity-related hypertension.

Abbreviations

adx, adrenalectomy; AGT, angiotensinogen; Angll, angiotensin II; AT; receptor, angiotensin II type 1 receptor; AT,
receptor, angiotensin II type 2 receptor; AUC, area under the curve; Cna, maximal concentration; CON, controls; DIO,
diet-induced obesity; ko, knock out; LVW, left ventricular weight; LZR, lean Zucker rat; MR, mineralocorticoid receptor;
NKCC2, Na-K-2Cl cotransporter; OZR, obese Zucker rat; qPCR, quantitative PCR; RAAS, renin-angiotensin-aldosterone
system; SBP, systolic BP; StAR, steroidogenic acute regulatory protein; ZG, zona glomerulosa
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Obesity, which has become a problem of epidemic propor-
tions in Western countries, is frequently accompanied by
hypertension and an increased incidence of cardiovascular
mortality. Data from the Framingham Offspring Study suggest
that 65-75% of the risk for hypertension can be attributed to
an excess of abdominal fat mass (Garrison et al., 1987). The
mechanisms by which fat mass leads to hypertension are not
fully known. Several central and peripheral abnormalities that
can explain the development or maintenance of high arterial
pressure in obesity have been identified, among these are
hormonal systems and also the sympathetic nervous system
(Rahmouni et al., 2005). In the last decade, it has become
apparent that adipose tissue is a prolific organ that secretes
several immunomodulators and bioactive molecules, which
have been implicated in promoting obesity hypertension
(Hutley and Prins, 2005). Historically, activation of the renin-
angiotensin-aldosterone system (RAAS) has been established
as a major determinant of BP, and there is evidence that the
RAAS may constitute an important link between obesity and
hypertension. With respect to obesity, the RAAS has been
shown to be activated in fat tissue of rats and human patients
(Giacchetti et al., 2002; Boustany et al., 2004; Engeli et al.,
2005). In addition, obesity has been found to be associated
with an up-regulation of ACE in adipocytes (Bloem et al.,
1995; Cooper et al., 1998; Karlsson et al., 1998), as well as with
increased levels of circulating angiotensin II (AnglIl) (Harte
et al., 2005). When body weight is reduced in obese women,
plasma levels of renin, AGT, and aldosterone and plasma ACE
activity are normalized, a phenomenon that is also associated
with a reduction in BP (Engeli et al., 2005).

Aldosterone, another key player in the RAAS, also corre-
lates positively with obesity (Lamounier-Zepter et al., 2005;
Krug and Ehrhart-Bornstein, 2008), suggesting a link between
obesity-associated hypertension and increased mineralocorti-
coid levels. Indeed, a recent study in African-Americans veri-
fied that BP correlates positively with plasma aldosterone
levels, and the latter correlates significantly with waist cir-
cumference, total cholesterol, triglycerides, insulin and the
insulin-resistance index (Kidambi et al., 2007). From a mecha-
nistic point of view, Angll has been shown to regulate the
secretion of aldosterone from adrenal glands in an autocrine/
paracrine manner; it not only stimulates aldosterone release
in human adrenocarcinoma cells, but AngllI is also produced
in these cells (Hilbers et al., 1999). Adipocyte secretory prod-
ucts also increase aldosterone release (Ehrhart-Bornstein
et al., 2003; 2004), but this process seems to be independent
of adipose tissue Angll as AT; receptor blockade did
not diminish aldosterone secretion induced by fat cell-
conditioned medium (Ehrhart-Bornstein et al., 2003).
However, the Ehrhart-Bornstein group demonstrated that
adipocytes not only secrete mineralocorticoid-stimulating
factors but also sensitize adrenocortical cells to Angll. In
addition, they found that this sensitization of adrenocortical
cells to stimulation by AngllI is possibly mediated via ERK1/
2-dependent up-regulation of steroidogenic acute regulatory
protein (StAR) activity (Krug et al., 2007). Indeed, in a clinical
study it was established that Angll-mediated aldosterone
secretion is higher in obese than in lean patients, confirming
these experimental findings (Bentley-Lewis et al., 2007). This
indicates that the adrenal glands of overweight individuals
are hypersensitive.
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As outlined above, Angll and aldosterone are both
increased in obese individuals; moreover, blood aldosterone
is higher in overweight subjects after AnglI infusion (Bentley-
Lewis etal.,, 2007). This indicates a sensitization of the
adrenals to Angll. This conclusion is also supported by find-
ings showing an increased corticosterone response during
stress in obese rats after chronic Angll (Miiller et al., 2007).
Since aldosteronogenesis in obesity has been demonstrated to
be caused not only by Angll but also by other adipocyte-
derived factors, such as oxidized fatty acids (Goodfriend et al.,
2004), and it is still not known whether Angll-induced
increase in BP is also indirectly associated with the hyperten-
sive potency of aldosterone, we investigated the contribution
of aldosterone to the hypertensive response induced by
chronic Angll administration to obese rats. We tested our
hypothesis using Zucker rats, which serve as a genetic animal
model for leptin resistance. Zucker rats become obese, hyper-
phagic and hyperleptinaemic (OZR) due to a homozygous
point mutation in the leptin receptor. Zucker rats with only a
heterozygous mutation remain lean (LZR). The simple fact
that Zucker rats are obese but not inevitably hypertensive
means that this strain can serve as an experimental animal
model to study whether the BP response to chronic AnglI is
enhanced during obesity and to determine the involvement
of aldosterone in this response. In addition, the involvement
of aldosterone in obesity-induced hypertension was investi-
gated in a rat model of diet-induced obesity (DIO).

Methods

Animals

Male obese (OZR) and lean (LZR) Zucker rats and spontaneous
hypertensive rats (SHR) (Charles River, Sulzfeld, Germany)
were used. The study was conducted according to the
National Institutes of Health guidelines for the care and use
of laboratory animals. All animal care and experimental
procedures were carried out with the ethics approval of the
local regulatory authority (Ministerium fiir Landwirtschaft,
Umwelt und ldndliche Rdaume des Bundeslandes Schleswig-
Holstein). The animals were kept at room temperature with a
12h/12h dark (14 h-2 h)/light (2 h-14 h) cycle, which
allowed us to perform experiments in the active phase of the
animals. Rats were habituated to laboratory conditions and
the light/dark cycles before the start of the experiments. LZR
and OZR received a standard diet (1320, Altromin, Germany)
and water ad libitum. The results of all studies involving
animals are reported in accordance with the ARRIVE guide-
lines (Kilkenny et al., 2010;McGrath et al., 2010).

Study protocol

The 8-week-old OZR (348 = 9 g) and LZR (218 = 4g, n=9
each dosage) were chronically treated with Angll (Sigma,
Germany) using osmotic minipumps (2ML4, Alzet®, Charles
River Laboratories, Sulzfeld, Germany). We performed experi-
ments not only using a hypertensive AngII dose (release rate
9 ug Angll h'), but also using a low dose (release rate 0.9 ug
Angll h') that was previously reported not to affect BP
(Simon et al.,, 1998), since organ-specific actions of Angll
have been demonstrated to occur independently of BP



(Simon et al., 1998). OZR and LZR were treated with the same
doses of AnglI as the blood volume was demonstrated to be
similar between the two strains (Schreihofer et al., 2005).
Controls received saline. Pumps were placed s.c. between the
scapulae during pentobarbitone anaesthesia (67 mg-kg”,
maximum dose was 20 mg absolute). The respiration was
monitored) and the eyelid (by gently raising the upper eyelid
with a cotton stick) and nociceptive reflexes (toe-pinch
method) were tested before the start of the surgical proce-
dure. On day 20 of Angll treatment, chronic polyethylene
catheters were inserted during pentobarbitone anaesthesia
into the right femoral vein and artery. Catheters were tun-
nelled under the back skin, exteriorized in the region of the
cervical vertebra, and fixed at the skin. Thereafter, rats were
housed individually in cages (height x width x length: 20 x 22
x 25 cm) until the end of the study. Intake of chow and water
was monitored during this period. BP was monitored 2 days
later via arterial catheters between 9 h and 10 h. Values were
recorded for 5 min and expressed as means within this time
period (Raasch et al., 2006). At the end of the study, rats were
killed by decapitation, and the organs were removed for bio-
chemical analysis. To determine AnglI, 2 mL blood was col-
lected in an inhibitor solution containing 12.1 mM EDTA
and 20 uM bestatine (final concentration). To determine
aldosterone, corticosterone, leptin and insulin levels, EDTA
blood was sampled and plasma was prepared.

In a second set of experiments, the effects if AngIl on BP
responses were determined only in obese Zucker rats that
were either adrenalectomized (adx) during pentobarbitone
anaesthesia or sham operated. The initial body weight (329 g)
was similar in all groups. Corticosterone was substituted by
inserting pellets (s.c.; containing 100 mg corticosterone for
release over 21 days; IRA, Sarasota, FL, USA). Sham animals
received placebo pellets. Corticosterone and placebo pellets
were replaced by new ones after 19 days under a short period
of ether anaesthesia to maintain constant corticosterone
plasma levels for 4 weeks. For ether anaesthesia, 2 ml
diethylether was dropped into a 5 L beaker that was lined
with filter tissue and the rats were kept in this beaker for
approx. 10 s. Respiration, lid and nociceptive reflexes were
tested as described above before the start of the surgical
procedure. In adx rats, drinking water was replaced by
saline. Osmotic minipumps (2ML4, Alzet) were concurrently
inserted for AnglI (9 pg Angll h') or saline treatment. BP was
determined after 4 weeks by the tail cuff method (Raasch
et al., 2004). To verify the complete removal of the adrenals,
rats were stressed by a 10-min forced swim test (water tem-
perature 15°C, water depth 0.25 m, diameter of the basin
0.5 m) and corticosterone was determined in blood samples
taken from a tail nick before and after this stress test.

Pithed rat preparation

The BP and aldosterone responses to Angll were additionally
studied in an acute setting in LZR and OZR (body weight 363
+9gvs. 601 =7 g, P<0.05). To exclude an impaired barore-
flex response as the cause of alterations in the BP response to
Angll, which has been demonstrated in OZR (Barringer and
Bunag, 1989), we performed our experiments in a ‘pithed rat
model’, particularly since vascular reactivity to AnglI has also
been suggested to be increased in OZR (Alonso-Galicia et al.,
1996). Rats were pithed at the beginning of the light cycle as
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previously described (Raasch et al., 2002). Briefly, the animals
were anaesthetized with ether and artificially respirated. The
medulla and thoracolumbar portions of the spinal cord were
destroyed using a steel pithing rod. Catheters were placed
into a carotid artery and both femoral veins. Both vagal
nerves were severed. BP was measured via the carotid cath-
eter. Animals were pretreated with tubocurarine (3 mg-kg™,
i.v.), propranolol (1 mg-kg™', i.v.) and atropine (2 mg-kg”,
i.p.). After surgery, the pithed rats were allowed to recover for
approximately 1 h until their BPs and heart rates were con-
stant. As the OZR and LZR had similar blood volumes (Sch-
reihofer et al., 2005), the amount of AnglI (3.8 ug, injection
volume 380 pL) injected i.v. within 30 s was not related to
body weight. Aldosterone levels were determined in 200 uL
blood drawn from the femoral veins before and 5, 10, 15, 10
and 30 min after the AnglI injection.

Aldosterone in diet-induced obese rats

Aldosterone levels were also investigated in a non-genetic
obese rat model. Here, rats (n = 12 in each group) were fed
with a high-calorie cafeteria diet (various chocolate/cookie
bars), which was abundantly offered, whereas the controls
received only chow (Miesel et al., 2010; 2011). After 3 months
of feeding, we determined plasma concentrations of lipids
(triglycerides, cholesterol, free fatty acids and free glycerol),
leptin, insulin, AnglI and aldosterone, as well as mRNA levels
of ATy receptors and cytochrome P450 family 11, subfamily
B, polypeptide 2 (CYP11B2). In an additional group of rats
(n =9 in each group) their survival was measured. At regular
intervals, BP and heart rate were determined by plethysmog-
raphy (Raasch et al., 2004), and blood was taken from a tail
nick to measure leptin, glucose and insulin levels.

Biochemical analysis

Plasma concentrations of aldosterone (07-108202, MP Bio-
medicals, Eschwege, Germany), corticosterone (07-120103,
MP Biomedicals), Angll (ED29051, IBL, Hamburg, Germany),
insulin (RI-13 K, Linco, St. Charles, MO, USA), and leptin
(RL-83 K, Linco) were determined by radioimmunoassays
(RIAs). Assays were performed as recommended by the manu-
facturer. The coefficient of variance of the intra-assay variabil-
ity for the Angll RIA was 2.6% and for the aldosterone RIA
5.7%. Levels of plasma lipids were determined using a labour
analyser.

Morphometric analysis

One adrenal gland from each rat was fixed in 4% formol for
more than 24 h. Serial transverse paraffin sections were cut at
a thickness of 2 um and then stained with haematoxylin and
eosin for light microscopy. Only equatorial slices of the
adrenals were included in the morphometric analysis of the
zona glomerulosa (ZG), which was performed by using a Zeiss
microscope (magnification x150). At least three sections of
each slice were examined in each adrenal gland. The thick-
ness of the ZG was determined by measuring the distance
between the capsule and the zona fasciculata in a straight line
in a blinded manner.

RNA isolation and cDNA synthesis

Total RNA from whole adrenal glands was extracted on the
ABI PRISM 6100 Nucleic Acid PrepStation (Applied Biosys-
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tems). The amount of total RNA was determined using a
RiboGreen RNA quantification assay (Invitrogen, Germany).
First-strand cDNA was synthesized using oligo-(dT);s primer
and AMV reverse transcriptase (Invitrogen). Contamination
with genomic DNA was avoided by thorough treatment with
DNase I. cDNA was stored at —20°C until PCR.

qPCR

mRNA steady-state levels of ATi,, AT, and AT, receptors and
of CYP11B2 were quantified by qPCR using SYBR green I as a
fluorescent dye on the GeneAmp 7000 sequence detection
system (Perkin-Elmer Applied Biosystems, Germany) and
cDNA-specific primers (CYP11B2: sense 5-ATC CTT TCA GCT
GCA AGT CGG-3’, antisense 5’-CTT TGG AAT TTG GCA CAC
ACA-3’; StAR: sense 5’- TTG CTG GCC CAC TTIT TCT GT-3/,
antisense, 5- CGC GTT CCA TGT TGT TCT GTT-3’). Primers
for AT;a, ATy5 and AT, receptors were as published previously
(Raasch et al., 2004). All primers were obtained from Invitro-
gen (Karlsruhe, Germany). Product purity was confirmed by
dissociation curve and agarose gel analysis. No-template con-
trols served as negative controls (Johren et al., 2001). Copy
number calculations were based on the cycle threshold
method by using serial dilutions of known amounts of spe-
cific cDNA fragments to generate standard curves. Expression
values were normalized to the amount of total RNA/sample
(Bustin, 2002).

Statistics

Data shown are expressed as means + SEM. Statistical analy-
sis was performed by two-way ANOVA, followed by appropriate
post hoc tests (Bonferroni’s multiple comparison test). Wil-
coxon signed-rank test was used when variances differed
between the groups. For pairwise comparisons, Student’s
t-test was employed. Correlation analyses were carried out by
using Pearson’s product-moment correlation test. P < 0.05
indicated a significant difference. Survival was tested by use
of a logrank test.

Table 1

Results

Effects of chronically administered Angll in
OZR and LZR

None of the parameters (e.g. BP response and aldosterone
biosynthesis) was observed to be altered by the low dose of
Angll; these results are not depicted for reasons of clarity.
Leptin resistance in OZR was demonstrated since body weight
was distinctively higher than in LZR, and plasma leptin levels
exceeded those of LZR. Angll did not affect plasma leptin
levels (Table 1). The daily food and water intake of OZR was
twice that of LZR. AnglI lowered intake of chow selectively in
OZR, but enhanced thirst in both strains (Table 1). Plasma
concentrations of sodium and potassium were similar in all
the groups.

BP did not differ between LZR and OZR when they were
treated with saline. The BP response to Angll in OZR
amounted to 83 mmHg, but was considerably lower
(32 mmHg) in LZR (Figure 1A). The enhanced hypertensive
response to Angll was functionally relevant in OZR since the
left ventricular weight (LVW) was higher than in saline-
treated OZR (Figure 1B).

Circulating AnglI levels were similar in LZR and OZR
treated with saline and were comparably enhanced by Angll
in both strains (Figure 2A). Plasma aldosterone increased in
response to Angll treatment (Figure 2B), whereas corticoster-
one remained unaffected (LZR: 188 = 28 vs. 243 =
33 ng-mL?, P > 0.05; OZR 163 + 25 vs. 223 = 30 ng-mL",
P > 0.05). However, aldosterone levels in OZR were three
times those in LZR (Figure 2B). Only in Angll-treated OZR
were the plasma levels of Angll and aldosterone found to
correlate in a significant manner (Figure 2C).

The thickness of the ZG did not differ between saline-
treated LZR and OZR, but was increased by Angll in OZR
compared with LZR (Figure 3). Steady-state mRNA levels of
CYP11B2 in the adrenals of saline-treated LZR and OZR were
similar. However, after Angll, CYP11B2 mRNA was signifi-
cantly higher in OZR, but remained unaffected in LZR

Influence of chronic Angll (9 pug-h™') treatment on body weight and food intake as well as on circulating leptin, sodium and potassium in lean

(LZRangn) and obese (OZRangi) Zucker rats

7t

2
3f
0.3
1

LZRcon LZRangn
Body weight (g) 290 = 8 248 +
Daily food intake (g) 21 =1 22 +
Daily Na* intake (mg) 42 = 2 44 =
Daily water intake (g) 26 = 1 37 £
Plasma leptin (pg-mL™") 2.7 £ 0.2 1.7 =
Plasma Na*® (mmol L") 154 + 1 153 +
Plasma K* (mmol L") 5.6 +0.3 52 +

0.2

OZRcon OZRangn
466 = 10 390 + 20% *
40 = 2 34 + 3% &
80 = 4 68 + 6F *
48 + 4 52 + 4% @
346 + 1.4 32,6 + 2.6 &
154 + 1 152 = 1
53 *0.2 53 *0.3

Lean (LZRcon) and obese controls (OZRcon) were treated with saline. Means = SEM, n=9.

*Indicates group differences (P < 0.05) between LZR and OZR.
P < 0.05 vs. LZRcon.
iP < 0.05 vs. OZRCON
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Figure 1

Influence of chronic Angll treatment (9 ug-h™') on mean arterial
pressure (MAP; A) and left ventricular weight (LVW, B) of LZR and
OZR. Controls received saline. Results depicted are means = SEM
(n=29).

(Figure 4A). CYP11B2 mRNA levels correlated with circulat-
ing aldosterone concentration in a positive manner, selec-
tively in OZR, independently of whether rats were treated
with Angll or saline (Figure 4B). After Angll, steady-state
mRNA levels of StAR only tended to be increased in OZR and
only tended to correlate with plasma aldosterone (Figure 4B
and D). Steady-state mRNA levels of adrenal AT;, and AT
receptors were similar in saline-treated LZR and OZR. Angll
selectively enhanced the mRNA levels of both AT, and AT
receptors in OZR (Figure 5). However, the magnitude of the
up-regulation of the AT, receptor mRNA exceeded that of the
AT, receptor by a factor of 6. AT receptor mRNA levels
correlated with the aldosterone plasma concentrations in
OZR treated with the high-dose Angll (Figure 5D). The AT,
receptor mRNA levels were decreased in LZR after the high-
dose Angll (Figure 5A). In contrast, adrenal AT, receptor
mRNA levels were not affected by genotype or by Angll
(Figure 5).

Effects of chronically administered Angll in
adx OZR

To verify the significance of aldosterone for the Angll-
stimulated increase in BP in obesity, analogous experiments
were performed in adx and sham OZR. In adx OZR, corticos-
terone was substituted by pellets and drinking water was
replaced by saline. Gain in body weight and food intake was
reduced by adrenalectomy, and Angll treatment further
altered these two parameters (Table 2). Plasma levels of
sodium and chloride were not affected by either adrenalec-
tomy or Angll administration (Table 2), indicating that liquid

Obesity hypertension and aldosterone
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Figure 2

Influence of chronic Angll treatment (9 ug-h™') on plasma concen-
trations of Angll (A) and aldosterone (B) in LZR and OZR. Controls
received saline. (C) Correlation between Angll and aldosterone in
LZR and OZR. Aldosterone concentration correlated with Angll only
in OZR (solid line; r=0.8864, P = 0.0032) and in LZR (dotted line)
that were treated with Angll. Results depicted are means = SEM
(n=9).

intake was effectively substituted by saline. Baseline levels of
plasma corticosterone did not differ between the various
groups, irrespective of whether the OZR were adrenalect-
omized or not. This indicates that the corticosterone sub-
stitution was properly adjusted to the baseline levels of the
sham-operated rats (Figure 6). The efficacy of the adrenalec-
tomy was verified by an abolished corticosterone response to
stress in the adx OZR compared with the sham-operated OZR
(Figure 6). After the stress test, corticosterone plasma levels
were increased by a factor of 3 in sham OZR, an effect that
was not seen in adx OZR. The BP in saline-treated rats was
similar in the adx and sham OZR. AngII induced an increase
in BP in both adx and sham OZR. However, this effect was not
as great in adx OZR as in sham OZR (-20 mmHg, Figure 7A).
In parallel, the Angll-induced left ventricular growth of adx
OZR was less than that of sham OZR (Figure 7B). In response
to Angll, the plasma concentrations of aldosterone increased
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Figure 3

Morphometric analyis of the ZG of adrenal glands of lean and obese
Zucker rats (OZR) that were treated with Angll (9 ug-h™"; LZRangi;
OZRangn) or saline (LZRcon; OZRcon). Results in histogram are
depicted as means = SEM (n = 9).

in sham OZR by a factor of 30. In adx OZR, aldosterone levels
were lower than in saline-treated sham OZR, irrespectively of
whether they were stimulated with AnglI (Figure 7C).

Effects of acute Angll on BP and aldosterone
levels in OZR and LZR

To determine whether the aldosterone response to Angll is
differentially regulated in LZR and OZR after acute Angll
administration, we performed additional experiments in
pithed OZR. The BP did not differ initially between LZR and
OZR. The Angll-induced increase in systolic BP was the same
in LZR and OZR (136 = 3 vs. 144 = 2 mmHg; P > 0.05),
functionally indicating similar circulating levels of Angll.
Moreover, the aldosterone response to Angll was comparable
between the two strains, since neither Cy.x (273 * 26 vs. 245
+ 24 pg-mL™) nor AUC (3.35 = 0.57 vs. 3.01 * 0.30 ng-mL™"
x min) differed between LZR and OZR (Figure 8); however,
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baseline aldoseterone concentrations were slightly higher in
the obese animals (+128 = 27 pg-mL™; P < 0.05).

Aldosterone in DIO rats

To assess the relevance of our findings in OZR, we further
assessed the aldosterone levels and AngllI effects in an obesity
model that is not caused by genetic alterations. Body weight
was clearly increased in rats after CD feeding (Figures S1, S2).
Abdominal fat mass was increased since girth was also greater
in CD-fed than in chow-fed rats (Figure S2). Accordingly,
plasma lipids, leptin, and insulin levels were increased in
these rats (Figures S1, S2). Due to CD feeding, adrenal gland
weights were also enhanced (Figure S2). Plasma concentra-
tions of Angll and aldosterone were higher in DIO rats than
in lean controls. Body weight positively correlated with
plasma Angll, as well as with plasma aldosterone (Figure S3).
mRNA levels of CYP11B2 mRNA, but not of AT, receptors,
were increased in the adrenals of DIO rats. Plasma aldoster-
one positively correlated with adrenal mRNA levels of
CYP11B2 (Figure S4). BP and heart rate were time-
dependently increased in both groups. The BP of DIO rats
transiently exceeded that of chow-fed controls, which may be
due to the fact that maximal BP levels seem to be reached
after ~160 days. The heart rate of DIO rats was almost higher
than controls (Figure S1). Due to haemodynamic and meta-
bolic impairments, the survival of DIO rats was reduced
but this did not reach significance levels in logrank testing;
this may be related to the small number of animals studied
(Figure S1).

Discussion

The goal of the study was to determine whether the hyper-
tensive reaction to chronic Angll administration is enhanced
in obesity and, if so, whether this effect is associated with an
aldosterone-dependent mechanism. The key findings were:
(i) the BP response to chronic but not to acute Angll was
enhanced in OZR; (ii) the thickness of the ZG of the adrenal
glands, plasma aldosterone levels, adrenal mRNA levels of
CYP11B2 and the AT;; receptor were selectively increased in
chronically Angll-treated OZR as compared with LZR even
though Angll plasma levels were similar; and (iii) the BP
response to chronic AnglI stimulation was diminished in OZR
after adrenalectomy. These findings clearly indicate that the
higher plasma levels of aldosterone in obese than in lean
rats after Angll stimulation can be attributed more to an
enhanced biosynthesis of aldosterone and less to other
factors, for example reduced degradation and/or tissue-
specific resistance to aldosterone.

BP response to Angll

The hypertensive response to chronic Angll was considerably
enhanced, by ~50 mmHg, in OZR. As a consequence, the left
ventricular weight was selectively increased in OZR after
chronic Angll treatment, which clearly indicates cardiac
damage. Chronic treatment with Angll increased plasma
AnglI levels similarly in both strains. Plasma AngII levels of
~80 pmol-L, as found in this study, have been reported to
characterize an activated RAAS in heart failure (Pedersen
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Figure 4

Steady-state mRNA levels of CYP11B2 (A) and StAR (C) in the adrenals of lean and obese Zucker rats that were treated with Angll (9 pg-h™"; LZRangi;
OZRangn) or saline (LZRcon; OZRcon). (B) Correlation between CYP11B2 mRNA and aldosterone in LZR and OZR. Aldosterone levels only correlated
with adrenal CYP11B2 mRNA in OZRang (solid line; r=10.7476, P=0.033) and OZRcon (solid line; r=0.7030, P =0.0346), but not in lean Zucker
rats, independently of whether they received Angll or saline. (D) Correlation between STAR mRNA and aldosterone levels in LZR and OZR.
Aldosterone only tended to correlate with adrenal StAR mRNA in obese Angll-treated Zucker rats (r = 0.6766, P = 0.065). Results depicted are
means = SEM (n=9).
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Steady-state levels of mMRNA of ATia (A), AT (B) and AT, receptors (C) in the adrenals of lean and obese Zucker rats that were treated with Angll
(9 ng-h™; LZRangi; OZRangn) or saline (LZRcon; OZRcon). (D) Correlation between ATqg receptor mRNA and aldosterone levels in LZR and OZR.
Aldosterone only correlated with adrenal AT;g receptor mRNA in OZRangi (solid line; r=0.8881, P=0.0034) but not in LZRayqi (dotted line). Results
depicted are means = SEM (n =9).
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Table 2

Influence of Angll (9 ng-h™") treatment for 21 days on baseline parameters of sham (shamOZRangi) or adrenalectomized (adxOZRangi) obese Zucker

rats

shamOZRcon shamOZRy,q adxOZRcon adxOZRangn
Gain in body weight (g) 120 £ 6 45 = 147 79 = 71 23 = 10¢
Food intake at day 17 (g) 41 =1 27 = 2F 34 + 2f 26 + 3¢
Na* intake at day 17 (mg) 82+ 2 54 + 47 68 + 41 52 + 5t
Plasma Na® (mmol L") 146 = 1 143 = 2 143 = 1 142 = 1
Plasma K* (mmol L) 6.9 = 0.1 6.6 = 0.3 7.7 £ 0.1 8.1 £ 0.2 *
Plasma CI" (mmol L") 101 =1 97 = 2 99 + 1 99 + 1

Sham (shamOZRcon) and adrenalectomized controls (adxOZRcon) were treated with saline. Means = SEM, n=9.
*Indicates group differences (P < 0.05) between sham and adrenalectomized OZR.

P < 0.05 vs. shamOZRcon.
P < 0.05 vs. adxOZRcon.

rP<0.051 rP<0.051

rP>0.057

a i |

N
R
96*07/

rP>0.051

Corticosterone (ng-mL-")

Figure 6

Plasma levels of corticosterone before (open columns) and after the
forced swim test (solid columns) in sham-operated and adrenalect-
omized (adx) obese Zucker rats in the presence of Angll
(shamOZRangi, adxOZRangn). Controls received saline (shamOZRco,
adxOZRcon). Adx rats received corticosterone via pellets. Corticos-
terone increased in shams but not in adx obese Zucker rats in
response to stress. Results depicted are means = SEM (n = 9-15).

etal., 1986), indicating that our dose regimen was patho-
physiologically relevant. The increased BP response to Angll
in OZR also supports previous data showing that the fall in BP
after ATi-blockade was significantly greater in OZR than in
LZR (Alonso-Galicia et al., 1996).

The increased pressure response to Angll in OZR raises a
question concerning the underlying mechanisms. Alonso-
Galicia et al. reported that BP responses to exogenous bolus
injections of Angll were higher in OZR than in LZR and
postulated an increased vascular sensitivity of OZR (Alonso-
Galicia et al., 1996). This conclusion was mainly based on
their results showing more of an enhanced duration of pres-
sure response than an increase in peak BP. Here we demon-
strated that changes in peak BP after acute AnglI injections did
not differ between the strains. It has also been suggested that
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renal mechanisms are responsible for the increased sensitivity
to Angll in OZR; these include proximal tubule sodium pump
activity (Shah and Hussain, 2006), activity of the sodium-
hydrogen exchanger (Becker etal.,, 2003) and natriuresis
(Hakam and Hussain, 2005). Since BP has been shown to be
selectively increased in OZR, but not LZR after high doses of
NaCl (Riazi et al., 2006), we need to consider whether our
finding regarding an enhanced pressure response to Angll in
OZR might be related to an enhanced intake of sodium. One
finding in favour of this idea is that food intake and conse-
quently intake of sodium was indeed increased in AnglI-
treated OZR as compared to Angll-treated LZR (Table 1).
However, other findings argue against this hypothesis: (i)
Riazi etal. observed that sodium plasma concentrations
increased in OZR in parallel with a high salt diet (Riazi et al.,
2006), whereas we found no differences in plasma levels of
Na* between Ang-treated OZR and LZR; (ii) high-dose NaCl
teeding according to Riazi means a 200-fold increase in daily
sodium intake. In contrast, sodium intake was marginally
increased in Angll-treated OZR by a factor of 1.5; and (iii)
neither intake nor plasma levels of sodium were decreased in
Angll-treated adx OZR as compared with sham OZR, although
BP was reduced in these animals (Table 2). Thus, it is unlikely
that an increase in sodium intake would account for the
enhanced BP response to Angll selectively seen in OZR. Sec-
ondly, leptin may be involved in regulating BP in obesity.
AnglIl promotes leptin production in human adipocytes
(Skurk et al., 2005), and chronic leptin increases BP (Shek
et al., 1998). However, leptin does not seem to be involved in
the increase BP response to Angll as OZR were leptin resistant,
and, plasma leptin was not increased by AnglI in either the
OZR or LZR. Thirdly, it is possible that the hypertensive action
of Angll can be attributed to an insulin-dependent mecha-
nism since insulin infusion increases BP (Shek et al., 1998;
Song et al., 2006; Kobayashi et al., 2008), and plasma insulin is
higher in OZR than in LZR (Miiller et al., 2007). However,
insulin levels declined somewhat after chronic AnglIl in OZR
(Miiller et al., 2007) and were only transiently increased in
DIO rats (Figure S1), leading us to speculate that insulin does
not play a major role in our settings.
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Influence of chronic Angll treatment (9 ug-h™") on SBP (A), LVW (B)
and plasma aldosterone concentration (C) of obese Zucker rats after
adrenalectomy or sham operation (adxOZRangi, shamOZRangi). Con-
trols received saline (shamOZRcon, adxOZRcon). Results are depicted
as means = SEM (n = 9-15).

The increase in BP may be attributed to an
enhanced aldosterone response

Aldosterone positively correlates with obesity (Lamounier-
Zepter et al., 2005; 2006; Krug and Ehrhart-Bornstein, 2008).
Here we partially confirmed such a relationship in both DIO
rats and in those Zucker rats that were used in the acute but
not in the chronic studies. Differences in age might account
for this disparity. In addition to the higher obesity-related
baseline aldosterone levels, we observed that the Angll-
induced rise in plasma aldosterone was sixfold higher in OZR
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Influence of acute Angll on SBP and plasma aldosterone in LZR and
OZR. (A) Baseline SBP (open columns) and maximal pressure
response after acute Angll (3.8 ug abs.) bolus injections (solid
columns). (B) Time-dependent alterations in plasma aldosterone in
LZR and OZR in response to acute Angll (3.8 ng abs.) bolus injec-
tions. Results are depicted as means = SEM (n = 9-10).

than in LZR in spite of the equivalent plasma Angll concen-
trations. In line with this finding, urinary aldosterone
excretion and Angll-stimulated aldosterone have been dem-
onstrated to be higher in overweight than in lean, normo-
tensive adults (Bentley-Lewis et al., 2007). Thus, the stronger
hypertensive reaction to Angll in OZR may be related to
aldosterone since aldosterone is known to increase BP.

We demonstrated the growth of the ZG of the adrenal
glands of rats that were treated with AngIl was increased in
the present study. This is in agreement with others who also
showed growth responses to Angll in glomerulosa cells in vivo
and in vitro (Tian et al., 1995; McEwan et al., 1999). Growth
may be due to hypertrophia and hyperplasia since in bovine
adrenal glomerulosa cells, both mechanisms were demon-
strated to contribute to the growth response to Angll in a
time-dependent manner (Tian et al., 1995). ZG growth in the
LZR was quite low, but it was significant in the OZR. Hence,
we conclude that the increase in plasma aldosterone was due
to the growth of the ZG induced by the chronic administra-
tion of Angll. The relationship between chronic AngII stimu-
lation and its functional consequences on ZG growth, plasma
aldosterone and BP was further strengthened by our observa-
tion that neither the BP response nor aldosterone levels were
enhanced in pithed OZR when AngIl was injected only once
via a bolus injection. In line with our results, differential ZG
growth and plasma aldosterone levels in response to chronic
Angll were also found to be increased in genetically hyper-
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tensive Lyon rats compared with the normotensive Lyon
controls, also revealing strain differences (Aguilar efal.,
2004).

Angll stimulates the synthesis of aldosterone within the
ZG of the adrenal cortex and its secretion in an AT, receptor-
dependent manner (Brown et al., 1979; Hilbers et al., 1999; Ye
et al., 2003; Bassett et al., 2004). In rodents, the AT, receptors
are involved in regulating glucocorticoid synthesis, whereas
both the AT, and the AT, receptors are important for min-
eralocorticoid biosynthesis (Naruse et al., 1998). Consistent
with others (Ishihata et al., 1998), we found that adrenal AT,
mRNA was down-regulated in LZR in response to the high-
dose Angll. In contrast, AT;» mRNA was slightly and ATy
mRNA markedly enhanced in the adrenal glands of OZR
treated with high-dose Angll. The increase in adrenal AT
mRNA could be attributed to the ZG growth since this AT,
receptor subtype is highly expressed in the adrenal gland and
exclusively in the aldosterone-producing ZG (Gasc etal.,
1994; Johren et al., 2003). The close correlation between
plasma aldosterone levels and adrenal AT;; mRNA supports
the hypothesis that the elevation in plasma aldosterone can
be attributed to the up-regulation of AT, receptors in obese
individuals when stimulated with Angll. This conclusion
does not by any means conflict with findings of normal BP
and plasma aldosterone values in ATiz-/- mice since AT,
receptors have been reported to take over the role of AT
receptors in these ko mice (Chen et al., 1997). It has been
shown that stimulation of AT, receptors does not increase the
release of aldosterone from ZG cells (Belloni ef al., 1998).
However, Angll infusion upregulates the expression of AT,
receptors in the ZG, (Aguilar et al., 2004), allowing us to
speculate as to whether an AT, receptor-dependent mecha-
nism may be involved in the increased plasma aldosterone. In
this context, AT, receptors stimulate NO-dependent dilata-
tion of adrenal cortical arteries that may enhance the Angll
delivery to the ZG and the secretion of aldosterone (Gauthier
et al., 2005). On the other hand, blocking the AT, receptor
with PD123319 did not affect the ability of AngllI to stimulate
aldosterone (Moritz et al., 1999). Since we did not observe
any differences in adrenal AT, receptors in our various con-
ditions, we suggest that the increase in aldosterone after
Angll stimulation in OZR is not mediated via AT, receptors.

The capacity of the adrenal gland to produce aldosterone
is controlled by the regulated transcription of CYP11B2, the
gene that encodes aldosterone synthase. Aldosterone syn-
thase catalyses the final step in aldosterone biosynthesis and
is stimulated by Angll in vitro and in vivo (Bird et al., 1993;
Peters et al., 1998; Ye et al., 2003). In OZR treated with AnglI,
the adrenal CYP11B2 mRNA levels were enhanced and this
may be attributed to the growth in the ZG, since aldosterone
synthase is expressed only within the ZG of the adrenal
cortex (Bassett etal.,, 2004). Hyperplasia of the ZG and a
correlation between CYP11B2 expression and aldosterone
biosynthesis and function were recently demonstrated in
patients with primary aldosteronism (Boulkroun et al., 2010),
thus confirming the morphological alterations in the
adrenals and the functional effect of aldosterone found in our
study. The stimulation of adrenocortical steroidogenesis also
involves the up-regulation of StAR, a key factor in mediating
the transfer of cholesterol from the outer to the inner mito-
chondrial membrane (Stocco, 2001). We found in the present
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study that Angll tended to enhance adrenal StAR mRNA
selectively in OZR and may also have stimulated aldosterone
synthesis. The StAR mRNA data may be underestimated
because of the high amount of StAR in the zona fasciculata.
The zona fasciculata does not seem to be changed in our
conditions since corticosterone levels were unaffected by
Angll. Thus, we confirmed in vivo the in vitro findings of Krug
et al. showing that Angll-mediated aldosterone secretion was
enhanced by pre-incubating adrenocortical cells with adi-
pocyte secretory products and that StAR expression was
upregulated in parallel (Krug et al., 2007).

The aldosterone-mediated increase in BP is mainly related
to its effects on renal sodium re-absorption. In this context,
the Na-K-2Cl cotransporter (NKCC2) and the epithelial
sodium channel (EnaC) are increased in the renal cortex of
OZR, resulting in an increase in plasma sodium (Riazi et al.,
2006; Resch et al., 2010). We determined plasma sodium con-
centrations as a crude surrogate parameter to assess renal
aldosterone function. However, plasma sodium concentra-
tions were not altered in OZR after Angll administration,
even though the aldosterone level was enhanced. With all
due caution, other mechanisms that are independent of renal
tubular sodium transport stimulation may be involved in the
aldosterone-stimulated increased BP response.

Mineralocorticoid receptor (MR) blockade has been
repeatedly demonstrated to attenuate the BP response to
exogenous Angll when plasma aldosterone was enhanced
(Neves et al., 2003; 2005) or to normalize BP in transgenic
(mRen2)27 rats that display elevated levels of Angll and
aldosterone (Habibi et al., 2011). This provides evidence that
the Angll-induced increase in BP is partially mediated by
aldosterone. Thus, one approach to further confirm the
involvement of aldosterone in the Angll-stimulated increase
in BP in obesity would be to conduct experiments in the
presence of eplerenone or spironolactone. Such a strategy
would be particularly valuable in view of the findings of de
Paula and colleagues showing that aldosterone antagonism
markedly attenuated the rise in BP of obese dogs that were fed
a high-fat diet (de Paula et al., 2004). However, it has also
been found that spironolactone and eplerenone do not to
reduce the Angll-stimulated BP response (Cassis et al., 2005;
Zhao et al., 2006); this may be related to the dose given not
being high enough (Habibi et al., 2011). Moreover, a recently
published study shows a new CNS mechanism for Angll-
induced hypertension that is activated through an
aldosterone-dependent neuromodulatory pathway (Huang
et al., 2010). Blocking this pathway would require direct i.c.v.
administration of eplerenone, as it is unlikely that sufficient
central eplerenone concentrations can be achieved by periph-
eral administration. Considering the difficulties regarding
effective dosages and central penetrations of MR antagonists,
as an alternative we used the model of adx rats to indicate the
involvement of aldosterone in Angll-induced hypertension.
We observed that the increase in BP after chronic Angll
stimulation was markedly diminished in adx OZR, in which
plasma aldosterone levels could scarcely be detected, as com-
pared with sham OZR. Thus, this result clearly supports the
partial involvement of aldosterone in the hypertension asso-
ciated with obesity.

In summary, we demonstrated, using Zucker rats that
serve as a genetically based model of obesity, that there is a



close relationship between obesity and an increased BP
response to chronic Angll, which is at least partially mediated
by a mechanism involving aldosterone. We conclude that
aldosterone may play a crucial role in obesity-induced hyper-
tension, since we also showed that BP was at least transiently
increased in DIO obese rats, and this was paralleled by an
increase in plasma concentrations of Angll and aldosterone,
as well as of adrenal CYP11B2 mRNA levels.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Body weight, plasma concentrations of leptin,
glucose and insulin, and systolic blood pressure (SBP) and
heart rate were increased in SHR that were fed with a high-
calorie cafeteria diet (®, solid line) as compared with chow-
fed controls (O, dashed line). 2-ANOVA indicated a significant
difference regarding diet for all parameters. *P < 0.05 vs. CON
(Boferroni post hoc testing). Survival tended to be decreased in
DIO rats without reaching the significance level (P = 0.2057,
logrank test). Means = SEM, n = 9.

Figure S2 Body weight, abdominal girth and adrenal wet
weight, as well as plasma concentrations of leptin, insulin
and lipids (TG: triglycerides, FFA: free fatty acids and FGly:
free glycerol) of SHR that were either fed with chow (CON) or
a high-calorie cafeteria diet (DIO) for 3 months. Means =
SEM, n =11-12.

Figure S3 (A) Plasma concentrations of Ang II and aldoster-
one were higher in obese SHR that were fed a high-calorie
cafeteria diet (@) than in lean controls that received only
chow. (O). (B) Body weight positively correlated with plasma
levels of Ang II (B, Pearson r = 0.4217, P = 0.036) and aldos-
terone (C, Pearson r = 0.4610, P = 0.027). Means * SEM,
n=11-12.

Figure $S4 mRNA levels of AT, receptors (A) and CYP11B2
(B) in adrenals of obese SHR that were fed a high-calorie
cafeteria diet (@) compared with lean controls that received
only chow. (O). (C) mRNA levels of CYP11B2 positively cor-
related with plasma levels of aldosterone (Pearson r = 0.4703,
P =0.024). Means = SEM, n = 11-12.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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