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Blood Pressure Variability Activates Cardiac
Mineralocorticoid Receptor and Induces Cardiac
Remodeling in Hypertensive Rats
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Background: Hypertensive patients with large blood pressure variability (BPV) have aggravated target organ dam-
age. Because the aldosterone/mineralocorticoid receptor (MR) system is a possible mechanism of hypertensive
organ damage, we investigated in spontaneously hypertensive rats (SHRs) whether a specific MR blocker, eplere-
none, would prevent BPV-induced aggravation of hypertensive cardiac remodeling.

Methods and Results: A rat model of a combination of hypertension and large BPV was created by performing
bilateral sinoaortic denervation (SAD) in SHRs. SAD increased BPV without changing mean BP. SAD induced
perivascular macrophage infiltration and aggravated myocardial fibrosis and cardiac hypertrophy, resulting in LV
systolic dysfunction. Immunohistostaining revealed SAD-induced translocation of MRs into the nuclei (ie, MR activa-
tion) of the intramyocardial arterial medial cells and cardiac myocytes. SAD increased phosphorylation of p21-acti-
vated kinase1 (PAK1), a regulator of MR nuclear translocation. Chronic administration of a subdepressor dose of
eplerenone prevented MR translocation, macrophage infiltration, myocardial fibrosis, cardiac hypertrophy, and LV
dysfunction, while not affecting BPV. Circulating levels of aldosterone and cortisol were not changed by SAD.

Conclusions: Eplerenone inhibited the aggravation of cardiac inflammation and hypertensive cardiac remodeling,
and thereby prevented progression of LV dysfunction in SHRs with large BPV. This suggests that the PAK1-MR
pathway plays a role in cardiac inflammation and remodeling induced by large BPV superimposed on hypertension,

independent of circulating aldosterone. (Circ J 2013; 77: 1474—1481)
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tem has been highlighted as a mechanism of hyper-

tensive organ damage.! It has long been considered
that aldosterone-induced hypertensive organ damage is depen-
dent on blood pressure (BP) elevation per se, which is attrib-
uted to increased sodium and water retention mediated by MR
activation in the renal tubular epithelium.? There is increasing
evidence of the direct action of aldosterone on target organs in
hypertensive disease: MRs have been identified in the heart
and blood vessels.>* In saline-treated stroke-prone spontane-
ously hypertensive rats (SHRs), a nonselective MR blocker,

T he aldosterone/mineralocorticoid receptor (MR) sys-

spironolactone, reduced proteinuria and the incidence of stroke,
independently of its BP-lowering effect.’ Rocha et al demon-
strated that a combination of high-salt diet and extrinsic aldo-
sterone administration induced severe hypertension and vas-
cular inflammation in the heart and that a selective MR blocker,
eplerenone, blocked the cardiac inflammation and remodeling.¢
Recently, it has been shown that MR activation causes target
organ damage even at normal or low levels of circulating al-
dosterone.”

Nowadays, more attention is being paid to the increase in
short-lasting or more sustained BP variability (BPV) as a mech-
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anism of hypertensive target organ damage, in addition to el-
evated mean BP.3-10 Although large BPV aggravates cardiac
remodeling in hypertensive patients,?!1:1> the mechanism where-
by large BPV aggravates hypertensive cardiac remodeling re-
mains poorly understood. Recently, we created a rat model of
a combination of hypertension and large BPV by performing
bilateral sinoaortic denervation (SAD) in SHRs.!3 Using this
model, we have shown for the first time that chronic cardiac
inflammation plays an important role in the BPV-induced ag-
gravation of hypertensive cardiac remodeling and systolic dys-
function, and that the cardiac angiotensin II system is involved
in the mechanism of chronic inflammatory changes. However,
we did not investigate the role of the aldosterone/MR system
in BPV-induced cardiac remodeling.

Accordingly, we hypothesized that the MR activation would
induce cardiac inflammation and thereby would aggravate car-
diac remodeling in hypertension associated with large BPV.
To address this issue, we investigated the effect of eplerenone
on the BPV-induced aggravation of hypertensive cardiac re-
modeling in SHRs.

Methods

All experiments were conducted in accordance with the Regu-
lation for Animal Experimentation at Kurume University. Male
SHRs were purchased from SLC Inc (Shizuoka, Japan) and
housed under standard conditions of humidity, room tempera-
ture and a 12:12-h dark-light cycle. They were provided with
free access to tap water and normal-salt chow (0.26% NaCl).

Study Groups

SHRs were randomly assigned to the following 4 groups (n=14
per group): Sham + vehicle (undergoing sham operation and
receiving vehicle); Sham +eplerenone group (receiving sham
operation and eplerenone); SAD+vehicle group (receiving
SAD and vehicle); and SAD +eplerenone group (receiving
SAD and eplerenone). At 12 weeks of age, the rats underwent
SAD or the sham operation and 7 days later, 25 mg-kg!-day!
eplerenone (Pfizer Inc, New York, NY, USA) or vehicle was
administered orally every day. The dose of eplerenone was the
maximum that would not reduce BP in SHRs during the ob-
servation period.

Bilateral SAD

At 12 weeks old, SHRs underwent bilateral SAD as previ-
ously described.!>1* Briefly, rats were anesthetized intraperi-
toneally with a mixture of ketamine (50 mg/kg), medetomidine
(0.5mg/kg), and atropine sulfate (0.5 mg/kg). The aortic de-
pressor and superior laryngeal nerves were cut bilaterally and
the superior cervical ganglia and cervical sympathetic trunks
were resected. Then, the carotid bifurcation and the external
and internal carotid arteries were stripped off the surrounding
connective tissues, followed by the application of 10% phenol
in absolute ethanol.

Telemetric Hemodynamic Recording

At 6 weeks after SAD operation (18 weeks old), rats under-
went implantation of a BP radiotelemeter (model TA 11 PA-C
40, Data Sciences International, Minneapolis, MN, USA) under
intraperitoneal anesthesia with a mixture of ketamine (50 mg/kg)
and medetomidine (0.5 mg/kg).'® Thereafter, rats were housed
individually in hemodynamic monitoring cages. At 7 days after
telemeter implantation (19 weeks old), BP and heart rate were
monitored for 24 h under unrestricted, conscious conditions.
The 24-h average and coefficient of variance of mean BP and

heart rate were calculated as descriptive statistics of the distri-
bution variability.!?

Echocardiographic Study

After hemodynamic monitoring, echocardiographic measure-
ment of left ventricular (LV) mass and LV fractional shorten-
ing was performed using a commercially available echocar-
diographic machine equipped with a 17.5-MHz transducer
(Vevo770 High-Resolution Imaging System, VisualSonics Inc,
Toronto, Canada) under anesthesia with intraperitoneal ket-
amine (50 mg/kg) and xylazine (10 mg/kg).!s

Morphometric Analysis and Inmunohistostaining

On the day after echocardiographic monitoring, rats were killed
with an overdose of ketamine and xylazine injected intraperi-
toneally. Blood was drawn from the right atrium for measure-
ment of serum aldosterone and cortisol at a commercially
available laboratory (SRL Co, Fukuoka, Japan). After rats were
perfuse-fixed with 4% neutrally buffered paraformaldehyde at
100mmHg, the LV was isolated from both atria and the right
ventricular free wall, then weighed, and immediately embed-
ded in paraffin. The paraffinized sections were subjected to
morphometry and immunohistostaining.!s The shortest trans-
verse myocyte diameter and the percent area of myocardial
fibrosis were measured in 3 independent hematoxylin-eosin-
stained sections and Mallory-Azan-stained sections of each rat,
respectively.'>1¢ Immunohistostaining against ED-1 (Chemicon
International, Temecula, CA, USA) or phosphorylated form
of p21-activated kinase-1 (PAK1) at Ser144 (Abcam, Cambridge,
UK) was performed as previously described.!’-20 ED-1-labeled
macrophages were counted at X200 magnification in 3 inde-
pendent entire cross-sections of each rat.?1-?2

Immunofluorescence Study

Immediately after hemodynamic monitoring, rats were killed
with an overdose of ketamine and xylazine by intraperitoneal
injection and then perfused with ice-cold saline for 5 min. The
unfixed LV was isolated, snap-frozen in liquid nitrogen, and
stored at —80°C until use. Cryosections were used for the im-
munofluorescence study against MR (Abcam) with counter-
staining using DAPI (DOJINDO, Kumamoto, Japan), as de-
scribed previously.?

Real-Time Reverse-Transcription-Polymerase Chain
Reaction Analysis

Unfixed LV samples were homogenized in lysis buffer using
FastPrep homogenizer (MP-Biomedicals, Irvine, CA, USA).
Aliquots of tissue homogenate were used for total RNA ex-
traction and RT, as described previously.?**S Equal amounts
of the resulting cDNA underwent real-time PCR for rat type-B
natriuretic peptide (BNP), transforming growth factor-1 (TGF-
B), sgk-1, and f3-actin commercially available primers (Applied
Biosystems, Tokyo, Japan).!52¢ Expression level of the target
gene was normalized by the $-actin level in each sample.

Immunoblotting

After homogenization in lysis buffer, the total protein was ex-
tracted, separated by 10% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis, and subjected to immunoblotting.?*?’
Blots were probed with an antibody against phosphorylated
PAKI1 (p-PAK1) (Abcam), and re-probed with an antibody
against PAK1/3/5 (Cell Signaling Technology, Boston, MA,
USA). The signals were detected with an enhanced chemilu-
minescence reagent kit (Pharmacia Biotech).?628 The intensity
of the immunoreactive bands was quantified by an image ana-
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Figure 1.

spontaneously hypertensive rat.

Effects of bilateral sinoaortic denervation (SAD) and eplerenone (EPL) on mean blood pressure (BP) and variability
(BPV) in SHRs at 7 weeks after SAD. (A) Representative 24-h telemetric recordings of mean BP. (B) Pooled data of the effects of
SAD and eplerenone on the average (Left) and coefficient of variance (CV) (Right) of mean BP in SHRs. Bar=1xSD (n=14). SHR,
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Table. General Characteristics of the Experimental Groups at 7 Weeks After Operation
Sham SAD
Vehicle Eplerenone Vehicle Eplerenone

LV hypertrophy

Body weight (g) 347+16 346+22 316+31 308+32

LV weight/tibial length (mg/mm) 2.93+0.18 2.95+0.24 3.16+0.22** 3.03+0.25**
Heart rate (beats/min)

Average 297+29 32121 314+27 318+39

Coefficient of variance 13.2+1.3 12.8+1.6 11.0£2.5 11.2+1.4
Circulating levels

Aldosterone (pg/ml) 16377 275+227 197+236 510+457

Cortisol (ng/ml) 486+208 523+168 356+181 485+106

Data are mean+SD. **P<0.01 vs. Sham; tP<0.05 vs. vehicle.
Because of skewed distributions, the natural logarithmic transformations were performed for circulating aldosterone

and cortisol levels.
LV, left ventricular; SAD, sinoaortic denervation.

lyze system (ATTO Co, Tokyo, Japan). The expression level
of p-PAKI1 was normalized by the PAK1 level.

Statistical Analysis

Data are expressed as mean+SD. Quantitative histological anal-
ysis was performed by 2 observers in a blinded manner. The
inter- or intraobserver variability was <5% in each experiment.
One-way ANOVA followed by Scheffé’s F test was performed

for the comparisons. P<0.05 was considered statistically sig-
nificant.

Circulation Journal

Results
Effects on Mean BP and BPV

Figure 1A shows representative 24-h telemetric recordings of
mean BP at 7 weeks after SAD or Sham operation. Mean BP
levels were similar in the 4 groups (Figure 1B). SAD increased
the coefficient of the variance of mean BP. Thus, the SAD +
vehicle group was considered as the model of hypertension
with large BPV. A subdepressor dose of eplerenone did not
affect the average or variability of mean BP. The average and
variability of heart rate did not differ among the 4 groups
(Table).
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Figure 2.

Sham

(A) Representative photographs of Mallory-Azan staining of the whole sections of the left ventricle. Fibrotic tissue is
stained blue. (B) Pooled data of the effects of sinoaortic denervation (SAD) and eplerenone (EPL) on the minimum transverse
myocyte diameter (a), %myocardial fibrosis area (b), BNP mRNA expression (c), TGF-8 mRNA expression (d), and the ED-1-la-
beled macrophage count (e). Bar=1xSD (n=10). BNP, type-B natriuretic peptide; TGF, transforming growth factor.
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Effects on Cardiac Hypertrophy

There was no difference in the ratio of LV wet weight to tibi-
al length (LVW/TL) and cardiac myocyte diameter between
the Sham+vehicle and Sham+eplerenone groups (Table,
Figure 2). SAD increased the LVW/TL and myocyte di-
ameter in SHRs, associated with BNP mRNA upregulation
(Figure 2B-a,2B-c). Eplerenone reduced the SAD-induced in-
creases in LVW/TL and myocyte diameter, as well as the BNP
expression level.

Effects on Fibro-Inflammatory Changes
Mild perivascular fibrosis was observed in the Sham + vehicle
group (Figure 2A,2B-b). SAD enhanced perivascular fibrosis

and interstitial reparative fibrosis, associated with TGF- mRNA
upregulation (Figure 2B-b,2B-d). Eplerenone prevented the
SAD-induced myocardial fibrosis and TGF-f induction. SAD
induced perivascular macrophage infiltration in the heart, which
was prevented by eplerenone (Figure 2B-e).

Effects on Echocardiographic Data

SAD increased the echocardiographic L'V mass index (Figure 3)
and eplerenone prevented the SAD-induced aggravation of
LV hypertrophy. LV fractional shortening did not differ be-
tween the Sham + vehicle and Sham +eplerenone groups. SAD
reduced LV fractional shortening, and eplerenone prevented
the SAD-induced LV systolic dysfunction.

Circulation Journal Vol.77, June 2013
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Figure 3. Echocardiographic data. Pooled data of the effects of sinoaortic denervation (SAD) and eplerenone (EPL) on the ratio
of left ventricular mass to body weight (LV mass/BW) and %fractional shortening of the LV. Bar =1xSD (n=10).
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Figure 4. (A) Representative immunofluorescence microphotographs demonstrating the effects of sinoaortic denervation (SAD)
and eplerenone (EPL) on activation of the aldosterone/mineralocorticoid receptor (MR). (Top) MR staining; (Bottom) merged
image with MR and nuclear staining. MR: green; DAPI-stained nuclei, orange; MR translocated into the nuclei (activated MR),
yellow (white arrows). (B) Pooled data of the effects of SAD and EPL on sgk-1 mRNA expression. (C-a) Representative immuno-
fluorescence microphotographs for phosphorylated PAK1, the active form of PAK1 (brown color). (C-b) Pooled data of the effects
of SAD and EPL on phosphorylated PAK1 (p-PAK1). Inset: representative immunoblotting for p-PAK1. Bar=1xSD (n=6).

Circulation Journal Vol.77, June 2013



Eplerenone Prevents BPV-Induced Cardiac Remodeling

1479

Effects on MR Activation

Neither SAD nor eplerenone changed the MR mRNA expres-
sion levels in the heart (data not shown). The immunofluores-
cence study revealed that MRs mainly existed in the cytosol
of the medial cells of intramyocardial arteries and in cardiac
myocytes (Figure 4A). A small number of cells showed MR
immunoreactivity in the nucleus. SAD translocated MRs into
the nucleus, indicating MR activation. Eplerenone prevented
the SAD-induced MR nuclear translocation.

To further examine the effects of SAD on MR activation,
the mRNA expression levels of sgk-1, a known downstream
molecule of MR activation, were investigated. SAD increased
sgk-1 expression levels and eplerenone attenuated the SAD-
induced sgk-1 upregulation, although the changes did not reach
statistical significance (Figure 4B).

Effects on PAK1 Activation

Next, we investigated the levels of phosphorylation of PAKI1.
Immunohistostaining showed no apparent PAK1 phosphor-
ylation in the Sham + vehicle and Sham+eplerenone groups
(Figure 4C-a). SAD increased the level of PAK1 phosphory-
lation in the intramyocardial arteries and myocardium. Eplere-
none did not change the SAD-induced PAK1 phosphorylation.
Immunoblotting confirmed that SAD increased PAK1 phos-
phorylation, which was unchanged by eplerenone (Figure 4C-b).

Circulating Levels of Aldosterone and Cortisol

There were no differences between the Sham+ vehicle and
SAD +vehicle groups in the circulating levels of aldosterone
and cortisol (Table). Eplerenone had no significant effects on
these, although the aldosterone levels tended to be higher in
eplerenone-treated animals.

Discussion

The present study has shown for the first time that a combina-
tion of hypertension and large BPV induces MR activation of
the intramyocardial arterial cells and cardiac myocytes, with-
out changes in circulating aldosterone levels. It also demon-
strated that a subdepressor dose of eplerenone not only blocked
the BPV-induced MR activation but also ameliorated chronic
cardiac fibro-inflammatory changes, aggravation of hyperten-
sive cardiac remodeling, and LV dysfunction, while not af-
fecting the mean BP and its BPV, in the SHR + SAD group.

Recently, we showed that SHR + SAD is a model of a com-
bination of chronic hypertension and large BPV.!3 In this model,
large BPV aggravates hypertensive cardiac remodeling by ac-
tivating chronic cardiac fibro-inflammatory changes, indepen-
dently of activation of systemic inflammation, systemic renin-
angiotensin system, and sympathetic nerve system. Thus, we
used this model to investigate the role of the aldosterone/MR
system in BPV-induced aggravation of hypertensive cardiac
remodeling. To distinguish the direct MR blocking effect from
its BP-lowering effect, the maximum dose of eplerenone that
would not reduce BP was used in this study.

The most important findings of this study are that the in-
crease in BPV was associated with MR activation in the heart
(Figure 4A,4B) and that a subdepressor dose of eplerenone
prevented the BPV-induced aggravation of hypertensive car-
diac remodeling (cardiac hypertrophy and myocardial fibrosis)
and LV dysfunction without affecting BPV (Figures 1-3). The
prevention of cardiac remodeling by eplerenone was associ-
ated with inhibition of the SAD-induced upregulation of both
BNP, the molecular marker of cardiomyocyte hypertrophy, and
TGF-f, a fibro-inflammatory cytokine (Figure 2B-c,2B-d).

These effects of eplerenone were attributable to a MR block-
ing action because eplerenone inhibited the BPV-induced
MR nuclear translocation (ie, an indicator of MR activation;
Figure 4A).3# The observation that eplerenone reduced SAD-
induced upregulation of sgk-1, a target gene of MR activation,
also supports this hypothesis, although the changes were not
statistically significant (Figure 4B). It has been shown that MR
activation provokes the association of the MR with the dynein/
dynactin motor protein complex, which induces the transpor-
tation of the MR toward the nucleus and the binding of the MR
to a hormone response element to regulate the expression of
its target genes.? Because spironolactone has been shown to
reduce the MR nuclear translocation by inhibiting the forma-
tion of the motor protein complex,® the same mechanism is
considered to operate for eplerenone. SAD had no effects on
the mRNA expression levels of MR, irrespective of eplerenone
treatment, suggesting that upregulation of MR was not in-
volved in the mechanism of SAD-induced MR activation.

Eplerenone prevented both the cardiac hypertrophy and fi-
brosis induced by large BPV (Figure 2). Recently, we showed
that chronic inflammation manifested by macrophage infiltra-
tion and TGF-$ induction plays a role in the BPV-induced
aggravation of cardiac hypertrophy and fibrosis in this
model.!? In the present study, SAD induced macrophage infil-
tration and TGF-f upregulation in SHRs, and the fibro-inflam-
matory changes were prevented by eplerenone (Figure 2B-c,
2B-d). These findings suggest that inhibition of chronic fibro-
inflammatory changes is the mechanism whereby eplerenone
prevents the BPV-induced aggravation of cardiac hypertrophy
and fibrosis in the hypertensive heart. It is considered that the
large BPV-induced deterioration of LV systolic function was
ameliorated because eplerenone prevented myocyte damage
and loss, with resultant reparative cardiac fibrosis (Figures 2,
3 Right).

There is increasing evidence of cross-talk between the MR
and angiotensin II type 1 receptor (AT1R) pathways during
cardiovascular remodeling, although the molecular mechanisms
remain unclear: in vascular smooth muscle cells (VSMCs),
MR activation amplifies angiotensin II-induced signals, such
as ERK1/2, and upregulates ATIR expression,’!3> whereas
activation of AT1R is required for activation of aldosterone-
induced signaling pathways in VSMCs.3? Cross-talk between
MR and ATIR in the heart has been also suggested because
cardiomyocyte-specific MR overexpression enhances cardiac
hypertrophy and fibrosis without changing BP levels in mice
treated with chronic angiotensin II infusion.’* We have dem-
onstrated that activation of cardiac AT1R plays a role in SAD-
induced chronic inflammation and aggravation of hyperten-
sive remodeling in this model.® It is noteworthy that SAD
upregulated cardiac AT1R expression and increased cardiac
ERK1/2 activity in SHR.!3! Thus, it is possible that cross-talk
between MR and ATIR has a role in the SAD-induced ag-
gravation of hypertensive remodeling.

The present study results suggest a role for aldosterone-
independent MR activation in cardiac inflammation in SHRs
with large BPV, because circulating levels of aldosterone were
unchanged (Table) and the cardiac aldosterone content was
below the detectable range in this model (data not shown).
Cortisol is another candidate ligand for the MRs, because
cortisol can bind them in cardiac myocytes that do not have
11-hydroxysteroid dehydrogenase, a cortisol-degrading en-
zyme.? However, SAD did not change the circulating cortisol
levels (Table). Thus, it was less likely that cortisol partici-
pated in the MR activation in this model.
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Study Limitations

From this study, the mechanism of MR activation by large
BPYV still remains unknown. There is increasing evidence of
ligand-independent activation of the MRs.35% It is noteworthy
that PAK1 was activated by large BPV in SHRs (Figure 4C).
PAKI1 is known as a serine/threonine kinase that regulates
cytoskeletal remodeling and cell motility.’” Recently, it has
been shown that PAK1 regulates the activity of steroid recep-
tors and promotes nuclear translocation of the MRs.33? Also,
PAKI1 is an effector protein of a small G-protein Rac1, which
is a ligand-independent activator of the MRs.*’ As shown in
Figure 4C, eplerenone did not affect BPV-induced PAK1 phos-
phorylation. Taken together, the findings suggest that PAK1
phosphorylation may be upstream of BPV-induced MR acti-
vation in SHRs. Further investigation is needed to address this
issue.

Conclusions

Increased BPV induced cardiac MR activation and eplerenone
inhibited the BPV-induced aggravation of cardiac remodeling
and LV dysfunction without changing mean BP or BPV in
SHRs. Inhibition of chronic cardiac inflammation may be the
mechanism whereby eplerenone prevents BPV-induced aggra-
vation of hypertensive cardiac remodeling. A large BPV is a
characteristic feature of hypertensive patients with advanced
atherosclerosis, especially with carotid atherosclerosis, or in
the elderly. Therefore, eplerenone may be useful for prevent-
ing the worsening of hypertensive cardiac remodeling in hy-
pertensive patients with large BPV.
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