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Abstract

Background: Chronic glucocorticoid treatment induces the development of renal injury via

mineralocorticoid receptor (MR) activation in bilaterally adrenalectomized rats. It has been hypothesized

that glucocorticoid contributes to the development of left ventricular (LV) remodeling through MR

activation in bilaterally adrenalectomized rats (ADX).Methods: ADX rats were maintained with 1%NaCl

in drinking water and randomly treated as follows for 8 weeks: vehicle (n=7), bilateral adrenalectomy

(ADX) + hydrocortisone (HYDRO) (5 mg/kg/day, subcutaneous, n=7), and ADX + HYDRO + eplerenone

(0.125% in chow; approximately 75 mg/kg/day, n=7).  An osmotic minipump was implanted

subcutaneously for continuous infusion of HYDRO. Results: As compared with control vehicle-

treated uninephrectomized rats, ADX+HYDRO treatment for 8 weeks significantly increased systolic

blood pressure, LV weight, collagen content and mRNA levels of atrial natriuretic peptide, brain

natriuretic peptide, and collagen type 1 and III. These changes were associated with increase in LV

thiobarbituric acid reactive substances content, dihydroethidium fluorescence and mRNA levels of

NADPH oxidase subunits. Treatment with a selective MR antagonist, eplerenone significantly

attenuated HYDRO induced changes in LV parameters. HYDRO-induced increases in mRNA and

protein levels of serum and glucocorticoid-regulated kinases 1 were prevented by eplerenone.

Conclusion: These data suggest that chronic glucocorticoid treatment induces LV tissue remodeling

through MR dependent mechanism in bilateral adrenalectomized rats.
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Introduction prevented hydrocortisone-induced renal injury

in these animals1.  Another study by Mihailidou

et al.2 in Langendrph perfusion system showed

that cardiac injury after myocardial infarction was

aggravated by physiological dose of cortisol via

MR activation without perfusion of aldosterone.

Taken together, these data suggest that

glucocorticoid is involved in the pathophysiology

involved in the pathophysiology of renal and

Recently,It has been shown that

chronic glucocorticoid (hydroco-

rtisone) treatment induces theR
development of renal injury in bilateral

adrenalectomized rats and mineralocorticoid

receptor(MR) blockade with eplerenone
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of renal and cardiac injury through the activation

of MR under experimental condition where

circulating aldosterone levels are minimal.

Mineralocorticoid receptor  activation has been

shown to play an important role in the

pathogenesis of cardiovascular injury.

Aldosterone/salt-treated rats developed

hypertension, cardiac hypertrophy and extensive

perivascular or interstitial fibrosis3,4. In the

mineralocorticoid/salt-treated rats5 and mice with

chronic pressure overload6, treatment with MR

antagonists provides substantial cardiovascular

protection. The Randomized Aldactone

Evaluation Study (RALES)7 and the Eplerenone

Post-Acute Myocardial Infraction Heart Failure

Efficacy and Survival Study (EPHESUS)8 have

shown that treatment with MR antagonists

significantly reduced mortality in patients with

severe heart failure who were treated with

standard medication including angiotensin

converting enzyme inhibitors and angiotensin

receptor blockers. Interestingly, these clinical

trials also showed that the cardioprotective

effects of MR antagonists were elicited even in

patients whose plasma aldosterone levels were

not in the pathological levels. The accumulating

evidences suggest that part of these effects of

MR antagonists are mediated through the

mechanisms that are independent of plasma

aldosterone levels, and the beneficial effects of

MR antagonists indicate the pivotal role of MR

in the development of cardiac injury.

The present study was performed to test the

hypothesis that chronic hydrocortisone

treatment contributes to the development of LV

remodeling through MR activation in

adrenalectomized rats. To test this hypothesis,

we examined the effects of eplerenone, a selective

MR antagonist, on LV remodeling in bilateral

adrenalectomized rats. We also measured the

protein and gene expression of MR target gene,

serum and glucocorticoid-inducible kinase-1

(SGK1) in LV tissues.

Methods

Experiments were performed on male Wister-

Kyoto (WKY) rats (SLC, Shizuoka, Japan),

having average 170±4 g body weight at the

beginning of the experiments.  Rats were

maintained in a temperature-controlled (24±2°C)

room under a 12 hrs light/dark cycle.  All

experimental procedures were performed

according to the guidelines for the care and use

of animals established by the Kagawa University.

After one week acclimatization, male WKY rats

were subjected to right uninephrectomy (UNX)

and bilateral adrenalectomy (ADX) by flank

incision under sodium pentobarbital anesthesia

(50 mg/kg, i.p.)1.

ADX rats were put on with 1%NaCl in drinking

water and randomly assigned to treatment as

follows for 8 weeks: vehicle (n=7), bilateral

adrenalectomy (ADX) + hydrocortisone

(HYDRO) (5 mg/kg/day, subcutaneous, n=7), and

ADX + HYDRO + eplerenone (0.125% in chow;

approximately 75 mg/kg/day, n=7).  An osmotic

minipump was implanted subcutaneously for

continuous infusion of HYDRO.  The doses of

HYDRO and eplerenone were determined on the

basis of result from previous studies in rats1,

9,10.

Sample collections:

Systolic blood pressure (SBP) was measured by

a tail-cuff plethysmography (BP-98A; Softron

Co., Tokyo, Japan)1.  After 8 weeks treatment,

rats were anesthetized with sodium pentobarbital

(50 mg/kg, i.p.) and arterial blood was collected

from abdominal aorta into chilled tubes containing

EDTA.  Blood samples were centrifuged, and

plasma was stored at -20°C for further analysis.

The heart was perfused with chilled saline

solution through abdominal aorta.  Then, LV

tissues were removed, weighed, embedded in

OCT compound.  Remaining LV tissues were

immediately snap-frozen in liquid nitrogen and

then stored at -80°C for further use.  The degree

of cardiac hypertrophy was calculated in terms

of heart weight/body weight (Hwt/bwt) ratio and
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left ventricle weight/body weight (LVwt/bwt)

ratio.

Real-Time Reverse Transcription-Polymerase

Chain Reaction (RT-PCR):

The mRNA expression of Glyceraldehyde-3-

Phosphate Dehydrogenase (GAPDH), types I

and III collagen, p22phox and gp91phox in LV

tissue were analyzed by real-time PCR using a

LightCycler FastStart DNA Master SYBR Green

I kit and an ABI Prism 7000 Sequence Detection

System (Applied Biosystems, foster city, USA)11.

The mRNA levels of brain natriuretic peptide

(BNP), atrial natriuretic peptide (ANP) and

transforming growth factor-â 1 (TGF-â1) were

measured as previously described12 and MR,

glucocorticoid receptor (GR), SGK1, 11âHSD2

were measured as previously described1.  cDNA

was initially denatured at 95oC for 30 sec, and

then amplified by PCR for 48 cycles (95oC for 15

sec, 60oC for 1 min) 13, 14.  The oligonucleotide

primer sequences for the rat CYP11B2

(NM_012538) are sense: 5'-AAAGAAGGTGCG

TCAGAATGC-3', antisense: 5'-ACTTCAGG

CTACCAGGGTTCAG-3'.  All data are expressed

as the relative differences compared with rats of

UNX + vehicle after normalization to the

expression of GAPDH.

Dihydroethidium (DHE) staining:

Fresh LV tissue was embedded in OCT and

subsequently cryosectioned into 10-µm sections.

The sections were incubated with 10 ìmol/L DHE

(Invitrogen, Carlsbad, California, USA) in PBS at

37°C for 30 min in the light-protected humidified

chamber15.  Once DHE is oxidized to ethidium, it

intercalates within DNA, staining the nucleus a

fluorescent red.  Images were obtained by

confocal laser-scanning fluorescence microscopy

system (Radiance2100; Bio-Rad Laboratories,

Hercules, California, USA).  The DHE

fluorescence intensity was calculated from seven

samples in each group.

Western blot analysis:

SGK1 protein expression was determined by

Western blotting analysis with SGK-specific

antibody as described previously16.  Briefly,

protein samples were separated by 8% SDS-

polyacrylamide gel electrophoresis and then

transferred to nitrocellulose membrane (GE

Healthcare Life Science, Buckinghamshire, UK).

The membrane was incubated with an anti-SGK1

(MR 1–18 1D5) antibody (1:500; Cell Signaling

Technology, Inc., MA, USA), followed by

incubation with horseradish peroxidase-

conjugated anti-mouse immunoglobulin  G

(1:10,000; Jackson ImmunoResearch

Laboratories, West Grove, PA).  Finally, the bands

were detected by chemiluminescence using the

ECL plus Western blotting detection system (GE

Healthcare  Life Science) following the

manufacturer’s instructions.  To check for equal

loading, membranes were reprobed with an

antibody against â-actin (Sigma).  All values were

expressed as the relative differences compared

with rats of UNX + vehicle after normalization to

the expression of â-actin.

Other analytical procedures:

The degrees of lipid peroxidation in plasma and

LV tissues were determined using biochemical

assays of the thiobarbituric acid reactive

substances (TBARS), as described

previously10,11.  Collagen content in the LV

tissues was determined on the basis of

hydroxyproline concentration as described

previously17.  The value of collagen content was

expressed as microgram per milligram of dry

tissue weight.  Plasma aldosterone, sodium and

potassium concentration were measure as

previously reported1.

All values are presented as the means±SEM. Data

were compared using one-way ANOVA followed

by Newman-Keuls post-hoc multiple

comparisons test. P values below 0.05 were

considered statistically significant. Data and

statistical analyses were performed using

GraphPad Prism version 5 for Windows (Graph

Pad Software, San Diego, CA, USA).

Glucocorticoid MR in LV Remodeling Islam et al
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Results

Biological and biochemical parameters:

After 8 weeks treatment, plasma aldosterone

concentration was remained below the detectable

ranges in uninepherctomized-bilateral

adrenalectomized rats (<13 pg/mL), suggesting

the completeness of bilateral adrenalectomy.  In

contrast, plasma aldosterone concentration was

averaged 190±39 pg/mL in control rats.  Plasma

HYDRO concentration in HYDRO infused-ADX

rats and HYDRO-infused ADX rats treated with

eplerenone were 36±4 and 37±5 ng/mL,

respectively.  Systolic blood pressure was

significantly increased in HYDRO-infused rats

compared to control rats (175±5 and 112±3 mmHg,

P<0.01).  There was no significant difference in

SBP between HYDRO-infused rats and HYDRO-

infused rats treated with eplerenone (170±3

mmHg).  Plasma sodium and potassium levels

were not different among the groups (data not

shown).

Cardiac hypertrophy markers:

HYDRO-infused rats showed significantly higher

Hwt/bwt and LVwt/bwt compared to control rats

(Figures 1A, B).  Eplerenone treatment prevented

HYDRO-induced increases in Hwt/bwt and LVwt/

bwt ratio.  As shown in Figures 1C and D,

HYDRO-infused rats showed significantly

increased ANP and BNP mRNA expression in LV

tissues compared to control rats, a marker of

cardiac hypertrophy18.  Treatment with

eplerenone attenuated HYDRO-induced increase

in mRNA levels of ANP and BNP.

Cardiac collagen and fibrotic markers:

As shown in Figure 2A, HYDRO-infused rats

showed significantly higher collagen contents

in LV tissues compared to control rats.  Treatment

with eplerenone markedly attenuated HYDRO-

induced increases in collagen contents in LV

tissues. Collagen types I and III mRNA levels in

LV tissues were significantly increased in

HYDRO-infused rats (Figures 2C and D

respectively), whereas TGF-â1 mRNA levels

tends to be increased in HYDRO-infused rats

which was not statistically significant (Figures

2B).  Treatment with eplerenone prevented

HYDRO-induced increases in mRNA levels of

TGF-â1, collagen types I and III.

Cardiac oxidative stress:

As shown in Figures 3A and B, HYDRO-infused

rats showed significantly higher TBARS levels

in plasma and LV tissues.  Concurrent treatment

with eplerenone significantly attenuated

HYDRO-induced increases TBARS levels in

both plasma and LV tissues.  NADPH oxidase

subunits, p22phox and gp91phox, mRNA levels

in LV tissues were significantly upregulated in

HYDRO-infused rats compared to control rats

(Figures 3C and D).  Treatment with eplerenone

prevented the HYDRO-induced upregulation of

NADPH oxidase subunits mRNA expression in

LV tissues.  In addition, HYDRO-infused rats

showed markedly increased DHE fluorescence

in LV tissues (Figure 3E).  Treatment with

eplerenone prevented HYDRO-induced increase

DHE fluorescence in LV tissues.  The beneficial

effects of MR blockage indicate that HYDRO

participates in the MR-dependent patho-

physiological response in the heart of

adrenalectomized rats.

Gene expressions of SGK1, 11â-HSD2, MR and

aldosterone synthase (CYP11B2):

As shown in Figures 4A and B, mRNA and

protein levels of SGK1, a MR target gene, were

significantly upregulated in LV tissues of

HYDRO-infused rats compared to control rats.

Concurrent treatment with eplerenone

significantly attenuated HYDRO-induced

upregulation of both mRNA expression and

protein of SGK1 in LV tissues.  On the other hand,

all of the groups exhibited detectable 11â-HSD2

gene expression, which were similar among the

groups (Table I).  MR and GR mRNA levels were

not significantly different among the groups

(Table I).  CYP11B2 gene expression in LV tissues

was detectable, and was similar among the

groups  (Table I).

Glucocorticoid MR in LV Remodeling Islam et al
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Table I: Gene expressions in LV tissues of experimental rats.

Genes Treatment groups

UNX+vehicle UNX+ADX UNX+ADX

(n=7) +HYDRO (n=7) +HYDRO +eplerenone (n=7)

MR 1±0.16 0.88±0.15 0.90±0.15

G R 1±0.25 1.08±0.16 1.17±0.09

11b-HSD2 1±0.18 1.08±0.14 1.15±0.08

CYP11B2 1±0.21 0.80±0.11 0.90±0.17

Each value represents the mean±SEM. Data are expressed as the relative differences in compared with UNX +

vehicle after normalization to the expression of GADPH. UNX; unephrectomized, ADX; bilateral adrealectomized,

HYDRO; hydrocortisone, MR; mineralocorticoid receptor, GR; glucocorticoid receptor, 11âHSD2; 11â-

hydroxysteroid dehydrogenase type 2, and CYP11B2; aldosterone synthase.

Figure 1.  Heart weight to body weight ratio (Hwt/bwt) (A), Left ventricular weight to body weight

ratio (LVwt/bwt) (B). Atrial natriuretic peptides (ANP) (C), Brain natriuretic peptide (BNP) (D) mRNA

levels in LV tissues analyzed by semiquantitative real-time RT-PCR. RT-PCR data are expressed as the

relative differences in compared with UNX + vehicle after normalization to the expression of

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). UNX; unephrecto-mized, ADX; bilateral

adrealectomized, HYDRO; hydrocortisone.
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Figure 2.  LV tissues collagen content (A) analyzed on the basis of hydroxyproline concentration.
TGF-â1 (B), Collagen type I (C) and Collagen type III (D) mRNA levels in LV tissues of experimental
rats. All RT-PCR data are expressed as the relative differences in compared with UNX + vehicle after
normalization to the expression of GADPH. NS; not significant.

Figure 3.  Thiobarbituric acid reactive substances (TBARS) levels in plasma (A) and LV tissues (B). P22 phox

(C) and gp91phox (D) mRNA levels in LV tissues of experimental rats. Representative image of dihydroethidium

(DHE) staining from LV tissues (original magnification, X200) (E). Data from RT-PCR expressed as the relative

differences in compared with UNX + vehicle after normalization to the expression of GADPH.
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Discussion

The present study showed that chronic HYDRO

treatment induces LV hypertrophy, collagen

accumulation and oxidative stress in bilateral

adrenalectomized rats, and was associated with

increased SGK1 gene and protein levels.

Furthermore, MR blockade by eplerenone

attenuates the HYDRO-induced cardiac

remodeling.  These data support the hypothesis

that chronic glucocorticoid treatment induces

cardiac remodeling through MR activation in

bilateral adrenalectomized rats.

Cushing’s syndrome is associated with increased

mortality and morbidity in patient due to cardiac

diseases including LV hypertrophy19,20.  In

agreement with previous study by another

group18, we showed HYDRO-induced LV

hypertrophy was accompanied by increases in

ANP and BNP mRNA levels.  HYDRO-induced

elevated natriuretic peptide levels were

attenuated by MR blockade with eplerenone in

adrenalectomized rats.  Previous study showed

that natriuretic peptide expression increased

during MR activation in the heart21.  In addition,

in vitro study showed that MR activation

induced cardiomyocyte hypertrophy and

Figure 4.  LV tissues mRNA expression (A) and protein (B) of SGK1 analyzed by RT-PCR and western

blot, respectively. SGK1 protein levels were normalized by arbitrarily setting the integrated densitometric

values of UNX + vehicle after normalization to â-actin.

increased BNP transcription22.  These data

support the concept that cardiac MR can be

activated by chronic glucocorticoid treatment in

bilateral adrenalectomized rats.

Extracellular matrix plays an important role in

regulating cardiovascular function23.  Increased

deposition of collagen in the extracellular matrix

leads to fibrosis which associates with contractile

abnormality in the heart24.  In the present study,

HYDRO infusion increased the collagen mRNA

expression and content in LV tissues, which were

significantly attenuated by eplerenone in

adrenalectomized rats.  These data suggest that

chronic glucocorticoid treatment induces LV

fibrosis possibly through MR activation in

adrenalectomized rats. However, a weak point of

this study is that cardiac fibrosis was not

examined by histological analysis.

In the earlier report Funder proposed that

glucocorticoid-MR complexes can be

transcriptionally activated as a result of the

generation of reactive oxygen species (ROS)25.

In the present study, HYDRO-infused rats

showed increases in TBARS levels in plasma and

LV tissues, as well as gene expression of NADPH

Glucocorticoid MR in LV Remodeling Islam et al
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oxidase components and DHE fluorescence in

LV tissues.  These data suggest that chronic

HYDRO treatment develops cardiac remodeling

through NADPH oxidase-dependent ROS

production, at least in part. Therefore, in

agreement with the proposal of Michea et al.26 it

is also possible that the increased oxidative stress

may also lead to further activation of MR which

are preoccupied by HYDRO in this

pathophysiological condition. In contrast, Young

et al.27 reported that eight days exogenous

glucocorticoid infusion developed cardio-

vascular inflammation through activation of MR

in adrenalectomized rats. In these experiments,

treatment with physiological dose of

corticosterone did not increase gene expression

of NADPH oxidase subunits whereas numbers

of extravasated macrophages were increased in

the heart27.

In the present study, mRNA of SGK1 was

evaluated as a potential marker for cardiac MR

activation28, 29.  In HYDRO-infused rats, cardiac

remodeling was associated with marked increases

in both mRNA and protein levels of SGK1 in LV

tissues.  Importantly, treatment with eplerenone

significantly attenuated the increases in LV SGK1

levels, indicating HYDRO-infusion induces MR

activation as well as stimulates a classical function

of MR transcription.  These data support the

concept that chronic HYDRO treatment activates

LV MR in adrenalectomized rats.

The functional role of 11âHSD2 in the heart is

controversial.  Several studies showed that

11âHSD2 is not expressed in cardiomyocytes30

or heart31.  However, Michea et al.26 reported

that both 11âHSD2 activity and gene expressions

are detectable in LV of rats.  In the present study,

gene expression of 11âHSD2 in LV tissues was

detectable which were not altered by HYDRO

infusion.  The possibility of local production of

steroids (both mineralocorticoid and

glucocorticoid) in the heart is also controversial.

Several studies have indicated that most of the

aldosterone in the heart is derived from the

circulation32, 33.  In contrast, Silvestre et al.34

reported the existence of endocrine steroidogenic

system in rat heart.  In addition, other study also

indicated that aldosterone is synthesized in the

heart35.  In this aspect present study showed

that aldosterone synthase (CYP11B2) gene

expression in LV tissues were detectable, and

was similar among the groups.

Conclusion

The present study suggests that cardiac MR could

be activated by HYDRO, and that the HYDRO-

induced MR activation participates in the

development of cardiac remodeling in bilateral

adrenalectomized rats. Clinically present study

findings imply that chronic treatment with steroids

which stimulate MR in vivo may induce LV

remodeling. Furthermore, MR blockers may have

cardioprotective effect in patients chronically

treated with steroids that activate MR or Cushing’s

syndrome patients with cardiac abnormality.  The

limitation of the present study is the lack of LV

functional and histological data.  Future studies

are needed to determine the functional and

histological changes induced by HYDRO infusion

in bilateral adrenalectomized rats.
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