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Abstract
Objectives—Aldosterone is well recognized as the selective physiological ligand for
mineralocorticoid receptor in epithelia. However, in-vitro studies have demonstrated that the
affinity of aldosterone and glucocorticoids for mineralocorticoid receptor is similar. We
hypothesized that glucocorticoids are involved in the development of renal injury through an
mineralocorticoid receptor-dependent mechanism.

Methods and results—Uninephrectomized (UNX) rats were treated with 1% NaCl and divided
into three groups: vehicle, bilateral adrenalectomy (ADX) + hydrocortisone (HYDRO; 5 mg/kg/
day, s.c.), ADX + HYDRO + eplerenone (0.125% in chow). HYDRO-treated UNX-ADX rats
showed increased blood pressure and urinary albumin-to-creatinine ratio with an increase in the
expression of the mineralocorticoid receptor target genes, serum and glucocorticoid-regulated
kinases-1 and Na+/H+ exchanger isoform-1, in renal tissues. HYDRO treatment induced
morphological changes in the kidney, including glomerulosclerosis and podocyte injury.
Treatment with eplerenone markedly decreased the gene expression and reduced the albuminuria
and renal morphological changes. In contrast, dexamethasone (0.2 mg/kg per day, s.c.) + UNX +
ADX induced hypertension and albuminuria in different groups of rats. Eplerenone failed to
ameliorate these changes.

Conclusions—Our findings indicate that chronic glucocorticoid excess could activate
mineralocorticoid receptor and, in turn, induce the development of renal injury.
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Introduction
Accumulating evidence indicates an important role for the aldosterone/mineralocorticoid
receptor in the pathophysiology of hypertension and renal injury. Aldosterone/salt-treated
rats showed progressive hypertension and renal injury, which was suppressed by eplerenone,
a selective mineralocorticoid receptor antagonist [1,2]. In-vitro studies found that
aldosterone induced proliferation and deformation of rat mesangial cells (RMCs); again,
these changes were suppressed by eplerenone [3,4], suggesting that aldosterone has direct
deleterious effects on the RMC via activation of mineralocorticoid receptor. Recent studies
indicate that high circulating aldosterone levels are not always observed when
mineralocorticoid receptor blockers elicit their renoprotective effect; for example,
mineralocorticoid receptor blockers prevented renal injury in experimental models that had
low or normal plasma aldosterone levels, such as salt-treated Dahl salt-sensitive rats [5–7]
and stroke-prone spontaneously hypertensive rats [8]. Furthermore, several clinical studies
demonstrated that blockade of mineralocorticoid receptor prevented the progression of
proteinuria and renal injury even in patients with normal or low plasma aldosterone levels
[9,10], indicating a possible effect of mineralocorticoid receptor that does not depend on
high plasma aldosterone level.

The affinities for mineralocorticoid receptor are similar between aldosterone and
glucocorticoids (cortisol in humans, corticosterone in rodents) in vitro [11]. The plasma
concentration of glucocorticoids is 1000 times greater than that of aldosterone under
physiological conditions [12]; however, 11β-hydroxysteroid dehydrogenase type 2
(11βHSD2), which is highly expressed in the aldosterone target cells, transforms
glucocorticoids into inactive metabolites (cortisone in humans and 11-dehydrocorticosterone
in rodents), and prevents the activation of mineralocorticoid receptor by glucocorticoids
[13]. Thus, reduced 11βHSD2 activity results in pseudohyperaldosteronism similar to that
seen in patients with the syndrome of apparent mineralocorticoid excess (by 11βHSD2
deficiency) and in patients treated with licorice (by glycyrrhizic acid-induced 11βHSD2
inhibition). Kageyama et al. [14] have reported that a physiological dose of corticosterone
induces blood pressure elevation in glycyrrhizin-treated bilaterally adrenalectomized rats;
the effect was inhibited by a mineralocorticoid receptor antagonist, spironolactone,
indicating that corticosterone participated in the mineralocorticoid receptor-dependent
pathological responses. However, the contribution of aldosterone-independent
mineralocorticoid receptor activation to renal injury has yet to be examined.

Therefore, our purpose was to examine whether hydrocortisone (HYDRO) induces renal
injury via activation of mineralocorticoid receptor as observed in aldosterone/salt-treated
rats. Studies were conducted to determine whether HYDRO (instead of aldosterone)-treated
adrenalectomized rats develop hypertension, and renal injury with significant up-regulation
of mineralocorticoid receptor target genes, such as serum and glucocorticoid-regulated
kinases-1 (Sgk-1) and Na+/H+ exchanger isoform-1 (NHE1). In addition, we investigated the
effect of dexamethasone (DEX), a glucocorticoid that has no apparent in-vivo
mineralocorticoid receptor agonistic activity, to elucidate the role of the glucocorticoid
receptor. Then, we examined the effects of eplerenone on HYDRO and DEX-induced
hypertension and renal injury in these animals.

Methods
Animals

Experiments were performed on male, 6 weeks old Wistar–Kyoto (WKY) rats (SLC,
Shizuoka, Japan), weighing 160–183 g. Rats were maintained in a temperature-controlled
(24 ± 2°C) room under a 12-h light/dark cycle. All experimental procedures were performed
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according to the Guidelines for the Care and Use of Animals established by Kagawa
University.

Experimental design
After 1 week acclimatization, male WKY rats were subjected to right uninephrectomy
(UNX) and bilateral adrenalectomy (ADX) by flank incision under anesthesia with sodium
pentobarbital (50 mg/kg, i.p.). After the operation, all rats were given 1% NaCl in the
drinking water, and an osmotic minipump (Alzet, model 2004; DURECT Corporation,
Cupertino, California, USA) was implanted subcutaneously at the dorsum of the neck to
infuse vehicle, HYDRO (5 mg/kg per day) or DEX (0.2 mg/kg per day) for 8 weeks. After 4
weeks the osmotic minipump was replaced to continue drug infusion. After pump
implantation, rats were randomly divided into three groups as follows: group I (n = 10):
UNX + vehicle; group II (n = 9): UNX + ADX + HYDRO (5 mg/kg per day, s.c.); and
group III (n = 10): UNX + ADX + HYDRO + eplerenone eplerenone (0.125% in chow;
approximately 75 mg/kg per day). The dose of HYDRO and eplerenone were determined on
the basis of results from previous studies in rats. In another group of experiments, rats were
randomly divided into three groups as follows: group I (n = 10): UNX + vehicle; group II (n
= 10): UNX + ADX + DEX (0.2 mg/kg per day, s.c.); and group III (n = 10): UNX + ADX
+ DEX + eplerenone (0.2% in chow; approximately 110 mg/kg per day). The dose of
HYDRO and DEX was also determined on the basis of results from previous studies in rats
[2,15–17]. The current eplerenone dose could markedly suppress the hypertension induced
by 0.75 μg/h of aldosterone for 6 weeks [2,18].

Sample collection
During the 8-week treatment period, systolic blood pressure (SBP) was measured by tail-
cuff plethysmography (BP-98A; Softron Co., Tokyo, Japan). Urine samples were collected
using metabolic cages. Urine samples were stored at −30°C for urinary total protein,
creatinine and albumin analysis. Arterial blood was collected from the abdominal aorta, after
anesthesia with sodium pentobarbital (50 mg/kg, i.p.) into chilled tubes containing EDTA.
Blood samples were centrifuged, and supernatant was stored at −30°C for further analysis.
The left kidney was perfused with chilled saline solution. Kidney sections were fixed in 10%
formalin. Renal cortical tissues were snap-frozen in liquid nitrogen and stored at −80°C until
processing for RNA extraction and reverse transcription-polymerase chain reaction (RT-
PCR) analysis.

Histological examination
Kidneys were embedded in paraffin, sectioned into 4 μm slices, and stained with periodic
acid-Schiff (PAS) reagent. Thereafter, glomerular cellularity was determined by counting
the nuclear cell total in each glomerulus using light microscopy. The diameters of the
glomeruli and percentage of PAS-positive area in each experimental group were also
measured using image measurement software, WinROOF (Mitani Corp., Tokyo, Japan). A
total of 45–50 glomeruli were examined for each rat and the average percentage of affected
lesions were calculated for each rat. The extent of the interstitial fibrotic area was evaluated
quantitatively by an automatic image analysis, which determined the area occupied by
interstitial tissue positive for Masson’s trichrome-staining as described previously [19], and
was analyzed using Image-Pro plus software (Media Cybernetics, Bethesda, Maryland,
USA). Twenty consecutive microscopic fields (2500 μm2 in each field) were examined for
each rat and the averaged percentages of the collagen-positive lesions were obtained for
each rat (×200 magnification). All of the morphometric measurements were performed in a
blinded manner to avoid any bias.
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Immunohistochemistry
Immunohistochemistry for desmin was performed using the Histofine Simple Stain MAX-
PO MULTI (Nichirei Biosciences, Tokyo, Japan) [7]. Deparaffinized sections were
incubated with 0.1% hydrogen peroxide for 10 min to block endogenous enzymes. After
blocking, sections were incubated with primary antibodies (anti-Human Desmin Mouse
monoclonal antibody, D33, 1: 500; DAKOCytomation, Glostrup, Denmark) for 10 min at
room temperature. Antibodies were visualized by 3,3-diaminobenzidine tetrahydrochloride
(DAB) substrate (DakoCytomation); counterstaining was performed with hematoxylin
(DAKOCytomation). Sections incubated without primary antibodies were used as controls.
The histologic analysis was performed using a color image analyzing system (WinRooF) in
a blinded manner.

Laser capture microdissection and mRNA isolation
For glomerular nephrin and podocin mRNA analysis, glomeruli were microdissected by
laser capture microdissection methods [7]. Tissue embedded in optimal cutting temperature
was subsequently cryosectioned into 8 μm sections. Twenty-five glomeruli were randomly
microdissected from each specimen under direct visualization with a laser capture
microscope (LM-200; Arcturus Bioscience, Mountain View, California, USA). Finally,
glomerular mRNA was extracted using RNAqueous-Micro kits (Ambion, Austin, Texas,
USA) according to the manufacturer’s protocol.

Real-time RT-PCR
The mRNA expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alpha-
smooth muscle actin (α-SMA), type 1 collagen, mineralocorticoid receptor, glucocorticoid
receptor, Sgk-1, 11βHSD2 and NHE1 in renal cortical tissue, and nephrin and podocin in
renal glomeruli were analyzed by RT-PCR using a LightCycler FastStart DNA Master
SYBR Green I kit and an ABI Prism 7000 Sequence Detection System (Applied Bio-
systems, Foster City, California, USA). The oligonucleotide primer sequences of GAPDH,
MR, Sgk-1 and type 1 collagen were as previously described [7,20,21]. The oligonucleotide
primer sequences were: rat α-SMA (NM_012893) sense: ACGGCGGCTTCGTCTTCT,
antisense: CCAGCTGACTCCATGCCAAT; rat glucocorticoid receptor sense: 5′-
ACAGCTCACCCCTACC TTGGT-3′, antisense: 5′-CTTGACGCCCACCTAACA TGT-3′;
rat 11βHSD2 (NM_017081) sense: 5′-CTG GCCACTGTGTTGGATTTG-3′, antisense: 5′-
TCCA GAACACGGCTGATATCCT-3′; and rat NHE1 (NM_012652) sense: 5′-
ACCACAAGATGGAGATG AAGCA-3′, antisense: 5′-GCAAGATGCGCTCTGAAG
CT-3′; nephrin sense: 5′-CCAGAGTGGACGAACTAT ATTGGA-3′, antisense: 5′-
GACCAGTAACTGCCCGT TATCC-3′; podocin sense: 5′-CCTTTCCATGAGGTG
GTAACCA-3′, antisense: 5′-GGATGGCTTTGGACA CATGAG-3′. All data were
expressed as the relative differences between UNX + vehicle group and other groups after
normalization to GAPDH expression.

Other analytical procedures
Urinary creatinine, urinary albumin and plasma HYDRO were analyzed by a creatinine test
kit (micro CRE-test; Wako, Osaka, Japan), an albumin assay kit (Shibayagi, Gunma, Japan)
and a cortisol enzyme immunoassay kit (Oxford Biomedical Research, Oxford, Michigan,
USA), respectively. The normal value of urinary albumin-to-creatinine ratio (UACR) for
rats is around 10–40 mg/g creatinine by using this kit that is almost similar value with
previous studies using different kit [22,23]. Plasma and urine sodium and potassium
concentration were measured using flame photometry (Hitachi 750; Hitachi, Tokyo, Japan).
Plasma aldosterone concentration was analyzed by commercially available kit (SPACK-S
aldosterone kit; TFB, Tokyo, Japan).
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Statistical analysis
All values are presented as the means ± SEM. Statistical comparisons of the differences
were performed using one way analysis of variance combined with the Newman-Keuls post-
hoc test. P values below 0.05 were considered statistically significant.

Results
Plasma corticosteroid concentration

Adrenalectomy was confirmed by examining the plasma aldosterone concentration of rats.
The plasma aldosterone concentration was found to be within the normal range in vehicle-
infused rats. In contrast, the plasma aldosterone concentration was below the detectable
range in adrenalectomized rats (less than 13 pg/ml) (Table 1). Plasma HYDRO levels were
36.4 ± 6.3 and 38.5 ± 3.9 ng/ml in UNX + ADX + HYDRO rats and UNX + ADX +
HYDRO + eplerenone, respectively.

Blood pressure, albuminuria and biological parameters
Hydrocortisone infusion into UNX +ADX rats significantly increased SBP compared with
UNX controls (Fig. 1a). Eplerenone treatment failed to attenuate the HYDRO-induced
increase in SBP (Fig. 1a). During the 8-week treatment period, HYDRO-infused rats showed
significantly less body weight gain compared with vehicle-infused rats (Table 1).
Eplerenone did not improve the attenuated body weight gain (Table 1). The ratio of left
kidney weight to body weight was not significantly different between the groups (Table 1).

Increased UACR (Fig. 1b) was observed in HYDRO-infused UNX + ADX rats. Treatment
with eplerenone significantly attenuated the HYDRO-induced increase in UACR (Fig. 1b).
Neither HYDRO nor eplerenone treatment significantly affected the plasma creatinine nor
plasma as well as urine electrolyte (Na+ and K+) levels (Table 1).

To further eliminate the possibility that the effect of HYDRO was caused through the
glucocorticoid receptor, we additionally investigated the effect of DEX. DEX infusion also
significantly increased SBP and UACR compared with UNX controls (Fig. 1c), whereas
eplerenone failed to suppress both hypertension and albuminuria (Fig. 1c).

Renal histological findings
Periodic acid-Schiff staining was performed to analyze glomerular injury (Fig. 2). HYDRO-
induced rats exhibited injured glomeruli characterized by glomerular sclerosis (Fig. 2b),
hypertrophy (Fig. 2c), and cellularity (Fig. 2d). We evaluated the glomerular podocyte
injury in rats by immunostaining for desmin (Fig. 3a and b), and found a significant increase
in the antibody-positive area (brown in color) in renal cortical glomeruli of HYDRO-infused
rats compared with that of vehicle-treated rats. HYDRO infusion showed significantly
down-regulated nephrin and podocin mRNA in glomeruli compared with those of vehicle-
treated rats (Fig. 3c and d). In Masson’s trichrome staining, a marker of interstitial fibrosis,
of renal sections, HYDRO infusion showed a nonsignificant tendency to increase the
percentage of Masson’s trichrome staining (blue) (Fig. 4a). HYDRO-infused rats showed
significantly increased profibrotic gene expression, such as α-SMA (Fig. 4b) and type 1
collagen (Fig. 4c) mRNA, in renal cortical tissue compared with vehicle-infused rats.
Treatment with eplerenone dramatically attenuated the development of podocyte injury,
glomerular sclerotic changes and tubulointerstitial fibrosis.
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Mineralocorticoid receptor target gene expression
Hydrocortisone-infused rats showed markedly up-regulated mineralocorticoid receptor
target gene, Sgk-1 in renal cortical tissue (Fig. 5a). Since Sgk-1 is reported to respond to the
other stimulations [24,25], we also evaluated another mineralocorticoid receptor target gene,
NHE1, and observed that HYDRO-infused rats had greater renal NHE1 expression (Fig. 5b).
Treatment with eplerenone prevented the HYDRO-induced up-regulation of Sgk-1 and
NHE1 gene expression in renal cortical tissue. HYDRO-infused rats also showed
significantly increased mineralocorticoid receptor mRNA expression in renal cortical tissue
compared with vehicle-infused rats (Fig. 5c), but glucocorticoid receptor and 11βHSD2
mRNA expression were not affected by HYDRO infusion (Fig. 5d, e). Treatment with
eplerenone significantly attenuated the HYDRO-induced increase in mineralocorticoid
receptor expression.

Discussion
The epithelial mineralocorticoid receptor is predominantly stimulated by a
mineralocorticoid, aldosterone, under physiological conditions. Eplerenone, however,
showed a renoprotective effect in patients with normal or low aldosterone levels, indicating
that there may be other possible ligands for mineralocorticoid receptor under pathological
conditions. Our present results showed that hydrocortisone increased the transcription of two
mineralocorticoid receptor target genes, Sgk-1 and NHE1, suggesting that HYDRO
stimulates mineralocorticoid receptor in the kidney. In addition, eplerenone markedly
attenuated HYDRO-induced, but not DEX-induced, renal injury without affecting blood
pressure, indicating that glucocorticoids can promote renal injury via both mineralocorticoid
receptor-dependent and mineralocorticoid receptor-independent pathways in some
pathophysiological conditions.

The present study showed that renal 11βHSD2 gene expression was not altered by HYDRO
excess. Since activation of epithelial mineralocorticoid receptor by a glucocorticoid is
normally prevented by 11βHSD2 [26], it is possible that exogenous HYDRO is also
converted into an inactivated state. Our current study, however, showed that eplerenone
attenuated the HYDRO, but not DEX-induced renal injury and that HYDRO induced the
eplerenone-inhibitable increase in Sgk-1 transcription, showing that administered HYDRO
stimulated mineralocorticoid receptor. There are several possible mechanisms by which
HYDRO stimulates mineralocorticoid receptor. First, exogenous HYDRO might overcome
the protective role of 11βHSD2 and lead to the activation of mineralocorticoid receptor-
dependent signaling. However, it may not be the case because the plasma HYDRO level did
not exceed the normal plasma glucocorticoid level observed in rats, whereas it is still
possible that the abolition of diurnal variation on glucocorticoid might play a role under the
effect of exogenous glucocorticoid treatments, although the mechanism of which is unclear.
Second, HYDRO acted as partial agonists under adrenal-ectomized condition (lack of
intrinsic aldosterone) as has been shown by in-vitro studies [27–29]. Finally, HYDRO might
have caused renal injury, such as glomerulosclerosis and podocyte injury, by stimulating the
nonepithelial mineralocorticoid receptor rather than epithelial mineralocorticoid receptor
due to the influence of 11βHSD2 in epithelial cells, and induced subsequent albuminuria as
those have been demonstrated in aldosterone-infused animals. [18,30] Also, this may
explain why eplerenone showed little protective effect against the HYDRO-induced
hypertension even by the dose that could prevent aldosterone-induced hypertension [2,18]
despite the fact that the aldosterone-induced hypertension was rather greater than HYDRO-
induced hypertension. Since sodium retention through epithelial mineralocorticoid receptor
activation is one of the major causes of the mineralocorticoid receptor-dependent
hypertension, 11βHSD2-dependent inactivation of HYDRO in epithelial cells might
attenuate the HYDRO-induced blood pressure elevation.
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High concentrations of glucocorticoid hormones, as in patients with Cushing’s syndrome or
patients treated with a glucocorticoid, are known to be associated with alteration in body
water homeostasis, hypertension and osteoporosis [11,31]. Koh et al. [32] reported that
patients with Cushing’s syndrome showed albuminuria, which was almost completely
reversed after successful surgical correction of hypercortisolemia, indicating that the
contribution of hypercortisolemia to the progression of albuminuria. They also showed that
urinary albumin excretion rate was correlated with the blood pressure and plasma glucose
levels; however, the increased urinary albumin excretion in Cushing’s syndrome cannot be
simply explained by the blood pressure and glucose level since the changes in urinary
albumin excretion after surgery were not correlated with the changes in these factors. In
addition, Bailey et al. [33] reported that exogenous adrenocorticotropic hormone (ACTH)
infusion induced blood pressure elevation and sodium retention as a result of epithelial
sodium channel activation, and that glucocorticoid receptor blockade, in addition to
mineralocorticoid receptor blockade, was required to prevent the responses, indicating that
either glucocorticoid receptor or mineralocorticoid receptor participates in the ACTH-
induced Cushing’s syndrome-like responses. Taken together with our present findings, it is
possible to speculate that glucocorticoid-induced mineralocorticoid receptor activation could
be one of the leading causes of urinary albumin excretion and hypertension in patients with
Cushing’s syndrome.

Okada et al. [34] found that renal biopsy samples in patients with minimal change nephrotic
syndrome and lupus nephritis who had steroid pulse therapy showed increased connective
tissue growth factor (CTGF), a fibrogenetic molecule, and its protein expression.
Furthermore, DEX infusion into mice stimulated the CTGF production via transcriptional
regulation, suggesting that excessive (chronic) glucocorticoid receptor stimulation also
facilitated the fibrotic changes in the kidney [34]. Therefore, we could not eliminate the
possibility that the changes in the kidney were partly glucocorticoid receptor-dependent
responses to HYDRO in the present study. The limitation is that there is no specific
glucocorticoid receptor antagonist that can be used in vivo to examine the involvement of
glucocorticoid receptor activation in rats. We, however, did not observe significant fibrotic
changes in the kidney of HYDRO-infused rats and eplerenone almost normalized the gene
expression of fibrotic molecules, suggesting that glucocorticoid receptor-dependent
signaling might not play an important role in the renal fibrosis in the current experimental
conditions.

It is known that glucocorticoids induce blood pressure elevation; however, the mechanism
by which glucocorticoid, either cortisol (corticosteroid) or synthetic glucocorticoid, raises
blood pressure is not fully understood [35]. Mineralocorticoid receptor-dependent salt
retention hypothesis cannot explain the case of synthetic glucocorticoids, such as
dexamethasone, since the glucocorticoids, which do not induce mineralocorticoid receptor
activation in vivo, elevated blood pressure without salt loading in rats [36], and, rather,
dexamethasone induced natriuresis [37]. Taken together, the glucocorticoids-induced
hypertension in the present study might be caused through mineralocorticoid receptor-
independent action of steroids.

In conclusion, our present study suggests that mineralocorticoid receptor could be activated
by HYDRO, but not DEX, and that the HYDRO-induced mineralocorticoid receptor
activation participates in the development of renal injury. Steroids are widely used as
immunosuppressants for patients. Our current results suggest that excessive steroid
treatment, especially with steroids that stimulate mineralocorticoid receptor in vivo, may
induce renal dysfunction as well as blood pressure elevation, a well known side effect of
steroids. Moreover, the present study also suggested a possible pharmacotherapy for
glucocorticoid-induced albuminuria; mineralocorticoid receptor blockers may have
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renoprotective effects in patients treated with steroids that activate mineralocorticoid
receptor or in Cushing’s syndrome patients with albuminuria.
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Abbreviations

11βHSD2 11β-hydroxysteroid dehydrogenase type 2

α-SMA alpha-smooth muscle actin

ACTH adrenocorticotropic hormone

ADX bilateral adrenalectomy

CTGF connective tissue growth factor

DEX dexamethasone

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HYDRO hydrocortisone

NHE1 Na+/H+ exchanger isoform-1

PAS periodic acid-Schiff

RMC rat mesangial cells

RT-PCR reverse transcription-polymerase chain reaction

SBP systolic blood pressure

Sgk-1 serum and glucocorticoid-regulated kinases-1

UACR urinary albumin per creatinine ratio

UNX uninephrectomized

WKY Wistar–Kyoto
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Fig. 1.
Both hydrocortisone (HYDRO; a and b) and dexamethasone (DEX; c and d) developed
hypertension (a and c) and albuminuria (b and d). Eplerenone affect neither HYDRO nor
DEX-induced SBP elevation. Eplerenone markedly ameliorated albuminuria in HYDRO-
treated rats but not in DEX-treated rats. **P < 0.01 vs. UNX + vehicle group. ##P < 0.01 vs.
UNX + ADX + HYDRO or DEX group (n = 8–10 in each group). ADX, bilateral
adrenalectomy; SBP, systolic blood pressure; UNX, uninephrectomy.
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Fig. 2.
Representative micrographs of periodic acid-Schiff (PAS)-stained renal sections (a), the
PAS-positive area within total glomerular area (b) and the mean glomerular diameter (c) and
cell number of the glomeruli (d). Rats receiving HYDRO exhibited glomerular sclerotic
changes. Treatment with eplerenone significantly attenuated HYDRO-induced glomerular
sclerotic changes. **P < 0.01, **P < 0.05 vs. UNX + vehicle group. ##P < 0.01, #P < 0.05
vs. UNX + ADX + HYDRO group (n =8 in each group).
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Fig. 3.
Representative renal sections of immunostaining for desmin (a) and percentage positive area
of immunostaining for desmin in glomeruli within the total glomerular area (b). Gene
expression of nephrin (c) and podocin (d) in the glomeruli. HYDRO-treated rats exhibited a
wider desmin positive area, and down-regulation of nephrin and podocin mRNA in the
glomeruli than UNX rats, suggesting that HYDRO increased glomerular podocyte injury.
Treatment with eplerenone significantly reduced the HYDRO-induced increase in the
desmin positive area and prevents the down-regulation of gene expressions. **P < 0.01 vs.
UNX + vehicle group. #P <0.05 vs. UNX + ADX + HYDRO group (n =8 in each group).
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Fig 4.
Representative micrographs of Masson’s trichrome-stained renal sections (a) and gene
expression of α-smooth muscle actin (α-SMA; b) and type 1 collagen (c). HYDRO-treated
rats exhibited interstitial fibrosis and markedly up-regulated α-SMA and type 1 collagen
gene expression in renal cortical tissue. Treatment with eplerenone significantly attenuated
HYDRO-induced interstitial fibrosis and upregulation of fibrotic gene expressions (n =8 in
each group).
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Fig 5.
Gene expression of serum and glucocorticoid-regulated kinases-1 (Sgk-1; a), Na+/H+

exchanger isoform-1 (NHE1; b), mineralocorticoid receptor (MR) (c), glucocorticoid
receptor (GR; d) and 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2; e). HYDRO-
treated rats exhibited up-regulation of MR target gene expression and MR in renal cortical
tissue. Treatment with eplerenone significantly attenuated the HYDRO-induced gene up-
regulation. GR and 11βHSD2 gene expression remained unchanged. **P <0.01 vs. UNX +
vehicle group. ##P <0.01, #P <0.05 vs. UNX + ADX + HYDRO group (n =8 in each group).
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Table 1

Biological parameters of HYDRO-induced rats

Parameters

Treatment groups

UNX +vehicle (n =8) UNX + ADX + HYDRO (n =8)
UNX + ADX + HYDRO +

eplerenone (n =8)

Body weight (initial) (g) 174 ± 3 172 ± 4 170 ± 2

Body weight (final) (g) 434 ± 13 381 ± 22* 358 ± 10*

Left kidney weight (g) 2.60 ± 0.26 2.43 ± 0.12 2.14 ± 0.04*

LKW/BW (mg/g) 5.95 ± 0.45 6.44 ± 0.39 6.00 ± 0.13

Plasma creatinine level (μmol/l) 49 ± 2 55 ± 6 44 ± 4

Plasma aldosterone concentration (nmol/l) 480 ± 86 ND ND

Plasma Na+ level (mmol/l) 144 ± 1 141 ± 2 144 ± 2

Plasma K+ level (mmol/l) 4.2 ± 0.1 4.5 ± 0.4 4.6 ± 0.1

Urinary Na+ level (mEq/24 h) 3.48 ± 0.40 4.43 ± 0.47 5.86 ± 1.00

Urinary K+ level (mEq/24 h) 5.43 ± 0.57 5.28 ± 0.62 6.80 ± 0.94

Values are presented as means ± SE. ADX, bilateral adrenalectomy; BW, body weight; HYDRO, hydrocortisone; LKW, left kidney weight; UNX,
uninephrectomy.

*
P <0.05 vs. UNX + vehicle group.

nd, undetectable (values less than 13 pg/ml).
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