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ABSTRACT

Treatment with angiotensin Il type 1 receptor blockers (ARBs) is
the first-line therapy for hypertensive patients with diabetic
nephropathy. However, emerging clinical evidence indicates
that mineralocorticoid receptor (MR) blockers have blood pres-
sure-independent antiproteinuric effects. We sought to deter-
mine whether treatment with an MR blocker, eplerenone, en-
hances the effects of an ARB, telmisartan, on podocyte injury
and proteinuria in type 2 diabetic Otsuka-Long-Evans-To-
kushima-Fatty (OLETF) rats. From 20 to 50 weeks old, diabetic
OLETF rats showed higher systolic blood pressure (SBP) and
urinary protein excretion (UgoeinV) than nondiabetic control
Long-Evans-Tokushima-Otsuka rats. At 50 weeks old, OLETF
rats also showed glomerular sclerosis and podocyte injury,

whereas nephrin and podocin mRNA levels in isolated glomeruli
were significantly decreased. Treatment with telmisartan (3 mg/
kg/day p.o.) decreased SBP and U,,qeinV, increased nephrin
and podocin mRNA levels, and attenuated glomerular sclerosis
and podocyte injury. Eplerenone (100 mg/kg/day p.o.) did not
alter SBP but elicited similar changes in renal parameters.
However, greater reductions in U,V and podocyte injury
and greater increases in nephrin and podocin mRNA levels
were observed in the combination treatment group. Hydral-
azine (25 mg/kg/day p.o.) decreased SBP but did not alter any
renal parameters. These data indicate that MR blockade en-
hances the SBP-independent antiproteinuric effect of an ARB
through inhibiting podocyte injury in type 2 diabetic rats.

The progression of proteinuria increases the risk of renal
and cardiovascular diseases in type 2 diabetes. In type 2
diabetic hypertensive patients, treatment with angioten-
sin-converting enzyme inhibitors (ACEIs) or angiotensin II
(AngIl) type 1 receptor blockers (ARBs) is more effective in
reducing proteinuria than other traditional antihyperten-

This work was supported in part by the Ministry of Education, Culture,
Sports, Science and Technology of Japan [Grant-in-Aid for Scientific Research
20590253]; the Kagawa University Project Research Fund 2009 (to A.N.); the
National Institutes of Health National Institute of Diabetes and Digestive and
Kidney Diseases [Grant R01-DK072408] (to H.K.); and the Medical Research
Fund from Osaka City General Hospital (to Y.K. and M.I.).

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

doi:10.1124/jpet.109.158113.

sive therapies (Sasso et al., 2002; Ogawa et al., 2007),
suggesting the blood pressure-independent antiproteinuric
effects of AngIl blockade. Other studies have demon-
strated that remission of nephrotic-range proteinuria with
ACElIs is associated with substantial reductions in the risk
of renal and cardiovascular events, leading to greatly im-
proved survival in type 2 diabetic patients (Rossing et al.,
2005). Therefore, most national guideline groups have rec-
ommended the use of ACEIs or ARBs in preference to other
antihypertensive agents for hypertensive patients with di-
abetic nephropathy (Buse et al., 2007; Mancia et al., 2007;
Ogihara et al., 2009).

There is also increasing clinical evidence indicating that
aldosterone blockade with mineralocorticoid receptor (MR)

ABBREVIATIONS: ACEI, angiotensin-converting enzyme inhibitor; Angll, angiotensin Il; ARB, angiotensin Il type 1 receptor blocker; MR,
mineralocorticoid receptor; OLETF, Otsuka-Long-Evans-Tokushima-Fatty; LETO, Long-Evans-Tokushima-Otsuka; PPBG, postprandial blood
glucose; U, einV, Urinary protein excretion rate; SBP, systolic blood pressure; PAS, periodic acid-Schiff; Sgk, serum glucocorticoid-dependent
kinase; SMA, smooth muscle actin; Cr, creatinine; CKD, chronic kidney disease.
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blockers elicits strong antiproteinuric effects (Kiyomoto et
al., 2008). In hypertensive patients with type 2 diabetes,
monotherapy with a nonselective MR antagonist, spironolac-
tone, elicited blood pressure-lowering effects that are similar
to those of the ACEI cilazapril; however, spironolactone is
more effective than cilazapril in reducing proteinuria (Rach-
mani et al., 2004). Furthermore, the addition of spironolac-
tone or a selective MR antagonist, eplerenone, to ACEIs or
ARBs has no effect on blood pressure but markedly reduces
proteinuria in patients with diabetic nephropathy (Chrysos-
tomou and Becker, 2001; Sato et al., 2005). These observa-
tions suggest that targeting aldosterone with MR blockers
amplifies the antiproteinuric effects of ACEIs and ARBs.
However, the mechanisms by which combination therapy
with Angll and MR blockers amalgamate their antiprotein-
uric effects in diabetes have not been clarified.

Recent studies indicate that glomerular podocyte (glomer-
ular visceral epithelial cells) abnormalities, including func-
tional changes, loss, and injury, are cardinal features of dia-
betic nephropathy (Wolf et al., 2005; Jefferson et al., 2008)
and are closely involved in the progression of proteinuria
(Wolf et al., 2005; Shankland, 2006; Jefferson et al., 2008).
Therefore, the present study was undertaken to test the
hypothesis that in type 2 diabetic rats treated with an ARB,
the additive antiproteinuric effect of an MR blocker is asso-
ciated with the inhibition of podocyte injury. To test this
hypothesis, we examined the effects of an ARB, an MR
blocker, and their combination on podocyte injury in type 2
diabetic Otsuka-Long-Evans-Tokushima-Fatty (OLETF) rats
with overt proteinuria that exhibit pathological features of
renal injury similar to those of human type 2 diabetes (Nagai
et al., 2005; Nishiyama et al., 2008). We also measured the
glomerular expressions of nephrin and podocin, which are
functional molecules in the slit diaphragms located between
the adjacent foot processes of podocytes (Wolf et al., 2005;
Jefferson et al., 2008) and have critical roles in proteinuria in
diabetes (Wolf et al., 2005; Jefferson et al., 2008).

Materials and Methods

Animals. All experimental procedures were performed accord-
ing to the guidelines for the care and use of animals established by
the Osaka City General Hospital, Kagawa University Medical
School (Kagawa, Japan) and Tulane University Health Sciences
Center (New Orleans, Louisiana). In total, 60 4-week-old male
OLETF rats and 10 age-matched male LETO rats (genetic control
for OLETF rats) were supplied by Otsuka Pharmaceutical Co. Ltd.
(Tokushima, Japan). After obtaining basal measurements at 20
weeks of age, LETO rats were treated with vehicle (0.5% methyl
cellulose; Nacalai Tesque, Kyoto, Japan). OLETF rats were ran-
domly divided into groups for treatment with vehicle (n = 12); an
ARB, 4'-[(1,4-dimethyl-2’'-propyl-[2,6'-bi-1H-benzimidazol]-1'-
yDmethyl]-[1,1'-biphenyl]-2-carboxylic acid (telmisartan, 3 mg/kg/
day; n = 12); an MR blocker, 9,11a-epoxy-7a-(methoxycarbonyl)-
3-0x0-17a-pregn-4-ene-21,17B3-carbolactone (eplerenone, 100 mg/
kg/day; n = 12); and these in combination (n = 12) or with a
nonspecific vasodilator, hydralazine (25 mg/kg/day; n = 12). Pre-
vious studies have shown that telmisartan and eplerenone selec-
tively block AnglIl AT1 receptor and MR, respectively (Wienen et
al., 1993; Delyani et al., 2001). Telmisartan, eplerenone, and
hydralazine were dissolved in 0.5% methyl cellulose (approxi-
mately 0.5 ml) and treated by gavage. All animals continued to
receive their treatments and were sacrificed at 50 weeks of age.
We reported previously that 20-week-old OLETF rats exhibit
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higher postprandial blood glucose (PPBG) levels and urinary pro-
tein excretion rate (U,,q.inV; Nagai et al., 2005; Nishiyama et al.,
2008). Furthermore, OLETF rats show glomerular sclerosis and
overt proteinuria at approximately 50 weeks of age (Nagai et al.,
2005). The doses of telmisartan, eplerenone, and hydralazine were
determined on the basis of earlier rat studies (Balt et al., 2001;
Nagai et al., 2005; Younis et al., 2007). We also have reported that
eplerenone at a dose of 100 mg/kg/day prevents aldosterone-
induced hypertension and renal injury in rats (Nishiyama et al.,
2004). Furthermore, our preliminary experiments showed that
eplerenone at 100 mg/kg/day did not change blood pressure or
plasma potassium levels in OLETF rats (data not shown).

Systolic blood pressure (SBP) was measured five consecutive times
in conscious rats by a tail-cuff plethysmograph (model BP-98A; Soft-
ron Co., Tokyo, Japan) after the animals had rested for at least 15
min; the mean value of the lowest three readings was recorded.
Twenty-four-hour urine samples were collected using metabolic
cages. After pentobarbital anesthesia (50 mg/kg i.p.), blood was col-
lected from the abdominal aorta at 50 weeks of age. Then, retrograde
perfusion with isotonic saline was performed after cross-clamping
the abdominal aorta above the renal arteries and cutting the inferior
caval vein near the renal vein (Nagai et al., 2005; Nishiyama et al.,
2008). Thereafter, the right renal artery was clamped, and the right
kidney was removed for isolating glomeruli by a sieving technique,
as described previously (Kawachi et al., 2000). The left kidney was
perfused with 10% buffered paraformaldehyde at a pressure of 95 to
135 mm Hg (depending on individual blood pressure at 50 weeks of
age).

Histological Examination. Kidneys were fixed with 10% forma-
lin, pH 7.4, embedded in paraffin, sectioned into 3-wm-thick slices,
and stained with periodic acid-Schiff (PAS) reagent. The extent of
glomerular sclerosis was quantitatively evaluated by an automatic
image analysis system using PAS-stained sections, as described pre-
viously (Kobori et al., 2005). The severity of podocyte injury was
evaluated by immunohistochemistry for desmin, as described previ-
ously (Nagase et al., 2006; Nishiyama et al., 2008). The ratio of the
affected lesions to each glomerulus or microscopic field was calcu-
lated using Image-Pro Plus software (Media Cybernetics, Silver
Spring, MD). In total, 30 glomeruli were examined for each rat, and
the average percentages of affected lesions were obtained for each
rat. The above-mentioned histological analyses were performed by a
robotic system with an image analysis software in a blinded manner
to avoid any bias (Kobori et al., 2005; Nishiyama et al., 2008). Kidney
samples were also evaluated by electron microscopy, as described
previously (Nagase et al., 2006; Nishiyama et al., 2008). The ultra-
structure of the podocytes was analyzed using a JEM-1200EX mi-
croscope (JEOL, Tokyo, Japan).

Real-Time Reverse Transcription-Polymerase Chain Reac-
tion. The mRNA levels of glyceraldehyde-3-phosphate dehydroge-
nase, nephrin, podocin, MR, serum glucocorticoid-dependent kinase
Sgk)-1, collagen I and a-smooth muscle actin (SMA) in glomeruli
were analyzed by real-time reverse transcription-polymerase chain
reaction using a LightCycler FastStart DNA Master SYBR Green 1
kit (Roche Applied Science, Indianapolis, IN), as described previ-
ously (Hoffmann et al., 2004; Nagai et al., 2005). All data were
expressed as the relative differences between OLETF and LETO rats
after normalization to the corresponding glyceraldehyde-3-phos-
phate dehydrogenase expression.

Other Analytical Procedures. Urinary protein and plasma cre-
atinine (Cr) were determined using commercially available assay
kits (micro-TP-test and Creatinine-test, Wako Pure Chemicals,
Osaka, Japan, respectively). PPBG levels were measured with a
glucose analyzer (Sanwa-Kagaku, Co. Ltd., Nagoya, Japan). Plasma
aldosterone levels were measured with an enzyme-linked immu-
nosorbent assay kit (Cayman Chemical, Ann Arbor, MI). Plasma
sodium and potassium levels were measured using a flame photom-
eter (model 750; Hitachi, Tokyo, Japan).
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Statistical Analysis. Values are presented as means = S.E.
Statistical comparisons of differences were performed using one- or
two-way analysis of variance combined with the Newman-Keuls post
hoc test. Values of P < 0.05 were considered statistically significant.

Results

Body Weight, Kidney Weight, Blood Glucose, Plasma
Sodium, Potassium, Cr, and Aldosterone. Body weight;
right kidney weight; PPBG; and plasma sodium, potassium,
Cr, and aldosterone levels are shown in Table 1. At 50 weeks
of age, the body weight of vehicle-treated OLETF rats was
greater than that of vehicle-treated LETO rats. Furthermore,
vehicle-treated OLETF rats showed higher PPBG levels than
vehicle-treated LETO rats. None of the treatments affected
the body weight and PPBG of OLETF rats. Right kidney
weight of vehicle-treated OLETF rats was greater than that
of vehicle-treated LETO rats. When treated with telmisar-
tan, eplerenone, and their combination, there was similarly
decreased right kidney weight in OLETF rats, whereas hy-
dralazine did not show any significant alteration. Plasma
sodium, potassium, and Cr levels were not significantly dif-
ferent among the groups at 50 weeks of age. Plasma aldoste-
rone levels were significantly higher in eplerenone- and telm-

isartan plus eplerenone-treated OLETF rats than in other
groups (Table 1).

SBP and U,,, ,¢cin V- The temporal profile of SBP is shown
in Fig. 1A. During the observation period, vehicle-treated
OLETF rats showed higher SBP than vehicle-treated LETO
rats (141 = 5 versus 112 = 3 mm Hg at 50 weeks of age).
Treatment with telmisartan and telmisartan plus eplerenone
or hydralazine resulted in similar reductions in SBP (119 =
4,117 = 3, and 115 = 5 mm Hg, respectively, at 50 weeks of
age), whereas eplerenone alone did not change SBP.

The temporal profiles of U, i,V are shown in Fig. 1B. At
20 weeks of age, OLETF rats exhibited significantly higher
UproteinV (79 = 15 mg/day) compared with LETO rats (25 *
6 mg/day). After 20 weeks of age, U ,,.,4in V 0f vehicle-treated
OLETF rats progressively increased with age (378 = 21
mg/day at 50 weeks of age). Treatment with telmisartan or
eplerenone similarly attenuated the progression of protein-
uria in OLETF rats (187 + 24 and 148 + 18 mg/day, respec-
tively, at 50 weeks of age). In contrast, the combination of
telmisartan and eplerenone greatly prevented the progres-
sion of proteinuria (62 *+ 17 mg/day at 50 weeks of age). At 50
weeks of age, the value of U, .,V in telmisartan plus
eplerenone-treated OLETF rats was significantly lower than
that in telmisartan or eplerenone-treated OLETF rats (P <

TABLE 1
Animal data at 50 weeks of age
LETO + OLETF + OLETF + OLETF + OLETF + Telmisartan + OLETF +
Vehicle Vehicle Telmisartan Eplerenone Eplerenone Hydralazine
No. 10 12 12 12 12 12
BW (g) 500 + 15 629 + 25% 602 + 28%* 608 + 23% 611 + 21% 605 + 29%
Right KW (g) 1.31 £ 0.03 2.45 = 0.13* 1.92 = 0.11*F 1.96 = 0.15*" 1.86 * 0.09*" 2.28 = 0.21*
Right KW/BW ratio (%) 0.27 = 0.02 0.38 = 0.04* 0.32 = 0.03* 0.32 = 0.04* 0.29 = 0.04 0.35 = 0.06*
PPBG (mg/dl) 6+2 14 + 3% 13 + 2% 13 + 4% 13 + 3* 14 + 4%
Plasma sodium (mEq/1) 144 £ 5 145 £ 8 143 £ 6 142 £ 5 141 =6 144 £ 8
Plasma potassium (mEgq/l) 4.2+ 0.3 44+ 0.3 48 +05 49+04 49 + 0.6 48 +0.6
Plasma Cr (mg/dl) 0.39 = 0.03 0.41 = 0.05 0.41 = 0.04 0.40 + 0.03 0.39 = 0.05 0.43 = 0.06
Plasma aldosterone (pg/ml) 281 + 44 368 = 61 216 + 497 873 + 102+F 726 + 747 383 = 48

BW, body weight; KW, kidney weight.
*P < 0.05 vs. LETO + vehicle.

P < 0.05; OLETF + vehicle vs. OLETF + telmisartan, eplerenone, or telmisartan + eplerenone.

—O— LETO + vehicle —{1— OLETF + telmisartan

—@— OLETF + vehicle = —— OLETF + eplerenone

—2Z~— OLETF + telmisartan + eplerenone

—&— OLETF + hydralazine

Fig. 1. Profiles of SBP (A) and U, i,V
(B). Vehicle-treated diabetic OLETF
rats develop hypertension and protein-
uria. In these animals, treatment with
telmisartan, telmisartan + eplerenone or
hydralazine decreases SBP to similar lev-
els, whereas SBP is not altered by
eplerenone. Treatment with telmisartan or
eplerenone similarly attenuates the pro-
gression of proteinuria in OLETF rats. In
contrast, the combination of telmisartan
and eplerenone greatly prevents the pro-
gression of proteinuria. Hydralazine does
not significantly alter the progression of
proteinuria in OLETF rats. *, P < 0.05;
OLETF + vehicle versus OLETF +
telmisartan, eplerenone, telmisartan +
eplerenone or hydralazine.
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0.05). Treatment with hydralazine did not significantly alter
the progression of proteinuria in OLETF rats (324 * 22
mg/day at 50 weeks of age).

Histological Findings. The histological findings after
staining with PAS at 50 weeks of age are shown in Fig. 2. In
LETO rats, there were no significant findings except for
minor alterations in the glomeruli resulting from aging.
However, vehicle-treated OLETF showed mesangial expan-
sion accompanied by an accumulation of extracellular ma-
trix. Quantitative analyses confirmed that the glomerular
PAS-positive area in vehicle-treated OLETF rats was signif-
icantly larger than that in LETO rats at 50 weeks of age
(23 = 1 versus 14 + 2%). In OLETF rats, treatment with
telmisartan, eplerenone, or their combination significantly
decreased the PAS-positive area in glomeruli. However,
there was no significant difference in glomerular PAS-posi-
tive areas among telmisartan-, eplerenone-, or telmisartan-
plus eplerenone-treated OLETF rats (18 + 1, 19 = 1, and
17 *= 1%, respectively). Hydralazine did not affect the glo-
merular PAS-positive area (23 + 1%).

As shown in Fig. 3A, the desmin-positive area in glomeruli
was significantly larger in OLETF rats than in LETO rats at
50 weeks of age (6.8 = 0.7 versus 3.4 * 0.2%). In OLETF rats,
treatment with telmisartan or eplerenone significantly de-
creased the desmin-positive area in glomeruli (5.1 = 0.3 and
5.0 = 0.4%, respectively). Treatment with telmisartan plus
eplerenone further decreased the glomerular desmin-positive
area to values that did not differ significantly from those of
vehicle-treated LETO rats (3.4 = 0.4%). The value of the
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desmin-positive area in telmisartan- plus eplerenone-treated
OLETF rats was significantly smaller than those in telmis-
artan- or eplerenone-treated OLETF rats (P < 0.05). Hydral-
azine did not affect the glomerular desmin positive area
(6.0 = 0.4%).

The histological findings for podocyte ultrastructure are
shown in Fig. 3B. At 50 weeks of age, significant podocyte
morphological changes, including foot-process effacement,
degeneration of the cell body, and accumulation of cyto-
plasmic granules, were observed in vehicle-treated OLETF
rats but not in vehicle-treated LETO rats. In OLETF rats,
it appears that these podocyte morphological changes were
partially decreased by treatment with telmisartan or
eplerenone. Furthermore, these podocyte morphological
changes were markedly attenuated by their combination
treatment. Conversely, these podocyte morphological
changes did not differ between vehicle- and hydralazine-
treated OLETF rats (Fig. 3B).

Glomerular mRNA Levels of Nephrin, Podocin,
MR, Sgk-1, Collagen I, and «-SMA. Figure 4, A and B,
shows the mRNA levels of functional molecules of nephrin
and podocin (Wolf et al., 2005; Jefferson et al., 2008) in
isolated glomeruli at 50 weeks of age. The mRNA levels of
nephrin and podocin in vehicle-treated OLETF rats were
significantly lower than those in vehicle-treated LETO
rats. In OLETF rats, treatment with telmisartan or
eplerenone partially attenuated the reductions in glomer-
ular nephrin mRNA levels. Reductions in glomerular podo-
cin mRNA levels also tended to be attenuated by telmis-

PAS (%)

LETO
+ vehicle

vehicle

telmisartan

telmisartan
+ eplerenone

eplerenone hydralazine

OLETF

Fig. 2. Photomicrographs of glomeruli stained with PAS (original magnification, 200X) at 50 weeks of age. Vehicle-treated OLETF rats show
mesangial expansion accompanied by an accumulation of extracellular matrix and capillary wall thickening. Quantitative analyses confirm that the
glomerular PAS-positive area in vehicle-treated OLETF rats is significantly larger than that in LETO rats. In OLETF rats, treatment with
telmisartan, eplerenone, or their combination significantly decreases the PAS-positive area in glomeruli. However, there are no significant differences
in glomerular PAS-positive area among telmisartan-, eplerenone- or telmisartan + eplerenone-treated OLETF rats. In contrast, hydralazine does not

telmisartan + eplerenone or hydralazine.

affect the glomerular PAS-positive area. #, P < 0.05 versus LETO rats. {, P < 0.05; OLETF + vehicle versus OLETF + telmisartan, eplerenone,
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Fig. 3. A, glomerular histological findings for desmin immunohistochemistry (original magnification, 200X) at 50 weeks of age. The desmin-positive
area is significantly larger in OLETF than in LETO rats. In OLETF rats, treatment with telmisartan or eplerenone significantly decreases the
desmin-positive area in glomeruli. Treatment with telmisartan plus eplerenone further decreases the glomerular desmin-positive area to values that
do not differ significantly from those of vehicle-treated LETO rats. Alternatively, hydralazine does not affect the glomerular desmin positive area. *,
P < 0.05 versus LETO rats. , P < 0.05; OLETF + vehicle versus OLETF + telmisartan, eplerenone, or telmisartan + eplerenone. B, glomerular
histological findings for podocyte ultrastructure (original magnification, 3000X). At 50 weeks of age, significant podocyte morphological changes,

including foot-process effacement, degeneration of the cell body, and accumulation of cytoplasmic granules, are observed in vehicle-treated OLETF
rats. These podocyte morphological changes are barely observed in OLETF rats treated with telmisartan plus eplerenone.
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Fig. 4. mRNA levels of the functional molecules of podocyte, nephrin (A) and podocin (B), in isolated glomeruli at 50 weeks of age. The levels of
nephrin and podocin mRNA in vehicle-treated OLETF rats are significantly lower than those in vehicle-treated LETO rats. In OLETF rats,
treatment with telmisartan or eplerenone partially attenuates the reductions in glomerular nephrin mRNA levels. Reductions in glomerular
podocin mRNA levels also tend to be attenuated by telmisartan or eplerenone, but these changes do not reach statistically significant. Treatment
with telmisartan + eplerenone prevents the reductions in glomerular nephrin and podocin mRNA levels, which are not significantly different
from those in LETO rats. In contrast, treatment with hydralazine does not alter the levels of nephrin and podocin mRNA in OLETF rats. *, P <
0.05 versus LETO rats. f, P < 0.05; OLETF + vehicle versus OLETF + telmisartan, eplerenone, or telmisartan + eplerenone.

artan or eplerenone, but these changes did not reach
statistically significant. Alternatively, treatment with
telmisartan plus eplerenone prevented the reductions in
glomerular nephrin and podocin mRNA levels that did not
significantly differ from those in LETO rats. The values of
glomerular nephrin and podocin mRNA levels in telmisar-
tan plus eplerenone-treated OLETF rats were significantly
higher than those in telmisartan or eplerenone-treated
OLETF rats (P < 0.05). Treatment with hydralazine did
not alter the levels of nephrin and podocin mRNA in
OLETF rats.

Figure 5, A and B, shows glomerular mRNA levels of MR
and its target gene Sgk-1 (Shibata et al., 2007) at 50 weeks of
age, respectively. Both MR and Sgk-1 mRNA levels in glo-
meruli were detectable in all animals. The mRNA levels of
MR and Sgk-1 in vehicle-treated OLETF rats were signifi-
cantly higher than those in vehicle-treated LETO rats. In
OLETF rats, treatment with telmisartan did not signifi-
cantly change MR or Sgk-1 mRNA levels. However, treat-
ment with eplerenone or telmisartan plus eplerenone signif-
icantly decreased glomerular expression of MR and Sgk-1.
However, treatment with hydralazine did not alter the
mRNA levels of MR and Sgk-1 in OLETF rats. Figure 5, C
and D, shows glomerular mRNA levels of collagen I and
a-SMA at 50 weeks of age, respectively. The mRNA levels of
collagen I and a-SMA in vehicle-treated OLETF rats were
significantly higher than those in vehicle-treated LETO rats.
In OLETF rats, treatment with telmisartan, eplerenone, or
telmisartan plus eplerenone decreased glomerular mRNA

levels of collagen I and a-SMA; these changes did not signif-
icantly differ among the groups. Treatment with hydralazine
did not alter glomerular collagen I and «-SMA mRNA levels
in OLETF rats.

Discussion

An emerging body of clinical evidence indicates that adding
MR blockers to ACEI or ARBs yields significant decreases in
proteinuria in patients with chronic kidney disease (CKD),
including diabetic nephropathy (Chrysostomou and Becker,
2001; Rachmani et al., 2004; Sato et al., 2005). Experimental
studies have also shown the beneficial effects of combining
MR blockers and ACEIs or ARBs on proteinuria in diabetic
animals (Kang et al., 2009). However, the mechanisms by
which treatment with MR blockers enhances the antiprotein-
uric effects of ACEIs or ARBs have not been clarified. The
present study demonstrates, for the first time, that additive
antiproteinuric effect of an MR blocker to that of an ARB is
associated with its protective effects on glomerular podocyte
injury in type 2 diabetic rats, independently of blood pressure
changes. Our data also indicate that these combined effects
of an MR blocker and an ARB are accompanied by the main-
tenance of nephrin and podocin expression during the devel-
opment of type 2 diabetic nephropathy.

Podocytes constitute interdigitating foot processes that are
connected to each other by slit diaphragms composed of neph-
rin, podocin, and other molecules (Wolf et al., 2005). Podo-
cytes thus serve as the final filtration barrier to prevent the
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Fig. 5. Glomerular mRNA levels of MR (A), Sgk-1 (B), collagen I (C), and a-SMA (D) at 50 weeks of age. The levels of MR, Sgk-1, collagen I, and «-SMA
mRNA in vehicle-treated OLETF rats are significantly higher than those in vehicle-treated LETO rats. In OLETF rats, treatment with telmisartan
changes neither MR nor Sgk-1 mRNA levels. However, treatment with eplerenone or telmisartan + eplerenone significantly decreases glomerular
expression of MR and Sgk-1. Conversely, treatment with telmisartan, eplerenone or telmisartan plus eplerenone decreases glomerular mRNA
levels of collagen I and «-SMA, changes that do not significantly differ among the groups. Treatment with hydralazine does not alter MR, Sgk-1,
collagen I, and a-SMA mRNA levels in OLETF rats. *, P < 0.05 versus LETO rats. ¥, P < 0.05; OLETF + vehicle versus OLETF + telmisartan,

eplerenone, or telmisartan + eplerenone.

leak of plasma proteins (Wolf et al., 2005; Shankland, 2006;
Jefferson et al., 2008). Podocyte injury with decreased neph-
rin and podocin expression is observed in diabetic patients
with nephrotic-range proteinuria (Koop et al., 2003; Benigni
et al., 2004). In the present study, we evaluated podocyte
injury by desmin staining with a light microscope (Nagase et
al., 2006; Nishiyama et al., 2008) and its structural changes
with an electron microscope (Nagase et al., 2006; Nishiyama
et al., 2008). We observed that the antiproteinuric effect of
the ARB was associated with attenuation of podocyte injury
and morphological changes (podocyte foot-process efface-
ment, degeneration of the cell body, and accumulation of
cytoplasmic granules) in type 2 diabetic rats. Previous stud-
ies with immunocytochemical detection of albumin by elec-
tron microscopy have revealed that albumin immunosignals
are highly concentrated inside the cytoplasmic granules in
podocytes of OLETF rats (Nagase et al., 2006; Nishiyama et
al., 2008). Furthermore, an antiproteuric effect of an ARB
was also associated with maintenance of glomerular nephrin
and podocin mRNA levels. These data are in agreement with
the observation in Suzuki et al. (2007) that treatment with
an ARB ameliorates proteinuria by preventing reduction in
glomerular nephrin and podocin expression induced by neph-
rin antibody in rats. Furthermore, Hoffmann et al. (2004)
showed that transgenic rats with overexpression of Angll
type 1 receptor in podocytes developed proteinuria without
blood pressure changes, suggesting that ARBs have protec-
tive effects on podocyte injury through inhibiting local renin-

angiotensin system activity in the podocytes. In contrast, a
growing body of evidence indicates that podocytes are the
target of aldosterone and MR (Nagase et al., 2006; Shibata et
al., 2007; Kiyomoto et al., 2008). Nagase et al. (2006) showed
that eplerenone attenuates the loss of nephrin and podocin
expression and podocyte injury in Dahl salt-sensitive hyper-
tension rats. They also demonstrated that cultured podocytes
express substantial amount of MR, which mediates aldoste-
rone-induced Sgk-1 expression (Shibata et al., 2007). In the
present study, we found that both MR and Sgk-1 mRNA
levels in glomeruli were detectable in all animals. Finally,
the progression of proteinuria and of podocyte injury was
associated with increases in glomerular MR and Sgk-1
mRNA levels in type 2 diabetic rats. Furthermore, the effects
of an MR blocker on proteinuria, podocyte injury, and glo-
merular nephrin and podocin gene expression were blood
pressure-independent but were associated with the attenua-
tion of podocyte injury and Sgk-1 expression. These data are
consistent with the hypothesis proposed by Nagase et al.
(2006) and Shibata et al. (2007) that the beneficial effect of
MR blockade on proteinuria is elicited by inhibiting local MR
activity in podocytes. The present study also showed that
eplerenone decreased glomerular MR expression in OLETF
rats. These data are in agreement with those that show that
treatment with spironolactone or eplerenone decreased renal
tissues MR expression in uninephrectomized streptozotocin-
induced diabetic rats (Guo et al., 2006) and type 2 diabetic
mice (Taira et al., 2008).



Throughout the observation period, plasma aldosterone
levels were not elevated in type 2 diabetic OLETF rats with
overt proteinuria. However, treatment with eplerenone alone
showed a strong antiproteinuric effect, independent of blood
pressure changes. These data are in agreement with those of
clinical studies that MR blockers elicits blood pressure-inde-
pendent antiproteinuric effects in patients with diabetic ne-
phropathy but without elevated plasma aldosterone levels
(Sato et al., 2005). However, we also observed that glomeru-
lar Sgk-1 expression was significantly increased, suggesting
the activation of MR in glomeruli of diabetic OLETF rats. We
have no good explanation as to why glomerular MR is acti-
vated under conditions where plasma aldosterone levels are
not elevated. Xue and Siragy (2005) showed the expression of
an elevated glomerular aldosterone synthase, CYP11B2, in
streptozotocin-induced diabetic rats, suggesting that aldoste-
rone is produced locally in glomeruli under hyperglycemic
conditions. Other studies using gas chromatography/mass
spectrometry have demonstrated that aldosterone is actually
produced in cultured human glomerular mesangial cells
(Nishikawa et al., 2005). More recently, Shibata et al. (2008)
demonstrated that direct Racl-dependent MR activation in
podocytes is an essential contributor to the development of
proteinuria and renal injury. This suggests the potential
involvement of aldosterone-independent activation of MR in
the progression of proteinuria under some pathological con-
ditions. However, the present study clearly cannot extend to
addressing these issues.

In some patients, plasma aldosterone levels are initially
decreased by treatment with ACEIs or ARBs but are in-
creased in the long term (Sato and Saruta, 2003), a phe-
nomenon termed “aldosterone breakthrough.” Increases in
plasma aldosterone levels during long-term treatment
with ACEIs or ARBs were observed in 40% of diabetic
patients (Sato et al., 2003). However, the present study
showed that daily administration of telmisartan at 3
mg/kg from 20 to 50 weeks of age did not cause aldosterone
breakthrough in this model. Thus, the beneficial additive
effects of an MR antagonist cannot be explained by its
effect of inhibiting the activity of increased aldosterone
levels in ARB-treated type 2 diabetic rats. Recent in vitro
studies report the existence of cross-talk between aldoste-
rone- and Angll-dependent intracellular signaling path-
ways (Mazak et al., 2004; Montezano et al., 2008). It is
hoped that further studies using cultured podocytes will
clarify the precise molecular mechanisms of the combined
effects of MR blockers and ARBs on podocyte injury.

In agreement with a previous study (Nagai et al., 2005),
OLETF rats showed glomerular sclerosis, characterized by
mesangial matrix expansion, at approximately 50 weeks of
age. Treatment with telmisartan or eplerenone similarly at-
tenuated the progression of glomerular sclerosis. Unlike
their effects on podocyte injury, however, their combined
effects were not observed in glomerular sclerosis. Although
these data are consistent with those of Piecha et al. (2008)
who showed that adding spironolactone to an ARB did not
improve the regression of glomerular sclerosis in subtotally
nephrectomized rats, it is unclear why the combined effects
of an ARB and an MR blocker are apparent on podocyte
injury but not on glomerular sclerosis. However, these effects
may be dependent on complex interactions among several
factors that mediate mesangial matrix expansion. For exam-
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ple, in vitro studies have indicated that a high glucose level
has a critical role in mediating mesangial cell injury (Suzaki
et al., 2004). Furthermore, clinical studies show that moder-
ate glomerular sclerosis in type 1 diabetic nephropathy is
regressed 10 years after pancreatic transplantation, suggest-
ing the importance of blood glucose control for the regression
of glomerular sclerosis (Fioretto et al., 1998). Thus, strict
control of blood glucose levels would be essential for the
attenuation of glomerular sclerosis.

Bomback et al. (2008) performed a systematic review of 15
recent clinical studies that examined the effects of adding
MR blockers to ACE inhibitors and/or ARBs on proteinuria
and the risk of hyperkalemia in patients with CKD. The data
showed that adding MR blockers to ACE inhibitors and/or
ARBs yields significant decreases in proteinuria with less
adverse effects on hyperkalemia in patients with early phase
CKD (Bomback et al., 2008). In the present study, eplerenone
or eplerenone plus telmisartan did not show hyperkalemia in
50-week-old OLETF rats. However, during the observation
period, plasma creatinine levels were not different between
nontreated OLETF rats and control nondiabetic LETO rats.
Thus, the present study cannot address any issues related to
the risk-benefit balance in advanced diabetic nephropathy. It
should also be noted that the present study proposes starting
drug intervention when proteinuria is well established to
resemble the clinical situation where patients usually come
under medical supervision. A weak aspect of the present
study is that we cannot address issues about “remission” and
“regression” of glomerular sclerosis and podocyte injury. This
is because we did not evaluate any morphological changes
when drug interventions were initiated.

In conclusion, the present study supports the hypothesis
that the additive antiproteinuric effects of MR blockers to
those of ARBs are associated with their additive inhibiting
effects on podocyte injury in type 2 diabetic rats, indepen-
dently of blood pressure changes. Such data suggest that the
dual blockade of AnglII and aldosterone could be an effective
strategy for preventing the progression of proteinuria
through the protection of podocytes in diabetes.
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