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Abstract: Although blockade of the renin-angiotensin-system (RAS) has become standard therapy for diabetic ne-
phropathy (DN), decline in kidney function towards end-stage renal disease is seen in many patients. Elevated plasma
aldosterone often accompanies RAS blockade by a phenomenon known as “aldosterone escape” and activates the
mineralocorticoid receptor (MR). We therefore examined whether addition of the MR antagonist eplerenone to an ACEI
would enhance the efficacy in slowing the progression of DN. Untreated uninephrectomized diabetic db/db mice
developed progressive albuminuria and glomerulosclerosis between weeks 18 and 22, associated with decreased
number of podocytes and increased renal expression of fibrotic markers. The therapeutic effect of eplerenone at
100 mg/kg BW/d on albuminuria, podocyte injury and renal fibrosis was similar to that of enalapril given alone at
maximally effective doses. Adding eplerenone to enalapril resulted in further reduction in these measurements. Re-
nal expressions of TNF-a, MCP-1, Nox2 and p47phox and renal TBARS levels, markers of inflammation and oxidative
stress, were increased during disease progression in diabetic mice, which were reduced by eplerenone or enalapril
given alone and further reduced by the two drugs given in combination. However, there were no treatment related
effects on plasma K+. Our results suggest that eplerenone is effective in slowing the progression of DN in db/db
mice and that the effect is additive to an ACEI. The addition of an MR antagonist void of effects on plasma K+ to an
ACEI may offer additional renoprotection in progressive DN via blocking the effects of aldosterone due to escape or
diabetes-induction.
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Introduction

Activation of the renin-angiotensin system
(RAS) and generation of angiotensin Il (Ang II)
play a crucial role in diabetic nephropathy (DN)
through both pressure-dependent and pres-
sure-independent mechanisms [1]. Ang Il block-
ade has been a great therapeutic breakthrough
for slowing DN in the past two decades.
However, accumulating evidence from both
clinical and animal research has suggested
that halting renal fibrosis cannot be achieved
by angiotensin converting enzyme inhibitors
(ACEI) or Ang Il receptor blockers (ARB) alone or
in combination given at maximal dosages and
correct frequency [2-5]. One reason could be
the effects of aldosterone. Ang Il is the main

stimulus for aldosterone secretion and blocking
Ang II's generation and action with an ACEl and/
or ARB or a direct renin inhibitor (DRI) should
theoretically inhibit the secretion of aldoste-
rone. However, elevated plasma aldosterone
levels are frequently observed in patients
chronically treated with ACEI, a phenomenon
known as “aldosterone escape” or “aldosterone
breakthrough” [6, 7]. The elevated aldosterone
level is seen not only in plasma but also in local
tissue due to alternative pathways of Ang Il gen-
eration including chymase and chathepsin G
[8]. Although it was once thought that aldoste-
rone acts primarily as a circulating hormone
involved in the regulation of sodium excre-
tion through mineralocorticoid receptor (MR)-
dependent mechanisms, evidence has been
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mounting to suggest that aldosterone also pro-
motes fibrosis, inflammation, and generation of
reactive oxygen species (ROS), along with endo-
thelial dysfunction, cell growth, and prolifera-
tion that were previously attributed solely to
Ang 1l [9, 10]. In fact, MR antagonists have
been shown to decrease mortality in patients
with congestive heart failure, to improve endo-
thelial function, to reduce circulating markers
of collagen turnover and to decrease microal-
buminuria [11-14]. Addition of the MR antago-
nist, spironolactone, to ACElI markedly reduced
proteinuria in patients with renal failure and in
patients with diabetes [15, 16]. In a random-
ized trial of 268 type 2 diabetics, the addition
of eplerenone to an ACEI also reduced albumin-
uria, at the same time elevating plasma K+
[47]. In rats, studies have consistently demon-
strated that aldosterone infusion causes glo-
merular injury, interstitial inflammation and
fibrosis in hypertensive rat kidneys [18]. MR
antagonists markedly ameliorated glomerular
and/or tubulointerstitial injury in several mod-
els of nephropathy including spontaneously
hypertensive stroke-prone rats, diabetic rats,
nephritic rats and chronic cyclosporine-induced
nephrotoxic rats [19-24]. Moreover, MR antago-
nism not only reduced the development of glo-
merulosclerosis but also induced regression of
existing glomerulosclerosis in rats after 5/6
nephrectomy [25]. These studies together not
only emphasized the beneficial effect of MR
antagonism in progressive renal diseases but
also suggested that the profibrotic effects of
aldosterone might be independent of other
components of the RAS. Thus the aldosterone
escape phenomenon occurring during long-
term use of Ang Il blockade may, in fact, con-
tribute to the limited effectiveness of this ther-
apy, which provides a rational and methodology
for further prevention and treatment of diabetic
nephropathy by adding MR antagonist to an
ACEIl or an ARB. However, whether such thera-
peutic combination leads a further attenuation
in the progression of renal disease therefore
maximizing renoprotection in diabetic patients
has yet to be defined.

We thus proposed to use a well-established
experimental diabetes model to investigate
whether adding eplerenone, a selective miner-
alocorticoid receptor antagonist, to the stan-
dard treatment with an ACEI could further slow
the progression of glomerulosclerosis in dia-
betic nephropathy and explore the underlying
mechanisms of the combination therapy.
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Materials and methods
Reagents

Eplerenone was provided by AstraZeneca
(Molndal, Sweden). Unless specified, all other
reagents were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).

Animals

Diabetic male db/db mice (BKS.Cg-Dock7™ +/+
Lepr®/) homozygotes) and their littermate male
db/m mice were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA) and housed
in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals. The experimental protocols were
approved by the Animal Care Committee at the
University of Utah. The db/db mice were deter-
mined to be diabetic by the vendor on the basis
of obesity at approximately 5 weeks of age and
were further demonstrated to be hyperglycemic
in our laboratory at week 7. Mice were subject-
ed to right uninephrectomy under anesthesia at
week 8 to hasten the development of diabetic
nephropathy as described previously [26].
Db/m mice received uninephrectomy at week 8
served as the operation control.

Experimental design

Groups of uninephrectomized mice were
assigned and treated at 18 weeks of age as fol-
lows: (i) untreated non-diabetic db/m mice
(n=9) as healthy controls; (ii) untreated diabetic
db/db mice (n=8) as a diseased control at 18
weeks of age; (iii) untreated diabetic db/db
mice at 22 weeks of age (n=8) as another dis-
ease control; (iv) diabetic db/db mice treated
with enalapril (n=9), 200 mg/liter enalapril in
drinking water; (v) diabetic db/db mice treated
with elperenone (n=9), 100 mg/kg BW/d mixed
with food, and (vi) diabetic db/db mice treated
with eplerenone plus enalapril (n=8) for 4
weeks from week 18 to week 22. The maximal-
ly renoprotective dose of enalapril was deter-
mined previously [5, 27]. Low dosage of eplere-
none at 50 mg/kg BW/d has been tested in
type 2 diabetic rats with a limited therapeutic
effect in kidney injury [28]. However, high dos-
age of eplerenone (such as 200 mg/kg BW/d)
may be associated with an increased risk for
hyperkalemia in patients [17]. Therefore, our
study investigated whether eplerenone at the
dosage of 100 mg/kg BW/d added to the ACE
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inhibitor enalapril results in a substantive
reduction in albuminuria and the progression of
diabetic nephropathy with a lesser risk for
hyperkalemia. This dosage of eplerenone has
been shown the desired benefits in several ani-
mal models [29, 30]. The water consumption
was monitored daily. Food consumption was
measured weekly to confirm correct dosing of
eplerenone.

Systolic blood pressure was measured before
and at the end of treatment in conscious and
trained mice at room temperature by the tail-
cuff method (MC4000 multi channel blood
pressure analysis system, Hatteras Instrument,
Inc., Cary, NC, USA). The blood glucose level
and glycosylated hemoglobin (Hb,, ) level were
monitored in tail blood samples using a blood
glucose meter (Glucometer Elite XL, Bayer
Healthcare, Elkhart, IN, USA) and the DC2000+
Hb,, . kit (Bayer Healthcare) respectively before
treatment and at the time of sacrifice. Twenty-
four-hour urine was obtained from each mouse
after placement in metabolic cages before
treatment and at the time of sacrifice. Urine
albumin was measured using the DC2000+
microalbumin reagent kit (Bayer Healthcare).
As for the reproducibility of this assay, the coef-
ficients of variance (CV) were less than 3%
when the same sample was measured three
times consecutively. Plasma and urine aldoste-
rone was measured using the commercial avail-
able ELISA kit (Alpha Diagnostic Intl. Inc., San
Antonio, TX, USA).

Mice were sacrificed under isoflurane anesthe-
sia. Blood samples were obtained by cardiac
puncture for the measurements of plasma K+,
creatinine and aldosterone concentration.
Plasma K+ levels were determined on a
Radiometer ABL 700 blood gas analyser
(Radiometer, Copnchagen DK). Urine creatinine
was measured by the Jaffe method (Creatinine
FS, REF117119910021, DiaSys). Plasma cre-
atinine was analyzed on a LC-MS/MS system
consisting of a Waters Quattro Premiere mass
spectrometer and an Agilent 1100 HPLC.
Column was a Phenomenex Kinetex HILIC 2.6
M, 2.1 x 100 mm. Mobile phase A was acetoni-
trile and mobile phase Bwas 40 mM Ammonium
formate. Gradient was from 5% B to 50% B in
10 min with 5 min equilibration time. As inter-
nal standard, 0.2 ym D3-Creatinine in CAN:H20,
9:1 was used. The creatinine clearance (Ccr)
was calculated as the following formula, (Urine
creatinine levels/plasma creatinine levels) x 24
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h-urine volume (mL)/(24 h x 60 min). Kidneys
were perfused through the heart with cold PBS
and then excised. Renal cortex was harvested
by dissection and saved for further analysis as
described previously [26]. Briefly, two pieces of
cortex were either snap-frozen in 2-methylbu-
tane at-80°C or fixed in 10% neutralized forma-
lin for immunohistochemistric staining. Other
pieces of cortex were stored in liquid nitrogen
for western blot or treated with Tri Reagent for
isolation of RNA or treated with 200 mM NaCl
and 20 mM HEPES to be sonicated for 30 sec-
onds, 3 times on ice and centrifuged at a
12,000 rpm for 15 min at 4°C. The supernatant
was then collected and stored at -80°C for
TGFB1 ELISA [31, 32] and protein measure-
ment by a bicinchoninic acid (BCA) protein
assay kit (PIERCE, Rockford IL, USA).

Measurement of urinary TNF-a, MCP-1 and
renal TBARS levels

Twenty-four hours-urine collected from diabetic
mice at the end of experiment was analyzed
for the levels of TNF-&, and MCP-1. Urine TNF-«
and MCP-1 levels were measured using a
commercial available ELISA kit (R&D Systems,
Inc., Minneapolis, MN, USA). Their excretion
was expressed as the total amount excreted in
24 h.

Malondialdehyde (MDA) is also named as thio-
barbituric acid-reactive substances (TBARS),
which is derived from lipid hydroperoxides pro-
duced by oxidative stress and reacts with thio-
barbituric acid (TBA), using a colorimetric assay
(Cayman Chemical Company, Ann Arbor M,
USA). Renal TBARS concentration was obtained
from a standard curve produced by serially
diluting MDA and corrected by the total protein
levels in renal cortex tissue.

Histological analyses

Formalin-fixed renal cortex tissues were
subsequently embedded in paraffin. Three-
micrometer sections were cut from the tissue
blocks and stained with periodic acid-Schiff
(PAS). The PAS-positive glomerular matrix was
quantitated in a blinded fashion by a computer-
assisted method as previously described [26].
At least 20 glomeruli from each individual
mouse were assessed. The PAS-positive mate-
rial area in the mesangium was normalized by
that of the total glomerular tuft where the per-
centage of mesangial matrix occupying each
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glomerulus area was rated. Glomerular sclero-
sis index was graded from 0 to 4+ as follows: O
represents no lesion, 1+ represents sclerosis
of <25% of the glomerulus, while 2=, 3+ and 4+
represent sclerosis of 25% to 50%, >50% to
75%, and >75% of the glomerulus. A whole kid-
ney average sclerosis index was obtained by
averaging scores from all glomeruli on one
section.

Immunofluorescent staining for fibronectin
(FN) and type IV collagen (Col IV) was performed
on frozen sections as described [26]. Immu-
nofluorescent staining for podocin and Wilms
tumor protein 1 (WT-1) was also performed on
frozen sections. The polyclonal goat anti-podo-
cin 1gG and the polyclonal rabbit anti-WT1 1gG
(C-19) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) were used as the primary anti-
bodies. The Rhodamin (TRITC)-conjugated don-
key anti-goat IgG (H+L) (Jackson Immuno-
Research, Laboratories Inc.) and Rhodamin
red™-X-conjugated donkey anti-rabbit F(ab’)2
(Jackson ImmunoResearch, Laboratories Inc.)
were used as the secondary antibodies.
Intraglomerular positive staining of FN, type IV
collagen and podocin was quantified separately
in a blinded fashion by a computer-assisted
method as described previously [33]. The num-
ber of WT-1-positive podocyte per glomerulus
was counted in 20 glomeruli selected randomly
per section.

Western blot analysis

Equal amounts of renal cortex tissue (15 mg)
from each mouse of each group were homoge-
nized in lysis buffer (Cell Signaling Technology,
Inc., Beverly, MA, USA) with 1% NP40, 1 mM
PMSF and 1 tablet/5 ml protease inhibitor mix
(Complete, Mini; Roche Diagnostics Corpo-
ration, Indianapolis, IN). Protein sample from
10 mice of each group was pooled for further
examination. For western blot analysis, protein
samples (20 pg each) were subjected to SDS-
PAGE in 4-12% gradient gel (Invitrogen) and
immunblotting on immobilon-P transfer mem-
branes (Millipore Corporation, Bedford, MA,
USA). Desmin, p-smad2/3, total smad2/3,
PAI-1, TNF-a, p47phox and Nox2 were
assessed on the Western blots using mouse
monoclonal anti-desmin 1gG2a (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA), rab-
bit anti-pSmad2/3 (sc-11769-R, Santa Cruz
Biotechnology, Inc.), goat anti-total smad2/3
IgG (Santa Cruz Biotechnology, Inc.), mouse

1342

anti-PAI-1 (BD Transduction LaboratoriesTM,
USA), mouse monoclonal anti-TNF-a IgG
(sc57469, Santa Cruz Biotechnology, Inc.),
mouse anti-gp91 [phox] (Nox2) IgG and mouse
anti-p47 [phox] IgG (BD Biosciences San Jose,
CA, USA). The immunostaining band was visual-
ized and quantified as described previously
[26]. Briefly, bound antibodies were detected
by developing the blot in enhanced chemilumi-
nescence (ECL)™ western blotting detection
reagents (Amersham Pharmacia Biotech,
Little Chalfont, Buckinghamshire, UK). Quanti-
tation of the bands on autoradiograms was per-
formed using a Bio-Rad GS-700 imaging densi-
tometer (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Each protein level was corrected for
the densitometric intensity of the B-actin (using
mouse monoclonal anti-B-actin 1gG). For com-
parison, this ratio was set at unity for normal
control samples and other lanes on the same
gel were expressed as fold-change over this
value. All blots were run at least three times.

RNA preparation and real-time RT-PCR

Total RNA was extracted from renal cortex tis-
sue using Tri Reagent according to the manu-
facturer’s instructions. Two micrograms of total
RNA were reverse-transcribed using the super-
script Il first-strand synthesis system for
RT-PCR kit (Invitrogen). Real-time RT-PCR was
performed using the SYBR green dye | (Applied
Biosystems, Foster City, CA, USA) and the ABI
7900 Sequence Detection System (Applied
Biosystems) as described previously [26].
Samples were run as triplicates in separate
tubes to permit quantification of the target
gene normalized to B-actin. Sequences of prim-
ers used for fibrotic markers and sequences of
new primers used for podocyte markers were
described previously [26, 33]. The specificity of
the PCR products was confirmed on a 1.5%
agarose gel by showing a specific single band
with the expected size.

Statistical analysis

Data are expressed as mean + S.D. with n rep-
resenting the number of animals. The urinary
albumin excretion (UAE) values were log, -
transformed prior to comparison to account for
the skewed distribution. Groups were analyzed
by one-way ANOVA and subsequent Dunnett
testing for multiple comparisons. P<0.05 was
considered statistically significant.
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Table 1. Clinical parameters of the experimental groups of mice

db/m db/db db/db db/d+Ena db/db+Epl db/db+Ena
-22 wk -18 wk -22 wk -22 wk -22 wk +Epl-22 wk
(n=9) (n=8) (n=8) (n=9) (n=9) (n=8)
Body wt. initial, g 26.4+0.9 43.8+7.7* 45.2+7.7* 45.5+6.0* 46.4+6.9* 44.6+5.4%
Final, g 28.7+2.4 40.6+8.1* 38.5£7.7* 39.6+7.4* 40.2+8.0*
SBP, mmHg 92.2+0.9 95.2+7.7 92.2+21.6 90.2+7.3 105.7+17.6 99.2+23.5
Plasma glucose, initial, mg/dl 127+11.7 583+31.3* 600+0* 537+50* 575+41.2% 592+20.8*
Final, mg/dl 108+30.1 600+0.0* 600+0.0* 578+39.5* 600+0.0*
Hb,, (%)
Initial 3.73+0.1 11.94+0.8* 12.33+0.7* 11.57 +0.8* 11.78 +0.6* 12.20 +0.7*
Final 3.98+0.0 13.42+0.3* 13.36+0.4* 13.01+0.3* 13.88+0.1*
UAE (ug/24 h),
Initial 9.2616.9 296.05+115.1  374.03+327.8 356.11+185.0 341.13+176.2 354.9+210.6
Final 3.1810.5 475.3+355.5 188.37+123.2 202.2+160.8 100.27+63.4
logUAE,
Initial 0.77+0.5 2.44+0.1%* 2.48+0.2* 2.49+0.2* 2.47+0.2% 2.48+0.2*
Final 0.49+0.1 2.58+0.3* 2.20+£0.3*#8 2.16+0.4*#8 1.90+0.3**8
Aldosterone levels
In plasma (pg/ml) 591.6+69.6 757.0£53.4* 1065.3+116**  1366.1+158.5**  1166.4+68.5**  1067+46.1**
In urine (ng/24 h) 2.31+0.1 31.75+15.8* 32.73+11.4* 28.39+9.6* 19.65+£8.2*#8 18.05+7.7*#8
Plasma Cr (uM) 3.4+0.3 4.2+0.4 3.8+0.2 3.6+0.2 3.5+0.2 3.5+0.2
Cer (ml/min) 0.81+0.2 1.83+0.5* 2.43+0.7*# 2.67+0.7** 2.27+0.6* 2.38+0.9*
Plasma K+ (mM) 3.320.1 3.4+0.1 4.7+0.2%* 4.6+0.2%# 5.0+0.2*# 4.7+0.2%*

Diabetic db/db mice were treated with enalapril (Ena), eplerenone (Epl), or combination of enalapril plus eplerenone (Ena+Epl) for 4 weeks between 18 and 22 weeks
of age. Unless specified, parameters were recorded at the end of the experimental period (22 weeks of age). wt, body weight. SBP: systolic blood pressure measured at
week 18 (for group db/db-18 wk) or week 22 (for other groups). UAE: urinary albumin excretion. Cr: creatinine. Ccr: clearance of creatinine. *P<0.05 vs. db/m; #P<0.05

vs. db/db at 18 wk. §P<0.05 vs. db/db at 22 wk.

Results

Systemic parameters

There was no significant difference in survival
rate between the non-diabetic db/m mouse
and diabetic db/db mouse with or without treat-
ment. The baseline and final characteristics of
the six groups of mice are presented in Table 1.
At baseline, 18-week body weights of db/db
mice were consistently greater than the corre-
sponding values in db/m controls. The non-dia-
betic db/m mice gained approximately 2.3 g
in body weight in 4 weeks. In contrast, the dia-
betic db/db mice lost ~ 4.6 g in body weight
during the experimental period. Diabetic mice
remained hyperglycemic throughout the experi-
mental period as indicated by blood glucose
and glycosylated hemoglobin (Hb,, ) levels and
Hb,, levels were further increased by 1.09%.
Body weight and hyperglycemia were not affect-
ed by either treatment. We also found that dia-
betic uninephrectomized db/db mice at 18
weeks of age still had normal blood pressure
and treatment with enalapril or eplerenone or
the combination of enalapril and eplerenone
for 4 weeks from week 18 to week 22 had no
effect on systolic blood pressure (SBP). Plasma
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K+ levels in db/db mice at 18 weeks of age
were similar to those in non-diabetic db/m mice
but were higher in db/db mice at 22 weeks of
age regardless of treatment. As seen in other
rodent studies and contrary to observations in
man [34], there were no treatment related
effects on plasma K+ levels.

Plasma and urinary aldosterone levels were
markedly increased in diabetic db/db mice
compared with non-diabetic db/m control mice.
Enalapril treatment had no significant effect on
the elevated plasma and urinary aldosterone lev-
els. Interestingly, urinary aldosterone levels were
decreased in eplerenone alone or in combina-
tion with enalapril treated db/db mice.

Plasma creatinine concentration of diabetic
db/db mice was identical to those of the non-
diabetic db/m mice. Treatment with enalapril
and eplerenone either alone or in combination
had no effect on plasma creatinine levels.
However, the calculated Ccr in db/db mice at
18 weeks of age was significantly higher than in
db/m mice and was further increased in db/db
mice at 22 weeks of age. These results may
reflect hyperfiltration, an early symptom of dia-
betic nephropathy. The Ccr was not affected by
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Figure 1. Effect of enalapril, elperenone and combination therapy on glomerular immunofluorescent staining for
podocin and WT-1 in diabetic db/db mice from weeks 18 to 22. (A) Representative photomicrographs (at original
maghnification x 400) of glomeruli from normal control mice (db/m), diabetic db/db mice without treatment at week
18 (db/db-18 wk) or at week 22 (db/db-22 wk) and diabetic db/db mice treated with enalapril (Ena), eplerenone
(Epl), combination of enalapril and eplerenone (Ena+Epl). Graphic representation of glomerular podocin (B) staining
scores or glomerular number of WT-1 positive podocytes (C) was shown below. *P<0.05, vs. db/m. #P<0.05, vs. db/
db-18 wk. §P<0.05, vs. db/db-22 wk. $P<0.05, vs. db/db+Ena. {(P<0.05, vs. db/db+Epl.

treatment with enalapril, eplerenone or enala-
pril plus eplerenone.

Effect of combination therapy with ACEIl and
eplerenone on albuminuria in the db/db mice

At the beginning of intervention (18 weeks of
age), UAE in db/db mice was similar among the
various groups and higher than in db/m mice
(Table 1). In vehicles treated db/db mice at
week 22, a statistically non-significant eleva-
tion of UAE by 27% vs. week 18 was observed.
All treatments reduced the UAE to lower than
baseline values seen in db/db mice at the
beginning of intervention (18 weeks of age).
Treatment with enalapril or eplerenone alone
reduced UAE by 47% and 41% compared to
baseline, respectively. When enalapril was
combined with eplerenone, an enhanced anti-
albuminuric effect was achieved, leading to a
total reduction of 72% in UAE when compared
with vehicles treated db/db mice at week 22.
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Effect of combination therapy with ACEl and
eplerenone on podocyte injury in the db/db
mice

As shown in Figure 1A and 1B by immunofluo-
rescent staining, non-diabetic db/m mice
showed intense and linear staining for podocin
along the capillaries in glomeruli. In contrast,
an attenuation of staining by 21% for podocin
was observed in db/db mice at 18 weeks of
age, which was further decreased by another
21% at 22 weeks of age. The loss of podocyte
specific podocin seen in diabetes between
weeks 18 and 22 was largely and similarly pre-
vented by enalapril or eplerenone alone.
Combining enalapril and eplerenone was more
effective in maintaining glomerular levels of
podocin than either treatment alone (Figure 1A
and 1B).

WT-1 is a nuclear protein specific for podocyte
and parietal glomerular epithelial cell in the
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Figure 2. Effect of enalapril, elperenone and com-
bination therapy on renal desmin protein levels in
diabetic db/db mice from weeks 18 to 22. A. The
representative western blots illustrate desmin pro-
tein expression. B. The respective graphs summarize
the results of band density measurements. Changes
in desmin protein expression were determined by
normalizing against the densitometric intensity of
its B-actin for each sample. For comparison, this ra-
tio was set at unity for normal control samples and
other groups were expressed as fold-increase over
this value. *P<0.05, vs. db/m. #P<0.05, vs. db/db-
18 wk. §P<0.05, vs. db/db-22 wk. $P<0.05, vs. db/
db+Ena. (P<0.05, vs. db/db+Epl.

adult kidney [35, 36]. WT-1-positive cells within
the glomerular tuft excluding the parietal epi-
thelium were counted in diabetic mice and the
cell number per glomerulus was calculated as
described in the method section. Consistent
with the staining of podocin, diabetic glomeruli
from disease-control db/db mice at 18 weeks
of age contained fewer podocytes than did
glomeruli from normal-control db/m mice, as
illustrated by immunofluorescence staining in
Figure 1A, 1C. The average number of podo-
cytes per glomerular cross section was further
decreased by 19% in db/db mice at 22 weeks
of age. Treatment of diabetic db/db mice with
enalapril or eplerenone alone reversed the
decreases in glomerular WT-1 positive cells
between weeks 18 and 22. Mice treated with
the enalapril and eplerenone combination had
increased podocyte numbers compared to
mice treated with enalapril or eplerenone alone
(Figure 1A, 1C).

By western blot, we observed that desmin lev-
els in renal cortex tissues, a conventional mark-
er for podocyte injury, were 66% higher in dia-
betic db/db at week 18 and 81% higher in
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diabetic db/db at week 22 vs. db/m mice, as
shown in Figure 2A and 2B. Although we could
not confirm whether the elevated production of
desmin was from podocytes, the altered des-
min levels were consistent with the changes of
the slit-diaphragm-associated protein podocin
and glomerular podocyte numbers shown in
Figure 1, which suggests that increased renal
desmin production is related to podocyte injury
in diabetic db/db mice. Consistent with the
results on podocyte numbers and podocin pro-
duction, treatment with enalapril or eplerenone
prevented the disease-induced increase of
desmin protein. Combination treatment with
eplerenone and enalapril further reduced dis-
ease-induced renal desmin production to levels
lower than non-diabetic db/m controls (Figure
2).

In agreement with the protein levels, gene
expression levels of podocin and WT-1 were
lower in diabetic db/db mice at week 18 when
compared to those of db/m controls, and a fur-
ther reduced expression was seen at week 22
(Figure 3A, 3B). Diabetes induced decreases in
MRNA expression of these podocyte markers
were significantly ameliorated by treatment
with enalapril or eplerenone alone. Addition of
eplerenone to enalapril further increased podo-
cin and WT-1 mRNA expression by 50% and
31% to the total increases of 75% and 100%
respectively when compared to vehicles treat-
ed db/db mice at week 22. mRNA expression of
desmin was markedly increased in diabetic
renal tissue, particularly at week 22 by 2.15-
fold, compared to that found in normal renal tis-
sue, indicating that podocyte injury progressed
in diabetic nephropathy from weeks 18 to 22.
Addition of eplerenone to enalapril resulted in
further reduced desmin mRNA expression to
the levels close to that of non-diabetic normal
controls (Figure 3C).

Collectively, these data suggest that the ACE
inhibitor enalapril or the MR antagonist eplere-
none at the doses used here are equally effec-
tive in arresting the progression of markers of
glomerular podocyte injury in the db/db mice
from weeks 18 to 22. The combination of enal-
april and eplerenone was more effective in
reducing podocyte injury than either treatment
alone. These results are consistent with their
effects on the remission of albuminuria, indi-
cating that the combined therapy of enalapril
and eplerenone provides a more protective
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effect on diabetes induced podocyte injury
than monotherapy with either drug.

Effect of combination therapy with ACEl and
eplerenone on renal fibrosis in the db/db mice

Renal histology: At the end of the study (22
weeks), the glomeruli of db/db mice demon-
strated increased glomerulosclerosis with evi-
dent accumulation of PAS-positive extracellular
matrix (ECM) proteins including fibronectin and
collagen IV in the mesangium compared with
glomeruli of db/m mice (Figure 4). Treatment
with either enalapril or eplerenone prevented
increases in glomerular matrix protein deposi-
tion in diabetic db/db mice between 18 and 22
weeks. Of note, addition of eplerenone to enal-
april resulted in additional 28%, 61% and 33%
reduction in glomerular ECM accumulation, FN
and collagen IV deposition, respectively, com-
pared to enalapril used alone.

TGFB1 and PAI-1 levels in renal cortex: The lev-
els of profibrotic molecules TGFB1 and PAI-1 in
renal cortex were elevated in db/db mice com-
pared to db/m and were further increased from
week 18 to week 22 (Figure 5). Enalapril or
eplerenone treatment alone completely pre-
vented the increased TGFB1 levels (Figure 5A)
and similarly attenuated the increases of PAI-1
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Figure 3. Effect of enalapril, elperenone and combi-
nation therapy on renal mRNA expression of podocin
(A), WT-1 (B), and desmin (C) in diabetic db/db mice
from weeks 18 to 22. Expression of mRNA was deter-
mined by real-time RT/PCR. Changes in mRNA levels
were determined by first correcting the amplification
of B-actin for each sample. For comparison, this ra-
tio was set at unity for normal control samples and
other groups were expressed as fold-increase over
this value. *P<0.05, vs. db/m. #P<0.05, vs. db/db-
18 wk. §P<0.05, vs. db/db-22 wk. £P<0.05, vs. db/
db+Ena. {P<0.05, vs. db/db+Epl.

from week 18 to week 22 by 70% when com-
pared with untreated db/db mice (Figure 5C,
5D). A combination of enalapril and eplerenone
resulted in a further reduction in renal TGFB31
and PAI-1 levels when compared with animals
given enalapril alone. Smad proteins are impor-
tant intracellular transducers of TGFB1 signal-
ing. We asked whether the Smad pathway is
activated in the diabetic kidney. Smad2/3 acti-
vation was elevated in db/db mice at week 18
compared to db/m (Figure 5B). A further
increase, which was completely reversed by
enalapril treatment, was seen between week
18 and week 22. Addition of eplerenone to
enalapril further lowered the levels of
pSmad2/3 to values comparable to non-dia-
betic db/m controls. Blots for total Smad2/3 or
B-actin signals confirmed that samples were
equally loaded (Figure 5B).

MRNA expression of TGF-$1, PAI-1 and matrix
proteins in renal cortex: Renal TGFB1, PAI-1, FN
and  1(IV) collagen mRNA levels were elevated
in db/db mice at week 22 compared to week 18
(Figure 6A-D). Treatment with enalapril or
eplerenone alone prevented the increased of
TGFB4, PAI-1, FN and « 1 (IV) collagen mRNA
expression and the combination treatment
yielded further reduced expression levels
(Figure 6A-D).
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Figure 4. Effect of enalapril, elperenone and combination therapy on glomerular matrix protein accumulation in
diabetic db/db mice from weeks 18 to 22. (A) The histological sections stained with PAS and glomerular immuno-
fluorescent staining for fibronectin (FN) and type IV collagen (Col IV) are presented at 400 x magnification. Repre-
sentative photomicrographs of glomeruli from normal control mice (db/m), diabetic db/db mice without treatment
at week 18 (db/db-18 wk) or at week 22 (db/db-22 wk) and diabetic db/db mice treated with enalapril (Ena),
eplerenone (Epl), combination of enalapril and eplerenone (Ena+Epl). Graphic representations of glomerular matrix
score (B), FN staining score (C) and Col IV staining score (D) are shown below. *P<0.05, vs. db/m. #P<0.05, vs. db/
db-18 wk. §P<0.05, vs. db/db-22 wk. £P<0.05, vs. db/db+Ena. {(P<0.05, vs. db/db+Epl.

Effect of combination therapy with ACEIl and
eplerenone on renal inflammation and oxida-
tive stress in the db/db mice

As renal inflammation and oxidative stress con-
tribute to the development of diabetic nephrop-
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athy [37-39], we further investigated whether
the additive renoprotective effect of the combi-
nation therapy with enalapril and eplerenone is
associated with a reduction of renal inflamma-
tion and oxidative stress. Renal tumor necrosis
factor-a (TNF-a) levels were higher in the
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untreated db/db mice, compared with db/m
mice (Figure 7A) was further increased during
disease progression. Urinary TNF-a and mono-
cyte-chemoattractant protein-1 (MCP-1) levels
were also markedly increased in untreated dia-
betic mice, compared with non-diabetic db/m
mice (Figure 7B, 7C). Enalapril or eplerenone
treatment caused reduced renal TNF-a levels,
compared to untreated mice. The combination
treatment with enalapril and eplerenone yield-
ed further reduced renal TNF-« levels as well as
reduced urinary TNF-a and MCP-1 excretion.

Renal Nox2 and p47phox protein levels, the
family members of the NADPH oxidase, were
elevated in untreated db/db mice, compared
with db/m (Figure 8A, 8B), indicating significant
activation of Nox2 in db/db mice, particularly at
22 weeks of age. Elevated levels of Nox2 and

1348

db/m db/db db/db db/db db/db db/db+
-18wk -22wk +Ena +Epl Ena+Epl

pSmad23 = ae @D - - -
Total Smad2/3

— . —

R-actin A S G T T

#§47

Renal pSmad2/3 levels
[\
*
3+
wn

db/m db/db db/db db/db db/db db/db+
-18wk -22wk +Ena +Epl Ena+Epl

Figure 5. Effect of enalapril, elperenone and
combination therapy on renal production of
profibrotic markers in diabetic db/db mice
from weeks 18 to 22. (A) Total TGFB1 protein
levels in renal cortical tissues were measured
by ELISA. (B-D) Renal Smad2 signaling and
protein production of PAI-1 were determined
by western blot assay. The representative west-
ern blots illustrate phosphorylated Smad2/3
(p-Smad2/3), total Smad2/3 and B-actin pro-
tein expression (B) PAI-1 and B-actin protein
expression (C) in renal cortical tissue tissues.
The graphs summarize the results of band den-
sity measurements for PAI-1 (D). *P<0.05, vs.
db/m. #P<0.05, vs. db/db-18 wk. §P<0.05,
vs. db/db-22 wk. #P<0.05, vs. db/db+Ena.
(P<0.05, vs. db/db+Epl.

its regulatory subunit p47phox from week 18 to
week 22 in db/db mice were prevented by enal-
april treatment and partially prevented by
eplerenone treatment. Combination treatment
with enalapril and eplerenone normalized Nox2
and p47phox proteins to the levels observed in
normal db/m mice (Figure 8A, 8B).

Lipid peroxidation, a marker of oxidative stress,
was measured by TBARS levels. As seen in
Figure 8C, renal TBARS levels were consistently
and dramatically increased in diabetic db/db
mice at 18 weeks of age compared to nondia-
betic db/m mice, and were further increased at
22 weeks of age. Treatment with enalapril or
eplerenone alone significantly lowered the ele-
vated renal TBASRS levels. Moreover, diabetic
db/db mice treated with enalapril and eplere-
none in combination had less renal TBARS pro-
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Figure 6. Effect of enalapril, elperenone and combination therapy on renal mMRNA expression of fibrotic markers in
diabetic db/db mice from weeks 18 to 22. Expression of mMRNA was determined by real-time RT/PCR. Changes in
mMRNA levels were determined by first correcting the amplification of 3-actin for each sample. For comparison, this
ratio was set at unity for normal control (db/m) samples and other groups were expressed as fold-increase over this
value. A. Expression of TGF-B1mRNA. B. Expression of PAI-1 mRNA. C. Expression of FN mRNA. D. Expression of type
al (IV) collagen mRNA. *P<0.05, vs. db/m. #P<0.05, vs. db/db-18 wk. §P<0.05, vs. db/db-22 wk. £P<0.05, vs.

db/db+Ena. {P<0.05, vs. db/db+Epl.

duction than those treated with either drug
alone. These data suggest that the combined
therapy of enalapril and eplerenone attenuates
renal inflammation and NAPDH oxidase-medi-
ated oxidative stress in diabetic db/db mice to
a greater extent than either enalapril or eplere-
none alone.

Discussion

In the present study, we demonstrated the pro-
tective effect of eplerenone on the progression
of diabetic nephropathy in a mouse model
reflective of type 2 diabetic nephropathy in
humans. The uninephrectomized diabetic db/
db mice developed more severe glomerular
mesangial expansion and significant albumin-
uria by 18 weeks of age. Disease progression
was remarkable between 18 and 22 weeks of
age, which was associated with increased renal
oxidative stress, inflammation, TGF( and PAI-1
expression and production of fibronectin and
other matrix proteins, and podocyte injury, fea-
tures that are reminiscent of human diabetic
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nephropathy. However, the increase in alboumin-
uria was halted and the progression of podo-
cyte injury and glomerulosclerosis was amelio-
rated by eplerenone. It has been well
demonstrated that MR antagonist reduced
albuminuria and histopathological evidence of
renal damage in the course of development of
the disease in animal models of both type 1
and 2 diabetes [21, 22, 40, 41]. The present
study extends these findings to the model of
progressive diabetic nephropathy, i.e. damage
is present before initiating MR antagonist ther-
apy, which is likely occurring in humans.
Furthermore, the significantly anti-albuminuric,
anti-renal TGFB1 synthesis and its signaling,
anti-renal NAPDH oxidase-mediated oxidative
stress and inflammation properties of eplere-
none observed in the present study may contrib-
ute to its therapeutic effect in slowing the pro-
gression of diabetic nephropathy.

Given that local renal aldosterone levels could
not be directly reflected by circulating plasma
aldosterone | levels [42], urinary aldosterone
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Figure 7. Effect of enalapril, elperenone and combination therapy on protein production of TNFa in renal cortical
tissue and urine TNFa and MCP-1 levels. (A) Representative western blots illustrating TNFa and B-actin protein
expression. The lower respective graph summarizes the results of band density measurements. Urinary TNFa (B)
MCP-1 (C) levels were measured by ELISA. *P<0.05, vs. db/m. #P<0.05, vs. db/db-18 wk. §P<0.05, vs. db/db-
22 wk. ¥P<0.05, vs. db/db+Ena. {P<0.05, vs. db/db+Epl. Diabetic db/db mice were treated with enalapril (Ena),
eplerenone (Epl), combination of enalapril and eplerenone (Ena+Epl) from weeks 18 to 22.

levels may reflect aldosterone production in
kidney more closely. In consistent with previous
reports [43], aldosterone concentration is
markedly up-regulated in the diabetic kidney
(Table 1). Thus, pharmacologic interruption of
the effects of aldosterone at the tissue level by
agents that reduce aldosterone generation
and/or action could be especially useful in
slowing the progression of diabetic nephropa-
thy. The present study specially compared the
renoprotective properties of eplerenone that
selectively inhibits the binding of aldosterone
to its receptor with those of enalapril that
should reduce aldosterone generation used
alone on the regression of kidney disease in
diabetes. The similar beneficial effects of both
drugs suggest that blockade of the renin-angio-
tensin-aldosterone system at the levels of MR
is as effective as Ang Il blockade in reducing
renal injury in diabetes.

Of importance is that adding eplerenone treat-

ment to ACE inhibition even for a short period,
4 weeks still caused a further decreased in uri-
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nary albumin excretion, podocyte injury and
glomerulosclerosis but had no treatment relat-
ed effect on plasma K+, suggesting that the
inhibition of the aldosterone system has addi-
tional beneficial effects independent of Ang I
blockade on progressive diabetic nephropathy.
These results are consistent with the previous
report that long-term treatment with eplere-
none at large dose and enalapril for 6 months
ameliorated progression of diabetic renal dis-
ease in OLETF rats, a type Il diabetic rat model
[30]. Although we were unable to provide direct
evidence if diabetic db/db mice developed
aldosterone escape during ACEIl therapy as
observed in humans, diabetic mice treated with
enalapril alone or in combination with ARB or
DRI still had higher levels of aldosterone as
observed in the present and previous studies
[43]. In addition, increasing data indicate that
aldosterone production can be driven by non-
angiotensin Il stimuli [7, 44, 45]. It has been
shown that aldosterone promotes fibrosis,
inflammation, and generation of reactive oxy-
gen species independent of Ang Il [46]. We
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have previously shown that aldosterone-
induced PAI-1 overexpression by both renal
mesangial cells and tubular cells in vitro is par-
tially mediated by TGF-B1 [47]. Increased PAI-1
leads to decreased ECM degradation. While
aldosterone alone induces TGF-B1 weakly,
aldosterone and TGF-B1 added together pro-
duce dramatic synergistic effects on PAI-1 pro-
duction and subsequent ECM accumulation.
Apparently, the elevated aldosterone due to
ACEl escape or induced by diabetes itself in
vivo, may amplify its fibrotic actions through a
synergistic interaction of aldosterone and aldo-
sterone-induced or disease-induced TGF-B1. It
is, thus, not surprising that adding eplerenone
at an optimal dose to enalapril when maximal
effective dose of enalapril was applied not only
further reduced albuminuria, but also further
suppressed active TGF-B1 signaling, renal
inflammation and oxidative stress and yielded
further beneficial effect on renal outcomes
when compared with enalapril treated alone.
Our study further clarified the mechanisms that
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Figure 8. Effect of enalapril, elperenone and combi-
nation therapy on protein production of renal NAPDH
oxidases and the TBARS levels in renal cortex tis-
sue. Representative western blots illustrate Nox2,
p47phox and B-actin protein expression and graphic
representation of the mean band intensity of Nox2
(A) and p47phox (B) normalized against the band
intensity of B-actin. (C) Renal TBARS levels were de-
tected by a colorimetric assay. *P<0.05, vs. db/m.
#P<0.05, vs. db/db-18 wk. 8§P<0.05, vs. db/db-
22 wk. ¥P<0.05, vs. db/db+Ena. {P<0.05, vs. db/
db+Epl. Diabetic db/db mice were treated with enal-
april (Ena), eplerenone (Epl), combination of enala-
pril and eplerenone (Ena+Epl) from weeks 18 to 22.

underlie the renoprotective actions of this com-
bination therapy in diabetes.

Interestingly, in attempts to prevent the pro-
gression of diabetic nephropathy by optimal
RAS inhibitors, we have compared a number of
therapies in the same model in our laboratory
using consistent methods for evaluation. We
have shown that either of enalapril (ACEI) or val-
sartan (ARB) or aliskiren (DRI) was clearly effec-
tive in slowing the progression of renal fibrosis
in the db/db mice, but the kidney disease was
only partially ameliorated [43]. We further
showed that the addition of the maximally
effective dose of enalapril or valsartan to that
of aliskiren yielded no additional reduction of
disease measures, in accordance with clinical
trial results [2, 48, 49] and the notion that
these drugs act through the same Ang
ll-dependent pathway. The current data from
the present study imply that aldosterone inhibi-
tion based on Ang Il blockade provides
enhanced renal protective effects in diabetes,
indicating that alternative combination strate-
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gies that include Ang Il inhibitors and other
agents such as MR antagonists, which act
through different mechanisms, should be pur-
sued to maximize renoprection in diabetes.

However, hyperkalemia is a mechanism-based
and serious adverse effect for the use of MR
antagonists in patients [17, 29] although the
risk of hyperkalemia has not been approved in
rodent models including in the present study. A
novel type of MR antagonist with a low poten-
tial risk of hyperkalemia is desired for patients
with diabetes.

In conclusion, the present study demonstrated
that eplerenone and enalapril identically slowed
the progression of diabetic nephropathy in type
2 diabetic db/db mice. The addition of eplere-
none to enalapril is more effective in decreas-
ing proteinuria, podocyte injury, renal inflamma-
tion and oxidative stress and confers extra
renoprotection over the use of either drug
alone. Taken together, the addition of MR
antagonist to ACEI may further block the profi-
brotic effects of aldosterone due to escape or
diabetes-induction and thus potentially improve
clinical outcomes in progressive diabetic
nephropathy than ACEIl alone if the effects of
treatment on plasma K+ can be avoided in
humans.
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