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blockade, in slowing the progression of diabetic
nephropathy in db/db mice: should the
combination therapy be a focus?
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Abstract: Although the intensive use of angiotensin Il blockade (ACEI or ARB), progression of diabetic nephropathy is
common. A feedback increase in renin production often accompanies angiotensin Il blockade. We therefore examined
whether aliskiren, a direct renin inhibitor, confers better renoprotection than angiotensin Il blockade and whether the ad-
dition of aliskiren to an ACEl or ARB would enhance the efficacy in slowing the progression of glomerulosclerosis in dia-
betes. Untreated db/db mice developed progressive mesangial matrix expansion and albuminuria between weeks
18 and 22, associated with reduction of WT-1 immunopositive podocytes and nephrin and podocin production and
induction of desmin and B7-1 generation and renal expression of TGFR1, PAI-1, fibronectin and type IV collagen.
Treatment with aliskiren at 30 mg/kg/d inhibited the increases in albuminuria and markers of renal fibrosis and
the changes that are indicative of podocyte injury seen in the db/db mice. Notably, the therapeutic effect of aliski-
ren was similar to that of either enalapril or valsartan given alone at maximally effective doses. Combined therapy
caused the loss of 10% ~ 16.6% of db/db mice, yielded no further reduction in renal fibrosis and podocyte injury but
further reduced albuminuria and renal production of TNFa, Nox2 and p47phox and urine MCP-1 and malondialde-
hyde levels, the markers of renal inflammation and oxidative stress. These results suggest that aliskiren, enalapril
and valsartan are equally effective in slowing the progression of diabetic nephropathy. The use of combination
therapy with aliskiren and ACEI/ARB may not be strongly supported.

Keywords: Direct renin inhibitor (DRI), angiotensin converting enzyme inhibitor (ACEI), angiotensin Il receptor
blocker (ARB), albuminuria, podocyte, renal fibrosis

Introduction treatment with ACEI or ARB [2-4]. A potential

explanation for this limitation in success is the

Renin-angiotensin system (RAS) activity is ele-
vated both in the circulation and in the renal
tissue of patients with diabetic nephropathy.
Increased RAS activity plays an important role
in the hemodynamic and nonhemodynamic
pathogenetic mechanisms involved in kidney
injury. Pharmacological blockade of angioten-
sin (Ang) IlI's generation and action with angio-
tensin converting enzyme inhibition (ACEI) or
Ang Il receptor blockers (ARB) therefore has
become a standard and essential therapy in
the management of diabetic nephropathy [1].
However, most studies to date show kidney dis-
ease progression in many patients despite

increase in renin secretion and synthesis [5, 6],
as a result of negative feedback from the sup-
pression of Ang Il synthesis or activity by these
agents.

Renin is the initial and rate-limiting substance
in the RAS. The direct renin inhibitor (DRI) may
locally have some advantages in terms of speci-
ficity by blocking Ang | generation. Therefore,
there is currently renewed interest in DRlIs.
Aliskiren, the first renin inhibitor to reach the
market, lowers elevated blood pressure effi-
ciently by decreasing plasma and/or local renin
activity [7]. Very recently, increasing evidence
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shows that aliskiren has an antiproteinuric
effect in patients with diabetes and also exerts
renoprotective, cardioprotective, and anti-ath-
erosclerotic effects in animal models indepen-
dent of its blood pressure lowering activity
[8-10]. However the data on the effect of aliski-
ren on the progression of structural renal dam-
age and renal impairment, particularly in dia-
betic nephropathy are lacking, leaving open the
questions of whether aliskiren confers better
renoprotection than Ang Il blockade and wheth-
er dual therapy to block the RAS with aliskiren
and ACEI or ARB would provide sustained or fur-
ther renoprotection vs. monotherapy. To answer
these questions will be of enormous impor-
tance to be considered for treatments targeting
RAS in the progression of renal fibrosis. We
thus proposed to use a well-established experi-
mental diabetes model to investigate the effi-
cacy of aliskiren on the progression of diabetic
nephropathy as monotherapy compared to
ACEl and ARB and the additive effects in combi-
nation with ACEl or ARB. We also explored the
underlying mechanism of this protection.

Materials and methods
Reagents

Aliskiren and valsartan were provided by
Novartis Pharmaceuticals Corporation (Basel,
Switzerland). Unless specified, all other re-
agents were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).

Animals

Diabetic male db/db mice (BKS.Cg-Dock7™ +/+
Lepre®/J 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 [11]. The
db/m mice received uninephrectomy served as
the operation control. All experimental proce-
dures were conducted as humane as possible.
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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=8) as healthy controls; (ii) untreated diabetic
db/db mice (n=13) as a disease control at 18
weeks of age; (iii) untreated diabetic db/db
mice (n=13) as another disease control at 22
weeks of age, the difference in disease severity
between 18 and 22 weeks serves as “disease
progression” control; (iv) diabetic db/db mice
treated with enalapril (n=13), 200 mg/L enala-
pril in drinking water or (v) valsartan (n=10),
500 mg/L valsartan in drinking water for 4
weeks from week 18 to week 22; (vi) diabetic
db/db mice treated with aliskiren (n=12) at 30
mg/kg body weight/day by continuous subcuta-
neous infusion via osmotic pumps (model
2004, Alzet, Cupertino, CA) for 4 weeks; and
(vii) diabetic db/db mice treated with aliskiren
plus enalapril (n=12) or (viii) aliskiren plus val-
sartan (n=10) at the same dose as each drug
given alone. The maximally renoprotective
doses of enalapril and valsartan were deter-
mined previously [12-14]. The water consump-
tion was monitored daily. The dose of aliskiren
was determined in pilot experiment (data not
shown).

Systolic blood pressure was measured every 2
weeks from week 12 to week 18 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 (HbAlc) level
were monitored in tail blood samples using a
blood glucose meter (Glucometer Elite XL,
Bayer Healthcare, Elkhart, IN, USA) and the DC
2000+ HbAZ1c kit (Bayer Healthcare) respec-
tively before treatment and at the time of sacri-
fice. Twenty-four-hour urine was obtained from
each mouse after placement in the metabolic
cage before treatment and at the time of sacri-
fice. Urine albumin was measured using the
DC2000+ microalbumin reagent kit (Bayer
Healthcare). Urine aldosterone, tumor necrosis
factor alpha (TNFa) and monocyte chemoat-
tractant protein-1 (MCP-1) levels were mea-
sured using the commercial available ELISA
kits (Alpha Diagnostic Intl. Inc., San Antonio, TX
and R&D Systems Inc., Minneapolis, MN, USA).
Urine malondialdehyde (MDA) levels were mea-
sured using a colorimetric assay (Cayman
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Chemical Company, Ann Arbor MI, USA). The
levels of excretion were expressed as the total
amount excreted in 24 hours.

Mice were sacrificed under isoflurane anesthe-
sia. Blood samples were obtained by cardiac
puncture for the measurements of plasma K+
(the MEDICA Easylyte Plus Na/K/Cl analyzer,
Medica Corporation, Bedford, MA, USA) and
creatinine levels (QuantiChromTM creatinine
assay Kits, BioAssay Systems, Hayward, CA,
USA) and plasma renin concentration (PRC).
Mouse PRC was determined by the radioimmu-
noassay of Ang | generated from excess rat
angiotensinogen (ANG) in the presence of high-
affinity antibodies Ang | (Phoenix Pharma-
ceuticals, Burlingame, CA). Kidneys were per-
fused through the heart with cold PBS and then
excised. Renal cortex was harvested by dissec-
tion. Two pieces of cortex were either snap-fro-
zen in 2-methylbutane at -80°C or fixed in 10%
neutralized formalin for immunohistochemical
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
100 mM NaCl and 20 mM HEPES to be soni-
cated for 30 seconds, 3 times on ice and cen-
trifuged ata 12,000 rpm for 15 min at 4°C. The
supernatant was then collected and stored at
-80°C for transforming growth factor beta 1
(TGFR1) ELISA (R&D Systems) and protein mea-
surement by a bicinchoninic acid (BCA) protein
assay kit (PIERCE, Rockford IL, USA).

Histological analysis

Formalin-fixed renal cortex tissues were subse-
quently embedded in paraffin. Three-micro-
meter sections were cut from the tissue blocks
and stained with periodic acid-Schiff (PAS). The
PAS-positive glomerular extracellular matrix
was quantitated in a blinded fashion by a com-
puter-assisted method as previously described
[11]. Immunofluorescent staining and quanti-
fied for fibronectin (FN), type IV collagen (Col
IV), podocin, nephrin and Wilms tumor protein 1
(WT-1) was performed on frozen sections as
described previously [11, 14, 15].

Western blot analysis

Equal amounts of renal cortex tissue (15 mg)
from each mouse of each group were homoge-
nized in the lysis buffer (Cell Signaling
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Technology, Inc., Beverly, MA, USA) with 1%
NP40, 1 mM PMSF and 1 tablet/5 ml protease
inhibitor mix (Complete, Mini; Roche Diagnostics
Corporation, Indianapolis, IN). Protein sample
from all mice of each group was pooled for fur-
ther 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
membranes (Millipore Corporation, Bedford,
MA, USA). Proteins of plasminogen activator
inhibitor-1 (PAI-1), FN, desmin, B7-1, TNFq,
NAPDH oxidase-2 (Nox2) and p47phox were
assessed on the Western blots and the immu-
nostaining band was visualized and quantified
as described previously [13-15].

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 [11].
Samples were run as triplicates in separate
tubes to permit quantification of the target
gene normalized to -actin. Sequences of prim-
ers used for fibrotic markers and sequences of
new primers used for podocyte markers were
described previously [11, 14]. 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
representing the number of animals. Groups
were analyzed by one-way ANOVA and subse-
quent Dunnett testing for multiple compari-
sons. P<0.05 was considered statistically si-
gnificant.

Results
Systemic parameters

The baseline and final characteristics of the
eight groups of mice are presented in Table 1.
During the treatment, the groups with combina-
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Table 1. Systemic parameters of the experimental groups of mice

db/m -22wk db/db -18wk

db/db -22wk  db/db+Ena -22wk db/db+Val -22wk db/db+Ali -22wk db/db A+E -22wk

db/db A+V -22wk

(n=8) (n=13) (n=13) (n=13) (n=10) (n=12) (n=12) (n=10)

BW, g

Baseline 25.0+0.77 45.1 + .99* 45.5 + 6.34* 47.0 £ 5.72% 49.9 +5.14* 48.2 + 6.21* 49.7 + 6.10* 46.3 £ 5.54*

End 26.0+1.28 39.6 £ 7.11* 39.9 +6.43* 39.6 +4.67* 35.7 + 6.83* 36.7 £9.18* 29.5 + 6.08*,#
BG, mg/dl

Baseline 127.8+11.4 581.4 + 47.4* 600.0 + 0* 588.6 + 17.7* 600.0 £ 0.0* 595.0 + 10.7* 573.1 + 46.0* 557.4 + 76.2*

End 118.8+31.9 600.0 £ 0.0* 600.0 + 0.0* 598.3 + 4.5* 590.7 + 16.5* 590.6 + 32.6* 587.2 + 27.9%
HbAlc, %

Baseline 391+011 11.38+2.21* 12.3 £ 1.94* 11.39 + 2.23% 12.78 £ 1.99*% 11.25 + 1.42* 10.55 + 1.82* 11.67 + 2.09*

End 3.88+0.14 13.49 + 0.95* 13.62 + 1.01* 13.63 £ 0.98* 12.87 + 1.45%* 12.76 £ 1.70% 12.76 £ 2.39*
Plasma K+, mEq/L  3.69 £ 0.64 3.56 £ 0.95 494 +0.81 4.92 +1.10 4.93 £ 0.59 5.30£0.43 5.40 £ 0.39 5.42 £ 0.97
Plasma Cr, mg/dl 0.66 £ 0.24 1.19 £ 0.45% 1.53 + 0.83* 1.50 + 0.28* 1.52 + 0.55* 1.81 +£0.57* 1.58 + 0.58* 1.46 + 0.50*
UAE, pg/24 h

Baseline 10.0+0.33 2581+ 37.3* 2749 +47.7* 260.3 + 36.8* 264.9 + 43.8* 258.0 + 38.3* 269.7 + 40.2* 250.6 + 1.4*

End 6.1+ 0.04 398.2+77.6%# 1421 +14.4*#8§ 137.7 £9.2* #,8§ 1139+ 104* #8§ 81.78 +5.5* #,8§ 37.5 + 10.3*,#,§
Mortality rate (%) 0 0 0 0 0 0 16.6 10

Diabetic db/db mice were treated with enalapril (Ena), valsartan (Val), aliskiren (Ali), combination of aliskiren and enalapril (A+E) or aliskiren and valsartan (A+V) 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). BW, body weight. BG: blood glucose levels. Cr: 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.

Table 2. Renal renin levels and urinary aldosterone levels

db/m db/db db/db db/db+Ena db/db+Val db/db+Ali db/db A+E db/db A+V
22wk (n=8)  -18wk (n=13) -22wk (n=13) -22wk (n=13) -22wk (n=10) 22wk (n=12)  -22wk (n=12) -22wk (n=10)
PRC (ng Ang | /ml/min) 26.8+0.32 25.64 +0.15 26.82+0.27 81.2+285%§ 74.38+3.09%§ 92.01+218*%§ 2441+8.12%§ 249.4+7.22%§
Renal renin mRNA levels 1.00 £ 0.12 2.01 +£0.28* 2.44 + 0.18* 8.71+247*8§8 7.22+0.25%,§ 5.74 + 0.66*,§ 20.43 +2.18*,§ 2248+ 4.27*,§
Urine aldosterone (ng/24 h)  2.18 £ 0.19 31.75+£15.83* 32.04 £ 12.24* 28.07 £ 11.33* 25.59 + 10.41* 28.21 £ 7.55* 2226 +7.21*,§ 18.86 + 15.31*%,§

Diabetic db/db mice were treated with enalapril (Ena), valsartan (Val), aliskiren (Ali), combination of aliskiren and enalapril (A+E) or aliskiren and valsartan (A+V) 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). PRC, plasma renin content. Renal renin mRNA levels were corrected by -actin mRNA levels as
described in methods. *P<0.05 vs. db/m; #P<0.05 vs. db/db at 18 wk. §P<0.05 vs. db/db at 22 wk.
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tion therapy lost one to three db/db mice,
although the cause of death is not clear. All
mice in other 6 groups survived until the time of
sacrifice. At baseline, 18-week body weights of
db/db mice were greater than those of db/m
controls. The non-diabetic db/m mice gained
approximately 1 g in body weight in 4 weeks. In
contrast, the diabetic db/db mice lost ~ 5.8 g in
body weight during the experimental period.
Diabetic mice remained hyperglycemic as indi-
cated by blood glucose and glycosylated hemo-
globin levels. Aliskiren, enalapril or valsartan
given alone had no effect on body weights in
the db/db mice, when compared with the
untreated db/db mice. However, the combina-
tion of aliskiren with valsartan resulted in sig-
nificantly body weight loose in the db/db mice
(P<0.05). None of the treatments affected
blood glucose levels to any significant extent in
the db/db mice, when compared with the
untreated db/db mice. The blood pressure was
still normal, not increased in db/db mice at the
age of 18 weeks (systolic blood pressure (SBP),
db/db vs. db/m, 115.5 + 7.9 vs. 115.6 + 7.4,
mmHg, P>0.05). In order to avoid increases in
the risk of skin lesion from manipulation of ani-
mals with mini-pumps, we did not measure BP
after treatment started in the present study.
Plasma K+ levels in db/db mice at the age of 18
weeks were similar to those in non-diabetic
db/m mice but were increased at the age of 22
weeks (P<0.05). All treatments did not cause
any further increases in plasma K+ levels, when
compared with the untreated db/db mice at 22
week of age (P>0.05).

Renal function measured as plasma creatinine
concentration was impaired in this batch of db/
db mice at the age of 18 weeks to 22 weeks
when compared to those of the non-diabetic
db/m mice (P<0.05). All treatment had no
effect on plasma creatinine levels (Table 1).

Renal hormonal results are summarized in
Table 2. PRC still remained normal but renal
renin mRNA levels were significantly above nor-
mal in the untreated diabetic db/db mice as
compared with the non-diabetic db/m control
mice (P>0.05), indicating renal local RAS acti-
vation. As evidence of RAS activation, urinary
aldosterone excretion was markedly increased
in the diabetic db/db mice (P<0.05). As expect-
ed, enalapril and valsartan treatment increased
renal mMRNA expression of renin and PRC
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through interaction with the Ang Il negative
feedback loop on renin synthesis and secretion.
Although aliskiren treatment decreases plasma
renin activity, PRC and renal renin mRNA expres-
sion were also comparably increased in aliskiren
treated diabetic mice. Of note, their values were
further increased in the dual RAS blockade treat-
ed db/db mice compared with the single RAS
blockade treated mice. Urinary aldosterone
excretion was decreased in the single RAS inhibi-
tor treated db/db mice, which was significantly
lower when dual RAS blockade was given to the
db/db mice.

Albuminuria

At the beginning of intervention (18 weeks of
age), urinary albumin excretion (UAE) values in
the db/db mice were similar among the various
groups and were significantly higher compared
with the db/m mice (Table 1). Albumin excretion
increased 148% between weeks 18 and 22 in
the untreated db/db mice. All treatments pre-
vented this increase and, in fact, lowed the UAE
than those seen in the db/db mice at the begin-
ning of intervention (P<0.05). Treatment with
enalapril or valsartan alone lowed UAE to val-
ues lower than diabetic mice before treatment
by 45.5% and 48.3% respectively. Aliskiren was
effective as enalapril or valsartan and lowed
UAE by 56.5%. When aliskiren was combined
with enalapril or valsartan, an enhanced and
significant anti-proteinuric effect was achieved,
leading to a total reduction of 70.8% (P<0.05)
and 86.9% (P<0.05), respectively.

Renal histology

At the end of the study (22 weeks), the glomer-
uli of db/db mice demonstrated increased
accumulation of PAS-positive extracellular
matrix (ECM) proteins and FN and Col IV in the
mesangium compared with glomeruli of db/m
mice (Figure 1). The single agents of enalapril,
valsartan and aliskiren or dual therapy with
aliskiren and enalapril/ valsartan prevented
increases in glomerular matrix protein deposi-
tion from diabetic db/db mice between 18 and
22 weeks at almost the same extent.

TGFR1, PAI-1 and FN levels in renal cortex

The levels of profibrotic molecules TGF31, PAI-1
and matrix protein FN in renal cortex were sig-
nificantly increased in the db/db mice at week
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db/m DC18DC22EnaVal Ali A+E A+V

Glomerular FN score

M

Glomerular Col IV score

0 A
db/m DC18DC22EnaVal Ali A+E A+V

Figure 1. Effect of aliskiren, enalapril, valsartan and dual therapy on glomerular matrix protein accumulation in
diabetic db/db mice from weeks 18 to 22. The histological sections stained with PAS (A) and glomerular immuno-
fluorescent staining for fibronectin (FN) (B) and type IV collagen (Col IV) (C) are presented at 400 x magnification.
Representative photomicrographs of glomeruli from normal control mice (db/m), diabetic db/db mice without treat-
ment at week 18 (DC18) or at week 22 (DC22) and diabetic db/db mice treated with enalapril (Ena), valsartan (Val),
aliskiren (Ali), combination of aliskiren and enalapril (A+E) or aliskiren and valsartan (A+V). Graphic representations
of glomerular matrix score (D), FN staining score (E) and Col IV staining score (F) are shown below. *P<0.05, vs.

db/m. #P<0.05, vs. DC18. §P<0.05, vs. DC22.

18 and were further increased at week 22
(Figure 2). Compared to the untreated db/db
control at week 22, the increased renal TGFR1
levels were equally reduced in the groups treat-
ed with either a single RAS blocker or dual RAS
blocker (Figure 2A). The renal production of
PAI-1 and FN showed a similar picture (Figure
2B-D). Treatment of diabetic mice with enala-
pril, valsartan or aliskiren alone or the combina-
tion of aliskiren plus enalapril or valsartan
decreased the increased renal synthesis of
PAI-1 from week 18 to week 22 by 78.5%,
109%, 140%, 94.2% and 95.5%, respectively.
The renal FN levels were decreased by 73.5%,
74.5%, 76%, 69% and 78.7%, respectively.
Aliskiren had better effect in reducing renal
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PAI-1 production and normalized its overex-
pression in renal cortex tissue. This effect was
not observed when aliskiren was in combina-
tion with either enalapril or valsartan (Figure
2B, 2C). There was no further reduction in renal
TGFR1, PAI-1 and FN levels in the combination
treated groups when compared with animals
treated with the single drug alone (P>0.05).

MRNA expression of TGF-B1, PAI-1 and matrix
proteins in renal cortex

Renal TGFR1, PAI-1, FN and a4(lV) collagen
MRNA levels were significantly increased in the
db/db mice at week 22 (Figure 3A-D). All treat-
ments including the single and combination
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Figure 2. Effect of aliskiren, enalapril, valsartan and dual therapy on renal production of fibrotic markers in diabetic
db/db mice from weeks 18 to 22. (A) Total TGF1 protein levels in renal cortical tissues were measured by ELISA. (B)
Representative western blots illustrating PAI-1, FN and -actin protein expression in renal cortical tissue tissues. The
graphs summarize the results of band density measurements for PAI-1 (C) and FN (D). *P<0.05, vs. db/m. #P<0.05,
vs. db/db-18wk (DC18). §P<0.05, vs. db/db-22wk (DC22).
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diabetic db/db mice from weeks 18 to 22. Expression of mRNA was determined by real-time RT/PCR. Changes in
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mRNA 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-81mRNA. B. Expression of PAI-1 mRNA. C. Expression of FN mRNA. D. Expression of type
al(lV) collagen mRNA. *P<0.05, vs. db/m. #P<0.05, vs. db/db-18wk (DC18). §P<0.05, vs. db/db-22wk (DC22).
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Figure 4. Effect of aliskiren, enalapril, valsartan and dual therapy on glomerular immunofluorescent staining for
nephrin (A), podocin (B) and WT-1 (C) in diabetic db/db mice from weeks 18 to 22. Representative photomicro-
graphs (at original magnification x 400) of glomeruli from normal control mice (db/m), diabetic db/db mice without
treatment at week 18 (DC18) or at week 22 (DC22) and diabetic db/db mice treated with enalapril (Ena), valsartan
(Val), aliskiren (Ali), combination of aliskiren and enalapril (A+E) or aliskiren and valsartan (A+V). Graphic represen-
tation of glomerular nephrin (D), podocin (E) staining scores or glomerular number of WT-1 positive podocytes (F)
was shown below. *P<0.05, vs. db/m. #P<0.05, vs. DC18. §P<0.05, vs. DC22.

treatments significantly retarded the increased
TGFR1, PAI-1, FN and a4(lV) collagen mRNA
expression seen in from 18 to 22 weeks and
the combination treatments did not show any
further reduction on these items (Figure 3A-D).
Reduction of PAI-1 mRNA was not as great as
the decrease in its protein production.
Remarkably, all treatments similarly limited
al(IV) collagen mRNA overexpression to levels
comparable to non-diabetic db/m controls
(Figure 3D).
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Expression of podocyte slit diaphragm-asso-
ciated proteins, WT-1 positive podocytes and
podocyte injury markers in db/db mice

From data presented above, it is clear that
enalapril, valsartan or aliskiren given alone or
in combination with aliskiren at an optimal
dose retards almost equally the progression of
markers of renal fibrosis in the db/db mice from
weeks 18 to 22. However, a greater reduction
in albuminuria was seen with dual than with
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single therapy in the db/db mice. It has been
shown that proteinuria is often the result of
podocyte injury in human diseases and animal
models, especially in diabetes [16-18]. The pro-
tective effect of these treatments on podocyte
in the db/db mice was therefore evaluated, in
order to determine if the combination of two
RAS blockades further reduced podocyte injury
as seen in reduction of albuminuria.

As shown in Figure 4A and 4B, by immunofluo-
rescent staining, non-diabetic db/m mice
showed intense and linear staining for both
podocin and nephrin along the capillary in
glomeruli. In contrast, diabetes resulted in an
attenuation of staining by 20.7% for podocin
and 28% for nephrin in the glomeruli of db/db
mice at 18 weeks of age. Glomerular staining of
podocin and nephrin was further decreased by
41.8% and 47.6% respectively in the db/db
mice at 22 weeks of age. The loss of podocyte
specific podocin and nephrin seen in diabetes
between weeks 18 and 22 was largely and sim-
ilarly restored by enalapril, valsartan or aliski-
ren alone or the combined treatment with
aliskiren and enalapril or valsartan (P<0.05).
Combining aliskiren to enalapril or valsartan
did not further restore glomerular levels of
podocin and nephrin than any single treat-
ments (P>0.05) (Figure 4D and 4E).
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Figure 5. Effect of aliskiren, enalapril, valsartan
and dual therapy on mRNA expression of podocyte
protein markers in diabetic db/db mice from weeks
18 to 22. Expression of mMRNA was determined by
real-time RT/PCR. Changes in mRNA 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 samples and
other groups were expressed as fold-increase over
this value. A. Expression of nephrin mRNA. B. Ex-
pression of podocin mRNA. C. Expression of WT-1
mRNA. *P<0.05, vs. db/m. #P<0.05, vs. db/db-
18wk (DC18). §P<0.05, vs. db/db-22wk (DC22).

WT-1 is a nuclear protein specific for podocyte
and parietal glomerular epithelial cell in the
adult kidney [19, 20]. WT-1-positive cells within
the glomerular tuft excluding the parietal epi-
thelium were counted in diabetic mice. Diabetic
glomeruli from disease-control db/db mice at
18 weeks of age contained fewer podocytes
than did glomeruli from normal-control mice
(11 £ 0.96 vs. 18 + 1.02; P<0.05), as illustrat-
ed in Figure 4C and 4F. The average number of
podocytes per glomerular cross section was
further decreased by 57% in the db/db mice at
22 weeks of age. Treatment of db/db mice with
enalapril, valsartan or aliskiren alone or in com-
bination with aliskiren reversed the decreases
in glomerular WT-1 positive podocytes between
weeks 18 and 22 significantly (P<0.05).
Aliskiren increased the number of glomerular
podocyte slightly less than enalapril or valsar-
tan alone. However, combination of aliskiren
with enalapril or valsartan increased podocytes
to numbers comparable to those found with
enalapril or valsartan alone (P>0.05) (Figure
4C and 4F).

In agree with protein levels, the gene expres-
sion of podocin, nephrin and WT-1 was down-
regulated substantially in diabetic db/db mice
at week 18, compared to those of db/m con-
trols. A further significant reduction of the gene
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Figure 6. Effect of aliskiren, enalapril, valsartan and dual
therapy on desmin and B7-1 production in renal cortical
tissue. (A) Representative western blots showing desmin
and B7-1 protein expression. R-actin was included in
the blot for normalization. Graphic representation of the
mean band intensity of desmin (B) and B7-1 (C) normal-
ized against the band intensity of R-actin. *P<0.05, vs.
db/m. #P<0.05, vs. db/db-18wk (DC18). §P<0.05, vs.
db/db-22wk (DC22). Diabetic db/db mice were treated
with enalapril (Ena), valsartan (Val), aliskiren (Ali), com-
bination of aliskiren and enalapril (A+E) or aliskiren and
valsartan (A+V) from weeks 18 to 22.

expression of those podocyte proteins was
seen at week 22 (Figure 5A-C), indicating a pro-
gressive podocyte injury occurred in diabetic
nephropathy from weeks 18 to 22. However,
diabetes induced-decreases in mRNA expres-
sion of these podocyte structure markers were
significantly ameliorated by treatment with
enalapril, valsartan or aliskiren alone. Among
the three single treatments, enalapril treat-
ment had a better effect in increases of neph-
rin mRNA expression, while valsartan treat-
ment had a better effect in podocin mRNA
expression. The combined therapies increased
nephrin and WT-1 mRNA expression at almost
the same extent as either enalapril or valsartan
given alone (P>0.05), while the degree of podo-
cin mRNA expression was instead reduced by
the combined therapies as compared with the
single treatment, to a significant extent, which
may suggest the existence of a positive feed-
back system for stimulation of podocin.

By western blot, we observed that the protein
levels of desmin in renal cortex tissues, a con-
ventional marker for podocyte injury, were up
regulated by 190% in diabetic db/db mice from
week 18 to week 22 (P<0.05), as shown in
Figure 6A and 6B. All treatments reversed the
disease-induced increase of desmin protein.
Both valsartan and aliskiren limited renal des-
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min production to levels further lower than non-
diabetic db/m controls and had better effect
than enalapril. Combining aliskiren to enalapril
or valsartan still maintained the desmin pro-
duction at lower levels than non-diabetic db/m
controls. In addition, it has been shown that
B7-1 is synthesized in podocytes in response to
split-diaphragm protein rearrangement and
foot process effacement, served as another
injury marker [21]. As shown in Figure 6A and
6C, B7-1 protein levels were markedly increased
in diabetic renal tissue in db/db mice. Although
we could not confirm whether the elevated pro-
ductions of desmin and B7-1 were from podo-
cytes, the changes of both desmin and B7-1
were consistent with the changes of the two
slit-diaphragm-associated proteins nephrin
and podocin shown in Figure 4, which may indi-
cate that increased renal desminin and B7-1
productions somehow could be related to podo-
cyte injury in diabetic db/db mice. Consistent
with the results on nephrin and podocin, all
treatments also successfully reduced the ele-
vated B7-1 protein expression in db/db mice
(P<0.05). The combination treatments did not
show any further reduction on renal B7-1
production.

Collectively, these data suggest that the use of
enalapril, valsartan or aliskiren either alone or

Am J Transl Res 2015;7(5):825-840
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Figure 7. Effect of aliskiren, enalapril, valsartan and dual therapy on protein production of renal TNF« in renal
cortical tissue and urine MCP-1 levels. A. Representative western blots illustrating TNFa and 3-actin protein expres-
sion. The lower respective graph summarizes the results of band density measurements. B. Urinary MCP-1 levels
were measured by ELISA. *P<0.05, vs. db/m. #P<0.05, vs. db/db-18wk (DC18). §P<0.05, vs. db/db-22wk (DC22).
Diabetic db/db mice were treated with enalapril (Ena), valsartan (Val), aliskiren (Ali), combination of aliskiren and
enalapril (A+E) and aliskiren and valsartan (A+V) from weeks 18 to 22.

in combination at a maximally effective dose
almost equally arrests the progression of mark-
ers of glomerular podocyte injury in the db/db
mice from weeks 18 to 22. The therapeutic
effect of aliskiren was comparable to that of
either enalapril or valsartan given alone at the
recommended doses. Aliskiren in combination
with enalapril or valsartan was not superior to
one form of RAS blockade alone in reducing
podocyte injury. These results are consistent
with their effects on the remission of renal
fibrosis in diabetes, despite the dual therapy is
more anti-albuminuric.

Changes of renal inflammation and oxidative
stress markers in db/db mice

As renal inflammation and oxidative stress con-
tribute to the development of diabetic nephrop-
athy [22-24], we further investigated whether
there is any additive therapeutic effect of dual
RAS blockade on renal inflammation and oxida-
tive stress. As shown in Figure 7A, renal TNFx
levels were marked increased in untreated db/
db mice, compared with db/m mice, which were
further increased or remained elevated during
disease progression. Consistently, urinary
MCP-1 excretions were significantly increased
in untreated db/db mice, compared with db/m
mice (Figure 7B). These inflammation markers
were further increased during disease progres-
sion. Treatment either with enalapril, valsartan
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or aliskiren alone or in combination with aliski-
ren significantly lowered renal production of
TNFa and urinary MCP-1 excretion. Protein pro-
ductions of renal Nox2 and its regulatory sub-
unit, p47phox, the family members of NAPDH
oxidase, were much greater in untreated db/db
mice, compared with control counterparts
(Figure 8, P<0.05), indicating significant renal
activation of Nox2 in db/db mice, particularly at
22 weeks of age. All treatments successfully
inhibited the generation of Nox2 in db/db mice
(P<0.05). Particularly, protein productions of
Nox2 and p47phox were reduced to levels
much lower than normal with aliskiren treat-
ment alone or in combination with enalapril or
valsartan (Figure 8A and 8B), indicating that
aliskiren had a better inhibitory effect in the
activation of NAPDH oxidase. The MDA levels in
urine were measured as indicator of lipid per-
oxidation. As seen in Figure 8C, the total uri-
nary output of MDA was consistently and dra-
matically increased in diabetic db/db mice at
18 weeks of age compared to non-diabetic
db/m mice, which was further increased at 22
weeks of age. Treatment with enalapril or val-
sartan or aliskiren significantly lowered the
elevated urinary MDA excretion. The combina-
tion therapy induced further lightly reduction in
urinary MDA excretion.

These data suggest that enalapril, valsartan or
aliskiren given alone suppresses renal inflam-
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Figure 8. Effect of aliskiren, enalapril, valsartan and dual therapy on protein production of renal NAPDH oxidases
and the MDA levels in urine. Representative western blots illustrating Nox2, p47phox and 3-actin protein expression
(A). Graphic representation of the mean band intensity of Nox2 (B) and p47phox (C) normalized against the band
intensity of -actin. (D) Urinary MDA levels were detected by a colorimetric assay. *P<0.05, vs. db/m. #P<0.05,
vs. db/db-18wk (DC18). §P<0.05, vs. db/db-22wk (DC22). Diabetic db/db mice were treated with enalapril (Ena),
valsartan (Val), aliskiren (Ali), combination of aliskiren and enalapril (A+E) or aliskiren and valsartan (A+V) from

weeks 18 to 22.

mation and NAPDH oxidase-mediated oxidative
stress occurred in diabetic db/db mice.
Combination of aliskiren with enalapril or val-
sartan confers further reduction in these mark-
ers in diabetes.

Discussion

In the present studies, our data clearly indicate
that administration of aliskiren to diabetic mice
from week 18 to week 22 at a maximally effec-
tive dose significantly prevented diabetes-relat-
ed progression of albuminuria, podocyte injury,
expression of markers of kidney fibrosis and
glomerular fibrotic morphology. These results
showed a striking renoprotective effect of treat-
ment with aliskiren on the progression of dia-
betic nephropathy in the db/db mouse model.
This effect may be beyond its blood pressure
lowering activity since diabetic uninephrecto-
mized db/db mice at 22 weeks of age are still
normotensive [14]. Excellent renoprotection by
aliskiren has been observed in several animal
models of kidney disease [9, 25-30]. The pres-
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ent study expands this observation to the model
of progressive diabetic nephropathy. The signifi-
cantly anti-NAPDH oxidase-mediated oxidative
stress and inflammation properties of aliskiren
may contribute to its therapeutic effect in slow-
ing the progression of diabetic nephropathy.

Of note is that the therapeutic effect of aliski-
ren given at its optimally effective doses is simi-
lar to, but not superior to, that of either enala-
pril or valsartan given alone in diabetic db/db
mice, as assessed for albuminuria, podocyte
injury, renal gene expression and protein pro-
duction of TGFR, PAI-1, FN and Col IV and glo-
merular sclerosis. Administration of aliskiren
on top of enalapril or valsartan further reduced
albuminuria but yielded no further reduction in
renal outcomes when compared with mono-
therapy. It remains most likely that ACEI, ARB or
DRI still acts primarily to reduce the action of
Ang Il that occurs through the type 1 receptor.
The limitation of the present study is that we
did not measure the creatinine clearance rate
(Cer) or GFR in db/db mice. Although we
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observed that treatment with enalapril or val-
sartan alone in other studies in the same model
did not resulted in any reduction in Ccr levels, it
is unknown if the combination therapy used in
the present study causes any reduction in Ccr
levels or if the further reduction in albuminuria
may be related to any reduction in GFR.

Nonetheless, our results are consistent with
the studies by Dr. Wenzel U’'s group that six-
week treatment with either aliskiren or losartan
at near-maximal doses significantly decreased
albuminuria, glomerular damage and transcrip-
tion rates of renal injury markers to a similar
extent in FVB/N mice with renal ablation, a
model of CKD [28]. Importantly, no superior
renoprotection was found by combining losar-
tan and aliskiren in this CKD mouse model.
True additivity, or synergism, can only be shown
when maximally effective doses of at least 1 of
2 drugs are given. A number of studies includ-
ing clinical trails [31-33] and pre-clinical tests
in models of diabetic nephropathy [34, 35], uni-
lateral ureter obstruction [36], and hyperten-
sive renal injury in mice [37] have shown addi-
tivity of suboptimal doses of various treatments
with aliskiren and ACEI or aliskiren and ARB. Dr.
Wenzel’s results and ours suggest that this may
be true if both drugs are at submaximal doses,
but not if given at maximal antifibrotic doses. In
addition to kidney diseases, when the high
effective dose of aliskiren, enalapril or losartan
was adjusted equipotent and given to the LDL
receptor -/- mice fed with a saturated fat-
enriched diet, a model of atherosclerosis, for
12 weeks, atherosclerotic lesion was markedly
ameliorated similarly, with no significant differ-
ence between the different drugs [38]. Together,
these investigations suggest that RAS blocker,
irrespective of their mode of inhibition in terms
of Ang II's generation and action, profoundly
affect tissue fibrosis development and progres-
sion in a similar manner. Inhibiting the increase
in renin activity by aliskiren in response to ACEI
or ARB does not result in additional anti-tissue
fibrotic protection in diabetic and non-diabetic
CKD as it has been expected. A potential rea-
son for this therapeutic limitation is the
increase in prorenin and renin production. It
has been shown recently that renin and pro-
renin may have Ang ll-independent effect by
binding to the (pro)renin receptor [39-41].
However, further investigations are needed to
determine whether the receptor-mediated pro-
renin/renin binding and activation occurs and
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plays a role in vivo, especially in diabetes. In
addition, renal aldosterone levels in the RAS
blockade (including dual blockade) treated
groups are still higher than normal. The diabe-
tes-induced elevated aldosterone may also
contribute to the progression of renal fibrosis.

The experimental and clinic studies have sug-
gested an important role of Ang ll-induced renal
inflammation and oxidative stress in the devel-
opment and progression of diabetic nephropa-
thy [24]. Consistent with those previous stud-
ies, biomarkers of inflammation (TNFa and
MCP-1) and oxidative stress (MDA), especially
renal derived (urine), were markedly elevated in
db/db mice. Inhibition of Ang II' generation or
action with enalapril or valsartan or aliskiren
alone inhibited the elevated renal markers of
infammation and oxidative stress, suggesting
that the anti-inflammatory and oxidative stress
properties of RAS blockade may protect the
kidney against injury in diabetes. Interestingly
here, treatment with dual RAS blockade sup-
pressed renal inflammation and oxidative
stress more than a single RAS blockade given
alone did. The mechanisms remain unclear.
However, these benefits were not automatically
translated into clinical outcome benefits in 4
weeks. Whether longer-term combination of
dual RAS blockade may enhance the ability to
reduce nephropathy progression through fur-
ther reduction of renal inflammation and oxida-
tive stress needs to be further evaluated.

It has been observed clinically that hyperkale-
mia, kidney impairment and hypotension are
common adverse effects of RAS inhibitor, par-
ticularly when they are used in combination.
Recently, the ALTITUDE study was halted on the
basis of futility and safety after an interim anal-
ysis determined that patients receiving aliski-
ren together with an ACEl or ARB were at
increased risk of side effects like hyperkalemia
[42]. A similar observation was made in the
ACEI-ARB combination treated group in the
ONTARGET study [43]. Although the common
adverse effects of dual RAS blockade were not
able to be strictly monitored and identified in
mice as in humans, increased incidence of
hyperkalemia (serum K+ >6.0 mEq/L) was
found in the combination treated groups (aliski-
ren plus valsartan (30%) and aliskiren plus
enalapril (8.3%), not in the single RAS blocker
treated groups or the disease control group
without treatment. Similarly, combined therapy
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caused the loss of 10% ~ 16.6% of db/db mice.
It appears that drug safety is another issue
when dual RAS blocker treatment is employed
in diabetes.

In conclusion, the present study demonstrated
that DRI, ACEIl and ARB identically decreased
the progression of diabetic nephropathy at
maximal doses in type 2 diabetic db/db mice.
Combined use of DRI and ACEI or ARB for 4
weeks reduced proteinuria and renal inflamma-
tion and oxidative stress but did not appear to
confer extra renoprotective outcome over the
use of either agent alone. In contrast, com-
bined use of these agents may increase the
adverse effects and mortality. Together with
available clinical evidence, dual RAS blockade
may not be generally recommended for the
treatment of diabetic nephropathy. Perhaps
most importantly, in our efforts to prevent renal
fibrosis in humans, is this study’s strong sug-
gestion that RAS inhibitors first should be given
in maximal dosages as tolerated. Then, alterna-
tive combination strategies that include RAS
inhibitors and other agents, which act through
different mechanisms, are needed to ultimately
stop chronic renal disease.
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